| hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. | also declare
that, as required by these rules and conduct, | have fully cited and referenced
all material and results that are not original to this work.

Name, Last name F . Feza B, Y| KKk AHKN

Signature



ABSTRACT

MODULATION FORMATS FOR
WAVELENGTH DIVISION MULTIPLEXING (WDM) SYSTEMS
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Ph.D, Department of Physics
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Optical commuitation networks are becoming the backbone of both national
and international telecommunication networks. With the progress of optical
communication systems, and the constraints brought by WDM transmissions and
increased bit rates, new ways to converthilmary data signal on the optical carrier
have been proposed.

There are different factors that should be considered for the right choice of
modulation format, such as information spectral density (ISD), power margin, and
tolerance against grouwgelocity dispersion (GVD) and against fiber nonlinear effects
like selfphase modulation (SPM), crephase modulation (XPM), fowave
mixing (FWM), and stimulated Raman scattering (SRS).

In this dissertation the several very important modulation formatshsas
Non Return to ZeroNRZ), Return toZero (RZ) Chirped Return to ZeroCR2),
Carrier Suppressed Return to ZefeSR2), Differential Phase Shift KeyingPSK)
and Carrier Suppressed Return to Zemifferential Phase Shift KeyingQSRZ
DPSK) will be detailedand compared.

In order to make performance analysis of such modulation formats, the

simulation will be done by using VPItransmissionMdKeMWDM software.

Keywords: Optical fiber communication, optical modulation, Wavelength
Division Multiplexing (WDM).
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CHAPTER 1

WDM SYSTEMS

1.1 INTRODUCTION

Communication systems can be defined as the transfer of information from
one point to another.The information transfer is frequently achieveda/
superimposing or modulating the information on to an electromagnetic wang act
as a carrier for the information signal. This modulated carrier is then transmitted to
the required destination where it is received and the original information signal is
obtained by demodulationElectromagnetic carrier wave can operate radio
frequenciesmicrowavefrequenciesmillimeter wave frequencies anaptical range
of frequencie$l]. Opticalcommunicatiorsystems also called lightwave systems use
carrier frequencies in the visible or near infrared region of the electromagnetic
spectrum.Fiber optic communication systems are lightwave systems wihere
informationis transmitted through the optical fib]. In recent years, fiber optic
communication systems become a most desirable communication system because of
the presat and the future demand foombined voice, video and data transmission
high-speed Internet access, multimedia broadcast systems;cdpglcity data
networking for grid computing and remote storage.

The tremendous growth in demand for bandwidth has tedvdrious
technologies to increase the capacitiie useof wavelengthdivision multiplexing
(WDM) technology, which supports multiple simultaneous channels on a single
fiber, offers a further boost in fiber transmission capaciyDM transmission
systemswith transmission capacity exceeding a Fertaper second are becoming
commercially available.Two different versions of WDM, defined by standards of
the International Telecommunication Union (ITU), are distinguish€darse
wavelength divisionmultiplexing (CWDM) uses a relatively small number of

channels(four or eighj, and a large channel spacing of'2f. The nominal
1



wavelengths range from 13héh to 161@Gm. The single channel bit rate is usually
between 1 and 3.1#5b/s. Dense wavelength idsion multiplexing (DWDM)
enhance the total transmission capacity by increasing the number of multiplexed
channels. luses large nubrer of channels (40, 80, or 160), and a correspondingly
small channel spacing of 1&85iz (0.1nm) 25 GHz (0.2nm) 50 GHz (0.4nm) or
100GHz (0.8nm) All optical channel frequencies refer to a reference frequehcy
193.10THz (1552.5hm). The singlechannel bit rate can He&Gb/s,20Gb/s, 40Gb/s

and alsdl00'Gb/s[3].

Figure 11 shows the implementation of typical WDM link. At the
transmitting end there are severadependently modulated light sources, each
emitting signals at a unique wavelengifo combine these optical outputs into a
continuous spectrum of signals and couple them onto a single dilbeultiplexer is
neededTo separate the optical signals intgegpriate detection channels for signal
processinga demultiplexer is requiredt the receiving endThe fiber losses are
compensated for using the amplifier. t@pl amplifiers are divided into three
categoriesn terms of the function they perform suchl@oster®r a postamplifier,
in-line amplifiers, and preamplifier& postamplifier is placed immediately after a
transmitter. A posamplifier magnifies a signal before sending it down a fiber. Its
main function is to produce maximum optical power. iAdine amplifier is placed
in the middle of a fibeoptic link to compensate for power losses caused by fiber
atteruation, connections, and signal distribution in networks. The numbetliokein
amplifiers needed depends on the length of the-bprt i ¢ | i nk and t he
configuration. For longhaul links, irline amplifiers are usually installed every 80 to
100 km. These amplifiers compensate for losses caused by fiber attenuation and
splices.They are also needed for shatistance networks to compensate for losses
caused by signal distribution in a local area network. A preamplifier magnifies a

signal immediatsl before it reaches the receiJét.
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Figure 1.1 Implementation of typical WDM link4].

1.2 TRANSMISSION IMPAIRMENTS

There are several factors that seriously degrade the WDM system
performanceWhenan optical signal transmits over a fiber, it suffers from linear and
nonlinear degrading effects in the fiber. Optical loss or attenyatoplified
spontaneous emission noise (ASHplarization mode dispersion (PMDand
chromatic dispersio(CD) are Inear degrading effect§timulated Raman scattering
(SRY, stimulated Brillouin scatterinSBS and Kerreffectare nonlinear degrading
effects. The effects dfelfFphase modulatioSPM), crossphase modulatio(XPM)
andfour-wave mixing(FWM), due to kerr effect and stimulated Raman scattering
(SRS effects arise from the interaction two or more channels, so these eifects
particular concern in WDM systenis]. In order to understand the requirements on
the modulation formats, it is important to know the limitations of optical
communication systems. Therefore, in tdissertationthe various phemoena that

limit the transmission reach will be described

1.2.1 Linear Effects
1.2.1.1Fiber Attenuation

Attenuation is the most fundamental impairments that affect signal

propagatiorand limit transmission distance in fibdris given as a specification for



a particular fiber typeAttenuation is a property of the fiber, and it is result of the
various material, structural, and modular impairments in a fijer

When optical signal is transmitted over fiber, its power is kst is
amplitude is reduced. HTi s amplitude reduction or
expressed in dB/km.

Power attenuation inside an optical

ap
Fr —aP (1.1

at

InEq.(l.l)Z—IZJisthe change in power with resp

attenuation coefficient. IP;, is the input optical power (WRo.t is the output optical
power (W) and L(km) is the total length of the fiber, we can express dbgput
powerPg,: as the following equation.

Pout = Pinexp(_al') (1-2)

The attenuation constabitcan be written irrommonunits of dB/km Decibel
is defined in terms of the logarithm of a power or intensity rétyousing following

relation

10 Pou
a(dB/km) = —Tloglo Pint

(1.3)

and it is referred as fiber loss.

Thanks to the progress of fiber manufacturing, the attenuatioiversfhas
gone down to slightl y wbeelthe atteriati@ isch&irlyk m
minimum [2][6].

Material absorption and Rayleigh scattering are most important factors that
cause a fiber los®ptical fiber absorption is material specitand can be divided
into two categoriedntrinsic absorption and extrinsic absorption. Intrinsic absorption
results from the interaction of free electrons and the operating wavelength within the

fiber material. Extrinsic absorption results from the presence of the impurities. The

4
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metal ions aremost undesirable impurities in an optical fibBayleigh scattering
arises from microscopic variations in the material density, from compositional
fluctuations and from structural inhomogenities. Rayleigh scattering causes a small
part of the optical rato escape from its path thus, causing small attenuptjon
Attenuationdepend®on the wavelength of transmitted ligkigure 12 shows
the loss spectrum of a single mode fib&ttenuation at H5¢m is only 0.2 dB/km
the lowest value first realized in 1979. This value is close to the limit of the silica
fibers about 0.16dB/km.Attenuation has strong peak near £89and minimum
peak near 18m where the attenuation is below 0.5dB/km. this-loss window was
used fo seconegeneration lightwave systentsor shorter wavelengths attenuation is
higher exceed 5dB/km in the visible region and this wavelengths are not suitable for
long-haul transmissionThe material absorption and Rayleigh scattering are also
shown in ths figure. The intrinsic material absorption for silica in the wavelength
range 0.81.6em is below 0.1dB/kmas shown in this figureln fact, it is less than
0.03dB/km in the 18m to 1.&m wavelength range which are commonly used for
lightwave systemsThe main source ofextrinsic absorptionni silica fiber is the
presence of water vaporés harmonic and combination tones with silica produce
absorption at the 1.3, 1.24&m and 0.98m wavelengthsin dry fiber, the OH ion
concentration is reduced tow levels that the 1.29n peak almost disappeass
shown in Figure 13. Any wavelength below 0g8n is unusable for optical
communication because Rayleigh scattermdpigh. In addition propagation above

the 1.Zm is not possible because of high losses from infrared absofp}ion
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1.2.1.2Amplified Spontaneous Emission NoOiSEASE)

Amplified spontaneous emissi¢ASE) is the dominant noise generated in an
optical amplifier. The spontaneous recombination of electrons and holes in the
amplifier medium cause an ASBue to nonlinear interaction between the amplified
spontaneous emission (ASE) noise from optical amplifiers and the signal, the ASE

noise is being amplified by thégsal during propagation.
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The amount of noise generated by the amplifier dependaabors such as
the amplifier gain spectrum, the noise bandwidth, and the populati@nsion
parameter, which specifies the degree of population inversion theebaachieved
between two energy levels.multiple optical amplifiers are cascaded to periodically
compensate for fiber loss, ASE builds up in the syskauch subsequent amplifier in
the cascadamplifies the noise generated by previous amplifiers.

Optical amplifiers based on erbiuaipbped fibers are now widely deployed
within terrestrial and submarine systems. They provide high gain, large optical
bandwidth, and lowioise figure (NF), and several tens of erbidaped fiber
amplifiers (EDFA) can be cascadg[8].

1.2.1.3 Dispersion

Dispersion is the broadening of the signal pulselenthrough the fiber.
Figure 14 shows how dispersion limits the information capaciyspersion cause

pulses to spread in tim&Vhen pulses arrive at the output, they have broadened.

Bignal In
§ Signat Out
E | —a»| Dispersive Channel " |
" Time

Figure 1.4 Limitation of dispersion on informatiotapacity{9].

There arethree types of dispersion in waveguides: material dispersion,

waveguide dispersioand modal dispersion



1.2.1.3.1 Material Dispersion

In material dispersion, different wavelengths of light travel at different
velocities within a medium. In a dispersive mediumspuspread out in time and
space

The index of refraction is the most widely used parameter for waveguide
design. Material dispersion occurs because of the variation of index of refraction as a
function of the opticalvavelengti{4][9]. The refractive indexn (w), is estimated by
the Sellmeier equation (HEd.4)). Material dispersion is proportional to the

differential of the group index.

B (1.4)

2_ 2
W]W

n*(w) =1+ X7,

wherew is the resonance frequency dds the oscillator strengtl6].

1.2.1.3.2 Waveguide Dispersion

Waveguide dispersion is similar to material dispersion, in that different
wavelengths propagate at slightly different speeds. It is usually the smallest
magnitude compared to material and modal dispefSijpoiWaveguide dispersion can
be ignored in multimode fibers, but it is significant in single mode fibers. The
amount of waveguide dispersion depends on the fiber demigin varies with
wavelength[4]. It is possible to design the fiber with low dispersion wavelength in
1 . 5 Ssuaimfibers are calledispersion shifted fibers. i¢ also possible to design a
fiber with relatively smal |l .duckfipergasei on
called dispersion flattened fiber&igure 15 shows the dispersion wavelength
dependence of dispersion for standard, dispersion shifted and dispersion flattened
fibers[2].
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Figure 15 Dispersion wavelength dependence of dispersion for standard, dispersion
shifted and dispersion flattened fib§2$.

Figure 16 shows the magnitudes of material and waveguide dispersion for
silica core standard single mode fiber. Waveguide dispersion is important around
1320nm.At this point the two dispersion factotancel to give zero total dispersion.

On the other hand material dispersion dominates at 900nm and 15§0nm
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Figure 1.6 Magnitudes of material and waveguide dispersama function of
wavelengtHor silica core standard single mode filp&}.
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Chromatic dispersion includes both material and waveguideffects
Chromatic dispersion is a pulse spreading that occurs within a single mode. This
pulse broadens lead to {at-bit overlaps and the information after detection may be
corrupted because of the intersymbol ifegegnce. Dispersion resulting from group
velocity is termed chromatic dispersion due to the wavelength dependence.
Chromatic dispersion depends on the wavelength, its effect on signal distortion
increases with the spectral width of the optical sifgal

Chromatic dispersion is also effect the transmission length of an optical
system. Dispersion lengtty (km) is a parameter that governs this effect. Dispersion

limit can be estimated by the following equation.

L. = 10°
D ™ pp2

(1.5)
whereB (Gb/s) is the bit rate anD (ps/nm/km) is the dispersion factor. It can be
seen from this equation that the effect of chromatic dispersion is increased with the
bit rate[3].

1.2.1.3.3 Modal Dispersion

Modal dispersion occurs when more than one propagation mode in a
waveguide with each travel with a different spef&ds

A special case of modal dispersiBolarization mode dispersion (PNIDt is
a result of each mode having a different value of group velocity at a single
frequency The asymmetry of the fiber core,he imperfections of fiber
manufacturing fiber deformationalso cause a PMDContrary to chromatic
dispersion, the PMD changes quickly with tipdg

Some techniques have been proposed to mitigate impailwhdéiViD. The
optical methods, which use one or several sections of birefringent elements which
have to be dynamically adjusted per channel to mitigate the impact of the PMD.
However the cost associated with such optical PMD compensators appears too large

and they have not been used yet. ©tteer method is using dispersiamintaining

10



fiber commercially availableAnothermethodis choosinga modulation format that

iIs more toleranto PMD impairment$10].

1.2.2 Nonlinear Effects

The nonlinear effects can be divided into teaiegories as scattering effects
and optical Kerr effects. The latter is the result of intensigpendence of the
refractive index of an optical fiber leading to a phase constant, whereas the former is
a result of scattering leading to antensity dependent attenuation constant
StimulatedBrillouin scattering (SBS) and stimulated Raman scattering (SRS) are
scattering related nonlinearities. Splfase modulation (SPM)cross phase
modulation (XPM) andfour wave mixing (FWM) are refractive inderlated
nonlinear effects.The greatest inflences on efficiency of WDM transmission
systems are XPM and FWM phenomena. These effects grow with increasing number

of channels.

1.2.2.1Stimulated Brillouin Scattering (SBS)

The stimulated Brillouin scattering is a singleanneleffect caused by the
interacton between the optical signal asdund wave the fiber. The result is that
power from the optical signal can be scattered back towards the transim&e&SBS
effect has a high threshold, which also increases with the signal bandwidth.
Therefore, adong as the signal power in the WDM channels does not exceed the

threshold, the SBS does not cause significant impact on the gystem

1.2.2.2Stimulated Raman Scatterng (SRS)

Stimulated Raman Scattering (SRiS)the nonlinear parametric interaction
between the light andibrations of silica moleculesThis interaction can lead to the
transfer of power from shorter wavelength, higher photon energy channels, to longer
wavelength, lower photon energy channel$he spectrum of equal amplitude
channels tilt as it moves through the fiber because of the SRS effaftedt

11



becomes more significant when the WDM sigbahdwidth is broaénd the power

IS increased12].

1.2.2.3Seli-Phase Modulation (SPM)

The self phase modulation (SPM) is a single chaefiett It originates from
the intensity dependence of the refractive index in nonlifieer. The main effect of
SPM is to broadethe spectrum of optical pulses propagating through the fas&ivi
leads to change the optical frequency.

The refractive indexn, is dependent on the signal power,It increases with

the optical power:

n=ng+n, A(& (1.5

wheren; is the nonlinear refractive inderg is the linear refractive indexAes IS the
effective area of the optical mode in the fibBne nonlinear refractive index causes a

phase change of the transmitted optical fealdr distancé.
Dspm = yPLeff = yYPwlL (1.6)

where

(1-e79L) (1-e~9L)

v Lepyr =

Sk

a

andais the nonlinear coefficieng-is the signal wavelengtl?,, is the average signal
power, U is the fiber loss (attenuatignl. is the fiber length, andles is the fiber

effective lengtH11].
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1.2.2.4Cross Phase Modulation (XPM)

As SPM, Crosghase modulatiofiXPM) also originates from the intensity
dependence of the refractive indé¥nlike SPM, XPM is caused by the signals in
other wavelengths{PM is an interaction, via the nonlinear refractive index, between
the intensity of one lightwave and the opticaagé of other lightwave#t gradually
broadensthe signal spectrum andause crosstalkXPM can be controlled by

increasing the channel spaciiid ].

1.2.2.5Four Wave Mixing (FWM)

FourWave Mixing (FWM) is due to multiple signals causing variations in
refractive index at thedifference frequencies. The refractive index then modulates
the original carriers to produce sidebands at new frequeAcirasmber of new
frequencies are generated due to interaction of two or more frequencies in FWM.
Three frequencies;(f;, ) co-propagde in the fiber, generatnew frequenciedi( )

given by:

fijk = fit fj = fr (17

When the WDM channels are equally spaced, FWM cause nonlinear
crosstalk.One way to manage with FWM is to use unequal channel spacing so that
the mixing products do not coincide with signal frequencies. Another, and very
effective, way is fiber dispersion managememthod. This method is also effective
for SPM and XPM13].
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CHAPTER 2

MODULATION FORMATS IN WDM SYSTEMS

2.1 INTRODUCTION

High capacity WDM systems suffer from impairments arising from fiber
nonlinear effects, chromatic dispersion, polarization mode dispersion (PMD), and
amplified spontaneous emission noise. These factors limit the transmission capacity
and distance in WDMystems.To improve the transmission performance of WDM
systems, a wide variety téchniques have been proposed:

e advancedmodulation formatsre used to trade off noise resilience, fiber

propagating characteristics

o fiber typesreducing nonlinear signal stbrtions and enabling higher

signal launch power

e techniques for dispersion, dispersion slope, and PMD compensation;

e management of nonlinear impairments

e distributed amplification scheme lower the noise accumulated along

transmission lines

e signalequalizatia,

e forward error correction (FEC)

The use of @vanced modulation formats is timeost effective solution in
managing transmission impairmenttn general, different data formats lead to
different signal quality at the receiverdcefor a giventansmission link, because they
exhibit different waveforms and spectrat the same time, links with different
system parameters (reach, channel spacing, fiber type, amplification schemes, etc.)
may also require different optimal data formats. The idealuladion format for
long-haul, highspeed WDM transmission links is one that has a compact spectrum,
low susceptibility to fiber nonlinear effects, large dispersion tolerance, and simple

and costeffective configurations for generation and detecfigt.
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In this dissertationthe importanand most usechodulationformatssuch as
NRZ, RZ CRZ, CSRZ, DPSkKand CSRZDPSK will be explained and compaic
We will firstly focus on propagating single channel with known different modulation
techniques. And we gradually increase the number of channels, bitrates and system
complexity using different type of optical fibers, components and amplifiers.
Different fiber type and different modulation format could affect the system
performance. Therefore, there is a need to compare various modulation fémahts.
we will make a detailed analysigequired the investigation of optical linear and
nonlinear effects for dpnal system performance, i.e., minimal bit error ratio (BER).
The system performance will be monitoregl tmeans of eyeliagram.Throughout
the research, VPItransmissionMakR&WDM software will be used for performance

analysis.

2.2 OPTICAL MODULATOR

There ae two basic modulator technologies widely used: direct modulation

and external modulation.

2.2.1 Direct Modulation

In 1980s and 19%) direct modulation of semicductor lasers was the choice
for low capacity coherent optical systems oveors transmissiomlistance For short
ranges, they are cost effective and usefdbwever, direct modulation induces
chirpingthat causes a signal carrier frequency to vary with time, thus causing pulse
broadening or dispersion of the signal addition, laser phase noiaed induced also
limit the advance of direct modulation to higher capacity and higher bit rate
transmissionlt cannot be used at bit rates that are greater than 2.5Gb/s. Moreover,

direct modulation creates nonlinearity especially JPH.
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2.2.2 External Modulation

The limitations of direct modulatiorcan be overcome by using the external
modulation technique. External Modulation avoids nonlinearities and excessive
chirp. External modulation canebimplemented using eithetectreoptic modulators
(EOM) oreledro-absorption(EA) modulator

The EOMopeate according to principles of electro optiect The change
of refractive index in solid state or polymeric or semiconductor material is
proportional to the applied electric fieldheir performance in terms afhirp,
extinction ratio and modulatiorpsed are betteOver the yearsthe waveguides of
the electraoptic modulators are mainly integrated on the material platform of lithium
niobate (LINbQ) whichis high efficient, low loss, easy to fabricatdter the advent
of the Erbiumdoped optical fier amplifier (EDFA) in the late 1980s, becomes
more popularEOMs are utilized for modulation of either the phase or the intensity
of the lightwave carrier.

Electro gtic phase modulator manipulates the phase of optical carrier signals
under the inflence of an electric field created by the agphloltage.The refractive
index changes accordingly inducing variation amount of delays of the propagating
lightwave, whena RF driving voltag is applied onto the electradgélectro optic
phase modulator isised to carry out the phase modulation of the optical carrier
becausehe delays orrespond to the phase changes.

Optical intensity modulation is operating based on the principle of
interference of the optical field of the two lightwave componektachZehnder
interferometer (MZIM) based on LiNkQs most popular modulator. It is widely
used in 2.5, 10, and 40GB/s communication systems.

Figure 21 shows the structuref dhe MachZehnder interferometer (MZIM)
based on LiNb@ The incoming lightis split into two arms when entering the
modulator. The powerptitter splits the power of the optical signals. Each arm of the
LiNbO3; modulator employs an electoptic phase modulator in order to manipulate
the phase of the optical carrier if required. At the output of the MZIM, the lightwaves
of the two arm phase modulators are coumad interfered with each othér(t)

and \4(t) are the input voltages launchietb the arms of the modulator.
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Figure 2.1 Optical intensity modulator based Mach Zehnder interferometric
structure[15].

The EA modulator is another external modulator that can be fabricaied
semiconductor laser technolodyA Modulators feature relatively low drive voltages
about 23V as compared t@iNbO;3 type having 57V drive voltagesAlso theyare
costeffective in vdume production. However, similar to direct modulation
techniques, theproduce some residual chirjm addition the total insertion loss of
modulator is rather high. However, this loss can be compensated by the integration
with semiconductor optical amfiers (SOAs). Moreover extension ratio is typically
not exceeding 10 dB, and limited optical power handling capabhilifies LINDG
type has 25 H extension ratio§l6][3].

2.3 MODULATION FORMATS

The modulation format describes how the data is coded onto the optical
signal. The amplitude, phase, frequency and state of polarization (SOP) of optical
signal can be modulate@he variety ofmodulation formats can be classified into the
following four categories, depending on which of the faytical properties of the
electric field of carrier belongs:

E(t) = @e' (") 2-1)
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A: Amplitude Shift KeyingASK) or onoff keying (OOK)
@. Phase Shift Keyin@PSK)

o. Frequency Shift Keyin¢gF-SK)

°: Polarization Shift KeyingPolSK)[17].

ASK encodes data by turning on or off the amplitude of ligepending on
whether the symbol to be transmittedisanfalfk 1 6) or a space (A0O
to the information frequency. I n this mo
A0O0) i s represented by the pr emsreturcte or t
zero (NRZ2), return tazero (RZ), and duobingrformats. There are also a number of
variations of the RZ formatt includessimple RZ, carrier suppressed RZ (CSRZ),
chirped RZ (CRZ), vestigial sideband RZ (V&&), and dispersicmanaged
solitonbased RZ (DMRZ).

PSK encodes data by modulating thease of light. In this modulation
format, each binary symbol (@floodgrorth AOO) |
includes differential PSK (DPSK), RBPSK, CSRZDPSK, and differential
quaternary PSK (DQPSK) and its putsaved forms.

FSK encods data via the modulation of the frequency of light, and includes
FSK, continuous phase FSK (CPFSK), and minimum shift keying (MB4)17].

PolSK encodes data by the modulating the polarization of ligyint.
polarization shift keying, the modulator generates two orthogonal polarization states,
which correaesfdiisd to A10

Thereis variety of factors that should be considered for thehtrighoice of
modulation formatspectral efficiency, power margin, and tolerance against group
velocity dispersion (GVD) and against fiber nonlinear effects like-Hedse
modulation (SPM), crosghase modulation (XPM), fowave mixing (FWM), and

stimulatedRamanscattering (SRY)L8].
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2.3.1 Non Return To Zero (NRZ)

The nonreturn to zero (NRZ) has been the dominant modulation format in
intensity modulatedlirect detection (IM/DD) fibeoptical communicabn systems

for the last years because it is easy to generate, detect and process.

mrz [T [0 |1 |1 |1 |0 |0

CLK

Figure 2.2 Representation of the NRZ code)].

Figure 23 shows the diagram of the NRZ transmitt€he intensity of the
carrier light wave is modated by the applied electric field which voltage varies with
a determined function. The MactZehnder modulator (MZM) is driven at the
quadrature point of the modulator power transfer function with an electrical NRZ

signal.

NRZ transmitter
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NRZ optical signal
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Figure 2.3 NRZ transmitter diagrarf13].

Figure 24 shows the optical spectrum and waveform of NRHBe NRZ
pulses possess a narrow optical spectrum due to the lowaff transitions. The
reduced spectral width improves the dispersion totand enables higher spectral

efficiency, but on the other hand it affects the ®gmbol interference (ISI)
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between the pulseBIRZ modulated optical sign# less resistive to fiber nonlinear
effect compared to its NR counterpafn the other hand, NRZ has the simplest
configuration of transmitter and receiver. riequires a relatively law electrical
bandwidth for transmitters and receivers compared with RRZ requires roughly

half the bandwidth of RZ, and is thus easier tolement, and is less cosf{l{7].
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Figure 2.4 Theopticalspectrumand waveform of 10GbANRZ modulation
(simulated by PltransmissionMakéWDM and itssimulationsetup is shown in
Figure Al at Appendix A.
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2.3.2 Return To Zero (RZ)

Recent analysis and investigations hal®wn that RZ turned out to be
superior compared to conventional NRZ systeimdRZ format for the logical 1 bit,
the power level returns to O after half of the period, whereas for the O bit, the power
level is O continuously. Binary 0O is represented by #ifbsence of an optical pulse

during the entire bit duration.

CLK

Figure 25 Representation of the RZ code)].

Figure 26 shows the RZ transmittdfirst, NRZ optical signal is generated by
an external intensity modulator. Then, it is modulated by a synchronized pulse train
with the samelata rateas the electrical signal using another intensity modul@toe.

optical spectrunand wavefornof RZ is shown irFigure 27.

RZ transmitter RZ Optical Signal
NRZ 1 0 1 1
E/O Intensity|  (optical) E/O intensity M AN
v | — | . |
Modulator modulator | b
. +1 1 a f’\+ S
AT AVAVAYR
)\ J o B
NRZ data g Pulse train
(electric) (electrical)

Figure 2.6 RZ transmittef13].
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Figure 2.7 Theoptical spectrunand waveform of 10Gb/s R@imulated by
VPltransmissionMaké'WDM and itssimulationsetup is shown iffigure A2 at
AppendixA).

RZ optical signal has been found to be more tolerant to nonlinearity than
NRZ optical signal.lt is reported thalRZ formatis effective against self phase
modulation (SPM) in standard single mode fiber linkke reason for its superior
resistance to nonlinearity than NRZ is probably due to its regular data pattern of

optical signal . B e c autegzer o00f ocfh aRZa ca petrii csa li
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i solated digital bit 616 and continuous
optimal dispersion compensation for the best eye opening. So with the optimal
dispersion compensation in the system, RZ format shows beterance to
nonlinearity than NRZ13].

The bandwidth required by RZ is twice larger than that of NRZ as shown in
Figure 28. Thereforeit only requires half of NRZ power in transmissiandtwice
the switching time that required for NRZh additionRZ modulated signals is a
relatively broad optical spectrum, resulting in a reduced dispersion tolerance and a

reduced spectral efficiency.

NRZ

Puise |
—_— ‘Width | I
1 Bit
RZ Pulse | 1 |
Width | | !
. - '
-
1Bit 1/2 Bit Period

Figure 2.8 Bandwidth of NRZ and R5].

Figure 29 shows the optical spectrums and waveforms of a 10BB/and
NRZ.

RZ modulation format is mostly preferred in submarine systems where more
costly transmitters and receivers are used. Terrestrial WDM transmission systems,
where cost is a primary driving factor, typically NRZ modulation format is employed
[18]. Chirped RZ (CRZ),Carrier Suppressed RZ (CSRZ) are some important

varieties of RZ format.
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Figure 2.9 Optical Spectrum and waveform ddGb/sRZ and NRZ(simulated by
VPltransmissionMakel WDM).
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2.3.2.1 Chirped RZ (CRZ)

Chirped RZ (CRZ)is one of thevariationsof the RZ format.Figure 210
shows the diagramf the CRZ transmittefThe laser source is modulated with data to
create an NRZ signadnd then it enters t&Z modulator to create RZ pulses. Finally
a phase modulator is used to synchronously modulate the RZ pulse to chirp the
output with the centerfathe pulse having maximum chirp. The optimum phase
modulation is about 1.5 radians.

I Laser Source I—hl Data Modulator H RZ Modulator H Phase Modulator I——b

1 QOutput

Data

| Pattern Generator |I

Figure 2.10 Chirped RZ transmittg20].

Clock

In CRZ, bitsynchronous periodic chirp spectrally broadens the signal
bandwi dth. Although this reduces the for
WDM systems, it generally increases its robustness tori@earity[16].

The optical spectrum and waveform of CRZ is showhRigure 211.
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Optical Spectrum (CRZ)
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Figure 2.11 Theoptical spectrunand waveform of 10Gb/SRZ (simulated by
VPltransmissionMakeél'WDM and itssimulationsetup is shown iffigure A3 at
AppendixA).

2.3.2.2 Carrier SuppressedRZ (CSRZ)

CSRZ is a special form of RZ where the carrier is suppre§s®RZformat
redu@sthe nonlineaimpairments in a channel amtdproves the spectil efficiency
in high bit rate systems. The difference between CSRZ and conventional RZ is that
the CSRZ signal has °~ phase shift betwee

the optical domain, produces no DC component; thus, teare tarrier comgnent
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for CSRZ[17]. Phase alternating between adjacent bit slots reduces the fundamental
frequency components to half of the data .ra&SRZ has better tolerance to
chromatic dispersiordue to its lower opticapower, allowing for more channels
multiplexed in transmissiorin addition, carrier suppression reduces the efficiency of
FWM in WDM systemg21].

Figure 2.12 shows the block diagram of the CSRZ transmittene T
generation of a CSRZ optical signal requires two eleagrtiicc modulators as shown
in this figure. The first MZ modulator encodes the NRZ data. Then the generated

NRZ optical signal is modulated by the second MZ modulator to generate a CSRZ
optical signa[17].

CS-BZ Transmitter

NRZ CS-RZ
' 1 2 tical
Laser diode 40G (Optical) . 20G (Optical)
modulator modulator H H —*
T T 0 0 =
NRZ (Electrical) Half data-rate clock
1. 0 1 1 (Electrical)
T RN

Figure 2.12 Block diagram of CSRZ transmittgk7].

The optical spectrum and waveform of CSRZ is showFigare 213.
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Optical Spectrum (CSRZ)
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Figure 2.13 Theoptical spectrunand waveform of 10Gb/s CSRgimulated by
VPltransmissionMakel'WDM and itssimulationsetup is shown iffigure A4 at
AppendixA).
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2.3.3 Differential Phase Shift Key(DPSK)

Digital signal can be represented by instantaneous optical power levels with
optical intensity modulatiorSimilarly, digital signal can also be represented by the
phase of an optical carrier and this is commonly referred to as optical ghtisey
(PSK). In the early days of optical communications, the optical phasenot sthle
enough for phasebased modulation schemebecause of the immaturity of
semiconductor laser sourcds.recent years, with the rapid improvement of single
frequency laser sources and the agplon of active optical phasecking, PSK
becomes feasiblen practical optical system&dore gecifically, differential phase
shift key (DPSK) is the most often used forrfiad].

DPSK modulation is an encoding format winirecords changes in the binary
stream.DPSK encodes information on the binary phase change between adjacent
bits;tatbit i s encoded ont o abitisregdsentecbythdrange
absence of a phase change. Like intensity modulation, DBSKe& implemented in
RZ and NRZ format. The main advantagfaising DPSKwith compared tontensity
modulationis a 3dB receiver sensitivity improvemeiit6]. DPSK is also more
tolerart to nonlinear effectslt has better resilience ¥PM and FWM as compared
with intensity modulation formats. It has also been demonstrated thBFSK and
CSRZDPSK exhibit superior transmission performance than simple ORPGK

The optical spectrum and waveform of CSRZ is showFigare 214.
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Optical Spectrum (DPSK)
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Figure 2.14 Theoptical spectrunand waveform of 10Gb/s DPSKimulated by
VPltransmissionMakeél'WDM and itssimulationsetup is shown iffigure A5 at
Appendix A)

2.3.3.1 Non Return To Zero DPSK (NRZ-DPSK)

Figure 215 shows the block diagrams of a typical NlRBPK transmitter
and receiver. As shown in this transmitter block diagram, firstly, NRZ electrical
signal is encoded by a DPSK encoder. This DPSKaedt electrical signal is then
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used to drive an electro optic phase modulator to generate a DPSK optical signal. A
digital Al10 is represented by a ~ phase
the optical carrier, while there is no phase change leetwlee consecutive data bits

in the optical carrier for a diDPskisal noo

that its signal optical power is always cons{dmni.

NRZ-DPSK transmitter NRZ-DPSK
(optical)
E/O Phase .
_‘> DOWET
LD Modulator T I
DPSK phase
encoder 0 ’ﬁ| 0

NRZdata $ 1 o "1 1
(electric) \ |

NRZ-DPSK Receiver

DPSK Mzl
optical signal E /\EX m '
1 bit delay m

Figure 2.15Block diagrams of NRZDPSK transceiver and receied].

As Shown inFigure 215, & a DPSK optical receiver, a oi#-delay Mach
Zehnder Interferometer (K1) is usually used which correlates each bit with its
neighbor and makes the phdeéntensity conversion. When the two consecutive
bits are inphase, they are added constructively in the MZI and results in a high
signal level. Otherwise, ifthethereas ~ phase difference betw
cancel each other in the MZI and results in a low signal level. MZI has two balanced
output portsconsist ofconstructive port and destructive port. A photodiode can be
used at each MZI output and then th® tphotocurrents are combined to double the
signal level. In this configuration, the receiver sensitivity is improved by 3dB
compared to using only a single photodiode. In a DPSK system, since signal
amplitude swinge, fromthecdn alealiied plow e , w h
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detection and matched optical filter is used, its receiver sensitivity i98d8than
a conventional NRZ system, where the sigl
For NRZDPSK, the optical power is constant, however, the optical field
shifts bet weledon (folro tahned pihase shifts betw
average optical field is zero. As a consequence, there is no carrier component in the
optical field spectrum. This differs from the spectrum of NRZ, where the carrier
component istrong[13].
The performance of NRDPSK is not affected by optical power modulation
related nonlinear effect such as SPM and XPMcaose of its constant optical
power However,it is affected from chromatic dispersiofhase modulations can be
converted into intensity modulation through group velocity dispersion (GVD), and
then SPM and XPM may contribute to waveform distortion to some extent. In a long
distance DBK system with optical amplifiers, nonlinear phase noise is usually the
limiting factor for phaseshift keying optical signalg§22]. Amplified spontaneous
emission(ASE) noise generated by optical amplifiers are converted into phase noise
through the Kerr effect nonlinearity in the transmission fiber, this disturbs the signal

optical phase and causes waveform distortjdthk

2.3.3.2 Return To Zero DPSK (RZ-DPSK)

In order to improve system tolerance to nonlinear distortion and to achieve a
longer transmission distance, rettoazero DPSK (RZDPSK) has been proposed.
Similar to NRZDPSK modulation format, the binary data is encoded as eithed @&
or a A 0 phase shift between adjacent bi
is narrower than the bit slot and therefore, the signal optical power returns tat zero
the edge of each bit slot.

Figure 216 shows the block diagram of a RZPSK transmitterin order to
generate the RDPSK optical signal, one more intensity maatol has to be used
compare to the generation of NRPSK. First,a conventional NRDPSK optical
signal is generated bgn electrooptic phase modulator, and then, this NBBSK
optical signal is sampled by a periodic pulse train at the clock rate thaouglectro

optic intensity modulator. INRRZ-DPSK modulation format, the signal optical
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intensity is no longer constatttis will introduce the sensitivity to SPM. In addition,
due to the narrow pulse intensity sampling, the optical spectrum dHSK is

wider than a conventional NREZPSK. This cause moreusceptibity to chromatic
dispersion. However, in long distance optical systems, periodic dispersion
compensation is often used and RZ modulation format makes it easy to find the

optimum dispersion congmsation because of its regular bit patt¢pig.

RZ-DPSK transmitter power
NRZ-DPSK M H H 0
D E/O Phase (optical) E/O intensity ‘|" >
Modulator modulator ph ase
DPSK
encoder Tﬂ ﬂ ﬂ ﬂ
i + Pulse train
1 | 1] | I | | (electrical)
NRZ data :

(electric)

Figure 2.16 Block diagram of RZDPSK transmitte[21].

2.3.3.3 Carrier SuppressedRZ-DPSK (CSRZ-DPSK)

The significant progress made on DPSK modulation, where all formats of
ASK were tried onto the phase of the optical carrier. The transmitter con$ist
laser, followed by two dualdrive intensity modulators. This method produced phase
modulation with anegp er f ect 180A ph-BRSK putsésipdssesa T h e
RZ signal shape and due to the reduced spectdhyWwCSRZDPSK modulation
shows an increased dispersion tolerance and it is more robust to nonlinear
impairments than conventional RZ fornpat].

The optical spectrum and waveform of CSBE2SKis shown inFigure 217.
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Optical Spectrum (CSRZ DPSK)
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Figure 2.17 Theoptical spectrunand waveform of 10Gb/SSRZDPSK (simulated
by VPItransmissionMakeél'WDM and itssimulationsetup is shown iffigure A.6
at Appendix A)
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CHAPTER 3

SIMULATIONS FOR MODULATION FORMATS

3.1 SIMULATION MODEL

In order to compare the transmission performances of modulation formats we
have performed a computer simulatiéistly single channel for different modulation
formats were focused 040Gb/s,100Gb/s data rate were consider&tien, channel
numbers were increasefbr 40Gb/s dataate, 25 channels were used with the channel
spacing of 1606z (1.28nm) and total capacity was 1Tb/s. E6OGb/s dataate, 1
channels were used with the channel spacing6f3Hz (3.2am) and total gaacity was
1.1Tb/s.In all cases, simulations were performed in thea@d (1530nni 1565nm).

Different fiber type and different modulation formstould affect the system
performanceln this simulationsStandard Single mode fiber (SSMkasused.

In order to compensate the accumulated dispersion in the fiber, there are
several techniquesncluding Dispersion Compensating FIf®XCF) or Fiber Bragg
Grating. In this dissertation three different schemes of dispersion compensating fiber
are used pre, post, and symmetrical compensation, to compensate the fiber
dispersion. Table 31 lists the major physical parameters of transroissand

dispersion compensatindibers used simulations.

Table 31 Parameters dfansmission fiber and dispersion compensdiingy at

1550hm.
. : : . Nonlinear Effective :
Dispersion | Dispersion . Fiber
Fiber Type (D) slope (S) _refractlve COre area | ttenuation
[ps/nm/km] | [ps/nm?km] index (o) | (Acy) (0U) [d
[10°m*W] | [ &n
SSMF 16x10° 0.0%10° 2.6x10%° 8x10% | 0.2x10°
DCF -90x10° 0.21x16 2.6x10% 80x10" | 0.5x10°
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Pre, post, and symmetrical compensation configurations are shown in
Figure 3.1 In our simulationsve have used®EDFA amplifiers after each fiber to
compensate for the span lods.is the widely used amplifier type in optical
transmission systems because it provides an efficient optical amplification in the

1.55em region.

DCF SMF

DCF SMF SMF DCF

Symmetrical-Compensating Configuration

Figure 3.1 Configurationsof the pe-, post, and symmetrical compensation

In precompensatingcase DCF is precompensating the accumulated
dispersion of theransmissiorfiber. The gain G of theamplifier following the DCF

is balancing the fiber loss of the DCF and can be determined by:
G = apcrlpcr (3.1)

where Ubcr is  the attenuation of thelispersionfiber, Lpcr is  the length of the
transmission fiberf-or the gain of the amplifier succeeding tin@nsmission fiber ia
similar equation holdsThe linear dispersive compensation length of the DIGIcr,

should be chosen to compensate the dispersion triatm@mission fiber:

L7FD
Lpcr = _T;DCT: (3.2)

where Lyr is the length of the transmission fibddye is the dispersion of the

transmission fibepcr is the dispersion of the DCF.
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In postcompensatingcase, the dispersion compensating fiber (DCF) is
postcompensating the dispersion of ttesmission fiberThe gain of themplifier,

G, following the SMF compensates the fiber loss of the SMF and can be determined

by:

G = anLTF (33)

where Ure is  the attenuation of the transmission fibére is thelength of the
transmission fiberFor the gain of the amplifier succeeding the DCF a similar
equation holds oriThe linear dispersive compensation length of the BBBuld be
chosen to compensate completely the dispersion afahsmission fiber

LyrD
Lpcr = =1 (3-4)

where Lyr is the length of the transmission fibédse is the dispersion of the
transmission fibeMpcr is the dispersion of the DCF.
In the symmetrical compensation case, fiber placement follows the sequence

of, DCF, transmission fiber, transmission fip&CF[24].

3.2 PERFORMANCE ANALYSIS

The system performance was monitored by means efli@gegam. The eye
diagram is a useful tool for the analysis of signal used in digital transmigdsion.
provides visual information that can be useful in pegformance otransmission
systems.Many characteristics can be calculated from the eye diagram: eye width,
eye height, extinction ratio, jitter, crossing position, Q factor and bit error rate
(BER).

Figure 32 shows general configuration of tbge diagram and the simplified

drawing shown irFigure 33 [4].
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Figure 3.2 General configuration of eye diagram.
Best sampling time
Maximum signal

voltage (15) T

Slope gives sensitivity
1o timing errors

Threshold ———————=—

Moise margin (F] )

Distortion at zero
crossings (AT)

Time interval over which

signal can be sampled

Figure 3.3 Smplified eye diagram.

The following information can be determin&@dm the eye diagram

A Timeinterval over which the received signal can be sampled without erro

from intersymbol interference is defined with thgdth of the eye

opening.
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A The best time to sample the received waveform is when the height of the
eye opening is largesAmplitude distortion in the data signal causes a
reduction in the heighfThe maximum distortion is determined frohet
vertical disance between the top of the eye openind e maximum

signal level

A The height of the eye opening at the specified sampling time shows the

noise margin or immunity to noise.

A The rate at which the eye closes as the sampling time is varied determines
the sensitivity of the system to timing errors. The possibility of timing

errors increases as the slope becomes more horizontal.

A Timing jitter is aphase distortion in an optical fiber syste¥oisein the
receiver and pulse distortion in the optical fibause a jitterTiming jitter

is thus given by

Timing jitter (percent) = i—T %X 100 percent (2-3)
b

where pTis the amount of distortion at the threshold levigl,is a bit
interval [4]. As shown inFigure 34, Jitter can cause a receiver to

misinterpret transmittedigital data[25].

I -
Tansmitted  —— | | A~ | ~—d— |
ransmitte
Waveform 1| 'i] I i li' L ] IL/
Received i i i i
Waveform  ==feeehey ks .A.../.J}T.\..Jg..,f...l ..... A4l
Interpreted /—l—\ |
Waveform 1 KN 0 ! ¢ / 1 1 \_?_/

I | j | j | I 1
o iy

Figure 3.4 Misinterpret transmitted digital data causeditigr [25].
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A Therise time is defined as the time interval between the point where the
rising edge of the signal reaches 10 percent of its final amplitude and the
time it reaches 90 percent of fisal amplitude. However, these points are
often obscured by noise and jitter effestdhe more distinct values at the

20-percent and 8percent threshold points are normally meas(#¢d

To analyze system performance BER is another meBBR is the ratio of
number of erroneous bits to the total number of bits transmitted. This error rate
depends on the signti-noise ratio at the receiver which is the ratfesignal power
to noise power. Q is the ratio of signal current to noise current, which is another way
to represent the signéd-noise relationship. The larger Q is the less BER will4e

BER also can be evaluated by using tbllowing formula[26].
1 Q
BER==erfq — 3-5
2 C[\E J &9

where erfc(x) denotes the complementary error function given by

erfc(x) = % '[e‘yzdy
7 o

For telecommunications linkBER of 10° acceptable. Typical error rates
ranges from 18to 10"% For computer data communication links, a BER of %19
specified. To achieve BER > 1f) we need to obtain Q > 7. BER of 1fequires
Q=6, BER of 10" requires Q=§27].

In WDM optical systems, because of the nonlinear crosstalk, the middle
channel generally has the worst performance. Channels that are far away do not
affect each other much because they pass through each other quickly due to the
dispersion. Therefore, inuo simulationswe considered the middle channel of the
system.

In all simulations, VPItransmissionMaK&rWDM software was used. The
basic mechanism behind the simulator 1is
using the splistep Fourier Transfaration.
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3.3 40Gb/s WDM SYSTEM

For 40Gb/s dataate, firstly single channel were analyzed for different
modulation formats withdifferent compensation configuration. Thé&tb channels
were used Wwh the channel spacing of 160@H1.28nm)around the 193.100 THz

center frequencgnd total capacity was 1Tb/s.

3.3.1 Single Channel 40Gb/s WDM System

For single 40Gb/s WDM system, modulatifmrmats of NRZ, RZ, CRZ,
CSRZ,DPSK and CSRZDPSK were analyzed with pfe post and symmetrical
compensation configuration3.otal transmission distance is 12x80km=960km. for

each configuration.

3.3.1.1NRZ Format

The simulation layouts forirsgle channel 40Gb/s NRZ formaiith pre, post
and symmetricatompensating configuratigrare shownin Figure A7 at Appendix
A.

For pre and post compensating configurationsatrsmission fiber length is
80km.andcompensating fiber length is 141 evaluatedising the Eq. (3.2and Eq.

(3.4). For symmetrical compensating configuration, two transmission fibers length of
40km and two DCFs length of 7.1km were used. In all configurat®BR and eye
diagram analysis were done for 960km. fiber length.

For pre compensating configuratiorhé¢ gainof t he EDFAG6s ar e
16dB, for post compensating configuratiomte gai n of the EDFAO®GS
7.1dB evaluated frorkq. (3.1)andEq. (3.3)

The graph oBER versus Lengtfor 40Gb/s single channel NRZ format with
all compensating configurations abkown inFigure 35. For all compensatingase
BERis less than equdl0® upto 960km As shown in his figure, BER values of pre
and post compensating configuration are nearly the same,- posthpensating
configuration enables better performance compared to @@mMpensating
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configuration. Symmetrical compensating configuratioepresentsthe best case

among all considered configurations.

l0g10(BER)

BER wersus Length
’ T | | T |

5 1| SEPRPPRPSISTE SPPPSPPE Y (PR e rE —
of ;s 5 4 : : : * : | —B—post
-280 1 8 : { : : i| =9 symmetrical |-~
sl i i i i i i i i i i i |
0 80 160 240 320 400 480 560 640 720 800 880 960 1000
length(km)

Figure 3.5 BER versus Length with alispersiorcompensating configuration.

The eye diagrams of this systeatcording to dispersion compensating

configurationsare shown inFigure 36. The eye diagrams W the eye opening of
systemfor differentfiber lengtts. Each span is 80kmAs seen from this figure eye

opening is goodip to960km.
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Figure 3.6 Eye diagrams of systefuor different fiber lengths
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3.3.1.2RZ Format

The simulation layouts forirsgle channel 40Gb/s RZ formaiith pre, post
and symmetricatompensating configuratisrare shownin Figure A8 at Appendix
A.

For pre and post compensating configurationsatrsmission fiber length is
80km. and compensating fiber length is 14.2km evatliasing the Eq. (3.23nd Eq.

(3.4). For symmetrical compensating configuration, two transmission fibers length of
40km and two DCFs length of 7.1km were used. In all configurat®BR and eye
diagram analysis were done for 960km. fiber length.

For pe- compensating configuratiorhte gai n of the EDFAOGSs
16dB, for post compensating configuratiomte gai n of the EDFAO®GS
7.1dB evaluated frorkq. (3.1)and Eg. (3.3)

The graph oBER versus Lengtlfior 40Gb/s single chann&®Z format with
all compensating configurations akown inFigure 37. For all compensating case
BERs less than equal0® upto 960km As shown irthis figure, BER values of pre
and post compensating configuration arenostly the same Symmetrical
compensating configuration represents the best case among all considered

configurations.
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BER versus Length
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Figure 3.7 BER versus Length with alispersiorcompensating configuration.

The eyediagramsof this systemareshown inFigure 38. The eye diagrams
show the eye opening of system for different fibergtes. Each span is 80km. As
seen from this figure eye opening is gagito960km
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3.3.1.3CRZ Format

The simulation layouts forirsgle channel 40Gb/€RZ formatwith pre, post
and symmetricatompensating configuratigrare shownin Figure A9 at Appendix
A.

For pre and post compensating configurationsatrsmission fiber length is
80km. and compensating fiber length is 14.2km evaluated using the Ecar(8.E).

(3.4). For symmérical compensating configuration, two transmission fibers length of
40km and two DCFs length of 7.1km were used. In all configurat®BR and eye
diagram analysis were done for 960km. fiber length.

For pre compensating configurationheé gain ofthe BF AG6s ar e 7. 1dBE
16dB, for post compensating configuratiomte gai n of the EDFAO®GS
7.1dB evaluated frorkq. (3.1)and Eg. (3.3)

The graph oBER versus Lengtfor 40Gb/s single chann€RZ format with
all compensating configurations afgown inFigure 3.9. For all compensating case
BERs less than equal0® upto 960km As shown in this figure, BER values e
and post compensating configuration are mostly the same. Symmetrical

compensating configuration represents the best case among all considered

configurations.
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Figure 3.9 BER versus Length with allispersiorcompensating configuration.
47



The eyediagrams of this system ashown inFigure 310. The eye diagrams
show the eye opening of system for different fiber lengths. Each span is 80km. As
seen from this figure eye opening is gaguoto960km.
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Figure 3.10 Eye diagrams of system for different fiber lengths.
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3.3.1.4CSRZ Format

The simulation layouts forirsgle channel 40Gb/s §RZ formatwith pre,
post and symmetricatompensating configuratisnare shown in Figure A10 at
Appendix A.

For pre and post compensating configurationsatrsmission fiber length is
80km. and compensating fiber length is 14.2km evaluated using the Ecar(8.E).

(3.4). For symmérical compensating configuration, two transmission fibers length of
40km and two DCFs length of 7.1km were used. In all configurat®BR and eye
diagram analysis were done for 960km. fiber length.

For precompensating configurationhe¢ gain of thee DFAGs are 7. 1d]
16dB, for postcompensating configuratiomte gai n of the EDFAOGS
7.1dB evaluated frorkq. (3.1)and Eg. (3.3)

The graph ofBER versus Lengttior 40Gb/s single chann&SRZ format
with all compensating configurations arghown in Figure 3. 11 For all
compensating case BERless than equdl0® upto 960km As shown in this figure,

BER values of pre and post compensatingconfiguration are mostly the same.
Symmetrical compensating configuration represents the best case among all

considered configurations.
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Figure 3. 11 BER versus Length with atispersiorcompensating configuration.
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The eyediagrams of this system asbown inFigure 312. The eye diagrams
show the eye opening of system for different fiber lengths. Each span is 80km. As
seen from this figure eye opening is gaguoto960km.

Precompensating Post compensating configuration Symmetrical compensating
configuration configuration
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Figure 3.12 Eye diagrams of system for different fiber lengths.
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3.3.1.5DPSK Format

The simulation layouts forirsgle channel 40Gb/s DPSK formaiith pre.,

post and symmetricatompensating configuratisnare shown in Figure All at

Appendix A.

For pre and post compensating configurationsatrsmission fiber length is

80km. and compensating fiber length is 14.2km evaluated using the Ecar(8.Ej.

(3.4). For symmetrical compensating configuration, two transmission fibers length of

40km and two DCFs length of 7.1km were used. In all configurat®BR and eye

diagram analysis were done for 960km. fiber length.

For precompensating configurationhe gaino f

16dB, for postcompensating configuratiorn te
7.1dB evaluated frorkq. (3.1)and Eg. (3.3)
The graph ofBER versus Lengtlior 40Gb/s single chann®PSK format

t he
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with all compensating configurations afeown inFigure 313. For all compensating

case BERs less than equdlo® upto 960km As shown in this figure, BERalues of

pre, and post compensating configuration are mostly the same. Symmetrical

compensating configuration

configurations.
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Figure 3.13 BER versus Length with atlispersiorcompensating configuration.
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The eye diagrams of this system are showRigure 314. The eye diagrams
show the eye opening of system for different fiber lengths. Each span is 80km. As
seen from this figure eye opening is gaguoto960km.
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Figure 3.14 Eye diagrams of system for different fiber lengths.
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3.3.1.6CSRZ-DPSK Format

The simulation layouts forirggle channel 40Gb/s CSRZPSK format with
pre-, post and symmetricabmpensating configuratismreshownin Figure A.12 at
Appendix A.

For pre and post compensating configurationsatrsmission fiber length is
80km. and compensating fiber length is 14.2km evaluated tlengq. (3.2pnd Eq.

(3.4). For symmetrical compensating configuration, two transmission fibers length of
40km and two DCFs length of 7.1km were used. In all configurat®BR and eye
diagram analysis were done for 960km. fiber length.

For precompensting configuraton,he gain of the EDFAOGS
16dB, for postcompensating configuratiomte gai n of the EDFAOGS
7.1dB evaluated frorkq. (3.1)and Eg. (3.3)

The graph ofBER versus Lengtlior 40Gb/s single chann€lSRZ DPSK
format with all compensating configurations ashown in Figure 315. For all
compensating case BERless than equdl0® upto 960km As shown in this figure,

BER values of postcompensating configuration is better compared to- pre
compensating configurationy@metrical compensating configuration represents the

best case among all considered configurations.
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Figure 3.15BER versus Length with allispersiorcompensating configuration
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The eyediagrams of this system asbown inFigure 316. The eye diagrams
show the eyepening of system for different fiber lengths. Each span is 80km. As

seen from this figure eye opening is gaguito960km.
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Figure 3.16 Eye diagrams of system for different fiber lengths.
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Single channel 40Gb/s for athodulation formats with precompensating
configuration is shown irrigure 317. As shown in this figure the performance of
CSRZDPSK modulation formatepresents # best case among all considered

formats.
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Figure 3.17 BER versus Lengtlior single channel 40Gb/systemfor all modulation
formatswith pre.compensating configuration

Figure 318 shows the single channel 40Gb/s &l modulation formats with
post-compensating configuration. As shown in this figure the performance of CSRZ

DPSK modulation formatepresents the best eaamong all considered formats.
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BER versus Length
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Figure 3.18 BER versus Lengtlfior single channel 40Gb/systemfor all modulation
formatswith postcompensating configuration

Single channel 40Gb/s for all modulation formats with symmetrical
compensating configuration is shownHRigure 319. As shown in this figure ugo
240 km. the perfanance of NRZ modulation format is better compared the others.
After that lengthCSRZDPSK modulation formatepresents the best case among all

considered formats.
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Figure 3.19 BER versus Lengtlior single channel 40Gbsystemfor all modulation
formatswith symmetricalcompensating configuration
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3.3.2 25 Channels 40Gb/s WDM System

For 40Gb/s dataate, 25 channels were used with the channel spacing of
160Ghz (1.28nm) and total capacity was 1Tb/s. For this system, modutatioets
of NRZ, RZ, CRZ, CSRZDPSK and CSRZDPSK were analyzed with prepost
and symmetrical compensation configurations. Total transmission distance is
12x80km=960km. for each configuration.

In WDM optical systems, because of the nonlinear crosstalk, the middle
channel generally has the worst performance. Channels that are far away do not
affect each other much because they pass through each other quickly due to the
dispersion. Therefore, iruo simulationsye considered the middle channel 13 of the

system.

3.3.2.1 25 ChannelsNRZ Format

The simulation layouts fo25 Channels 40Gb/s NRZ formaith pre, post
and symmetricatompensating configuratisrareshownin Figure A13 at Appendix
A.

For pre and post compensating configurationsatrsmission fiber length is
80km. and compensating fiber length is 14.2km evaluated using the Ecar(8.E).

(3.4). For ymmetrical compensating configuration, two transmission fibers length of
40km and two DCFs length of 7.1km were used. In all configurat®BR and eye
diagram analysis were done for 960km. fiber length.

For precompensating configurationhe gain of te EDFA6s are 7.1
16dB, for postcompensating configuratiomte gai n of the EDFAGsS
7.1dB evaluated frorqg. (3.1)and Eg. (3.3)

The graph oBER versus Lengtlfior channel 13 based d¥RZ format with
all compensating configurations astown in Figure 320. For post and pre
compensatingconfigurations BER is less than equall0° up to 400km., for

symmetrical case it is up to 240kiss shown in ths figure, BER values ofgst
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compensating configuration is better compared signmetrical compensating

configuration.Pre compensating configuration represents the best case among all

considered configurations.
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Figure 3.20 BER versus Length with atlispersionrcompensating configuration

The eye diagrams of this system are showRigure 321. The eye diagrams

show the eye opening ofstem for different fiber lengths. Each span is 80km. As

seen from this figure eye opening is good ug@tkm.
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Figure 3.21 Eye diagrams of system for different fiber lengths.
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3.3.2.2 25 Channels RZFormat

The simulation layouts fd25 Channels 40Gb/s RZ formatth pre, post and
symmetricalcompensating configuratismreshownin Figure Al4 at Appendix A.

For pre and post compensating configurationsatrsmission fiber length is
80km. and compensating fiber length is 14.2km evaluated using the Ecar(8.E).

(3.4). For symmetrical compensating configuration, two transmission fibers length of
40km and two DCFs Igjth of 7.1km were used. In all configuratioBER and eye
diagram analysis were done for 960km. fiber length.

For precompensating configuratomhte gai n of the EDFAOGS
16dB, for postcompensating configuratiomte gai n of t hBanEDFAOGSs
7.1dB evaluated frorkq. (3.1)and Eg. (3.3)

The graph oBER versus Lengtfor channel 13 based d?Z format with all
compensating configurations asgown inFigure 322. For symmetricaland pre
compensating configuratioBER is less than equal0® up to 960km., and for post
case it is up t@00km. As shown in this figure, BER values pfe- compensating
configuration is better compared pwost compensating configuratiolymmetrical
compensating configuration represents the best case among all considered

configurations.
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Figure 3.22 BER versus Length with atlispersiorcompensating configuration
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The eye diagrams of this system are showRigure 323. The eye diagrams

show the eye opening of system for different fiber lengths. Each span is 80km.

Precompensating Post compensating configuration Symmetrical compensating
configuration configuration
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Figure 3.23 Eye diagrams of system for different fiber lengths.
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As seen from this figure eye opening is good u@&tkm for symmetrical

and pre compensating casdgor post case is good up ®00km.

3.3.2.3 25 ChannelsCRZ Format

The simulation layouts foR5 Channels 40Gb/s CRZ formaith pre, post
and symmetricatompensating configuratisrareshownin Figure A15 at Appendix
A.

For pre and post compensating configurationsatrsmission fiber length is
80km. and compensating fiber length is 14.2km evaluated usriggh(3.2)and Eq.

(3.4). For symmetrical compensating configuration, two transmission fibers length of
40km and two DCFs length of 7.1km were used. In all configurat®BR and eye
diagram analysis were done for 960km. fiber length.

For precompensatig configuration,te gai n of the EDFAOGS
16dB, for postcompensating configuratiomte gai n of the EDFAGsS
7.1dB evaluated frorkq. (3.1)and Eg. (3.3)

The graph oBER versus Lengtlfior channel 13 based on CRZ format with
all compensating configurations arghown in Figure 324. For symmeical
compensating configuratioBER is less than equd0® up to 640km., for pre and
post case it is up to240km. As shown in this figure, BER values of piand post
compensating configurations are mostly the same. Symmetrical compensating

configuration represents the best case among all considered configurations.
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Figure 3.24 BER versts Length with aldispersiorcompensating configuration

The eye diagrams of this system are showRigure 325. The eye diagrams

show the eye opening of system for different fiber lengths. Each span is B@&m.

opening is good up t640km for symmetrical compensating case, for-paed post

cases argood up ta240km.
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Figure 3.25 Eye diagrams of system for different fiber lengths.

64



3.3.2.4 25 ChannelsCSRZ Format

The simulation layouts fa25 Channels 40Gb/s CSRZ fornweith pre, post
and symmetricatompensating configuratisrareshownin Figure A16 at Appendix
A.

For pre and post compensating configurationsatrsmission fiber length is
80km. and compensating fiber length is 14.2km evaluated usriggh(3.2)and Eq.

(3.4). For symmetrical compensating configuration, two transmission fibers length of
40km and two DCFs length of 7.1km were used. In all configurat®BR and eye
diagram analysis were done for 960km. fiber length.

For precompensating configuratomhte gain of the EDFAOGS
16dB, for postcompensating configuratiomte gai n of the EDFAO®GS
7.1dB evaluated frorkq. (3.1)and Eg. (3.3)

The graph oBER versus Lengtfor channel 13 based on CSRZrfat with
all compensating configurations arghown in Figure 326. For symmetcal
compensating configuratioBER is less than equdl0® up to 96Ckm., for post and
pre- case it is up to640km.As shown in this figure, BER values of pr@nd post
compenating configurations are nearly the same. Symmetrical compensating

configuration represents the best case among all considered configurations.
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Figure 3.26 BER versus Length with atlispersionrcompensating configuration
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Figure 3.27 Eye diagrams of system for different fiber lengths.

The eye diagrams of this system are showrigure 3.27. The eye diagrams

show the eye opening of system for different fiber lengths. Each span is B@&m.

opening is good up t860km for symmetrical compensating case, for-pad post

cases argood up td640km.
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3.3.2.5 25 ChannelsDPSK Format

The simulation layouts fa25 Channels 40Gb/s DPSK formaith pre, post
and symmetricalcompensating configuratisnare shown in Figure A. 17 at
Appendix A.

For pre and post compensating configurationsatrsmission fiber length is
80km. and compensating fiber length is 14.2km evaluated using the Ear(8.ED.

(3.4). For symmetrical compensating configuration, two transmission fibers length of
40km and two DCFs length of 7.1km were used. In all configurat®BR and eye
diagram analysis were done for 960km. fiber length.

For precompensating configurationrh¢g gainof t he EDFAG6s ar e
16dB, for postcompensating configuratiomte gai n of the EDFAO®GS
7.1dB evaluated frorkq. (3.1and Eq. (3.3)

The graph of BER versus Length for channel 13 based on DPSK format with
all compensating configurationare shown inFigure 328. For post and pre
compensating configuratisnBER is less than equall0® up to 720km., for
symmetrical case it is up tat80km. As shown in this figure, BER values of pre
compensating configuration is better compared to symmetrical compensating
configuration.Post compensating configuration represents the best case among all

considered configurations.

67



BER versus Length

log10(BER)

| % symmetrical
a0 i I I I i I i I | I I I
1 a0 160 240 320 400 480 560 640 720 800 880 960 1000

length(km)

Figure 3.28 BER versus Length with atlispersionrcompensating configuration

The eye diagrams of this system are showRigure 329. The eye diagrams
show the eye opening of system for different fiber lengths. Each span is 80km. Eye

opening is good up t@20km for pre- and post compensating case480km. for

symmetricalcase.
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Figure 3.29 Eye diagrams of system for different fiber lengths.
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3.3.2.6 25 ChannelsCSRZ DPSK Format

The simulation layouts foR5 Channels 40Gb/s CSRZ DPSK formaiith
pre, post and symmetricabmpensating configuratisrareshownin Figure A16 at
Appendix A.

For pre and post compensating configurationsatrsmission fiber length is
80km. and compensatiriper length is 14.2km evaluated using the Eq. (8r2) Eq.

(3.4). For symmetrical compensating configuration, two transmission fibers length of
40km and two DCFs length of 7.1km were used. In all configurat®BR and eye
diagram analysis were dona f860km. fiber length.

For precompensating configuratomhte gai n of the EDFAOGS
16dB, for postcompensating configuratiomte gai n of the EDFAOGS
7.1dB evaluated frorkq. (3.1and Eq. (3.3)

The graph oBER versus Lengtfor channel 13 based on CSRZ DPSKformat
with all compensating configurations afeown inFigure 330. For all compensating
configurations BERs less than equal0® up to 96Ckm. As shown in this figure,

BER values ofpost compensating configuratioms better compared to pre
compensating configuratio®ymmetrical compensating configuration represents the

best case among all considered configurations.
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Figure 3.31 Eye diagrams of system for different fiber lengths.
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The eye diagrams of this system are showRigure 331. The eye diagrams

show the eye opening of system for different fiber lengths. Each span is BQ&m.

opening is good up td4km for symmetrical compensat case, for preand post

cases are good up to 160km.

25 channels 40Gb/s for all modulation formats with-ptempensating

configuration is shown irigure 332. As shown in this figure the performance of

CSRZDPSK modulation formatepresents the best case among all considered

formats.RZ is also good. CRZ is the worst case.
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Figure 3.32BER versus Length for 25 channels 40Gb/s system for all modulation
formats with precompensating configuration.

Figure 333 shows the 25 channels 40Gb/s for all modulation formats with

postcompensating configuration. As shown in this figure the performance of CSRZ

DPSK modulation formatepresents the best caseang all considered formatRZ

and DPSK are good up to 800km. CRZ is the worst case.

72



Figure 3.33BER versus Length for 25 channels 40Ghb/s system for all modulation
formats with postompensating configuration.

25 channels 40Gb/s for all modulation formats with symmetrical
compensating configuration is shownRigure 334. As shown in this figure CSRZ
DPSK malulation formatrepresents the best case among all considered forRAts.

and CSRZ are good up to 960km. CRZ is the worst case.
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