Thesis Report
On

Simulation Analysis of PMD and Dispersion Mapping
Techniques

Submitted in the partial fulfillment of requirement for the award of the
degree of

MASTER OF ENGINEERING
IN

ELECTRONICS AND COMMUNICATION ENGINEERING

Submitted by
Hardeesh Singh
Roll No. 80661006

Under the guidance of
Dr. R.S Kaler

Professor, ECED
Thapar University, Patiala

Electronics and Communication Engineering Department
THAPAR UNIVERSITY
PATIALA-147004
JUNE - 2008



ACKNOWLEDGEMENT

It is with the deepest sense of gratitude that | am @cghing the magnanimity, which
my guide Dr. R.S Kaler, Professor, Electronics and Communication Engineering
Department, has bestowed on me by providing individual go&aand support
throughout the thesis work.

| am also thankful toDr. A. K. Chatterjee, Head, Electronics and
Communication Engineering Department avfid. Alpana Agarwal, P.G. Coordinator,
ECED for the motivation and inspiration that triggeresl for my thesis work.

| would also like to thank all the staff members ang co-students who were
always there at the need of the hour and provided Witheahelp and facilities, which |
required for the completion of my thesis. | am alsankful to the authors whose works |
have consulted and quoted in this work.

Last but not the least | would like to thank God for mating me down at the

time of crisis and showing me the silver lining in thekdaouds.

HARDEESH SINGH
(Roll No. — 80661006)



CERTIFICATE

I hereby certify that the work which is being presented in the thesis entitled,
“Simulation Analysis of PMD and Dispersion Mapping Techniques,” in partial
fulfillment of the requirements for the award of degree of Master of Engineering in
Electronics and Communications Engineering submitted in Electronics and
Communications Engineering Department of Thapar University, Patiala, is an
authentic record of my own work carried out under the supervision of Dr. R.S Kaler.

The matter presented in this thesis has not been submitted for the award of any other

degree of this or any other university.

OVM
(M Hardeg-) Sfiﬁ;,
This is to certify that the above statement made by the candidate is correct and true to

the best of my knowledge.

22l

Dr. RS Kaler
Professor, ECED
Thapar University, Patiala

Dr. A.K. Chatteffjjee 2> Dr. R. K. Sharma
Head, ECED Dean, Academic Affairs
Thapar University, Patiala Thapar University, Patiala

. <



ABSTRACT

Optical fibers are not only used in the telecommunicatisnaltso used in the Internet
and Local Area Networks (LAN) to achieve high signallides. Optical networks,
based on the emergence of the optical layer in trangpetworks, provide higher
capacity and reduced costs for new applications such esintiernet, video and
multimedia interaction, and advanced digital servid@st the linear and nonlinear
characteristics of the fiber optical are the limitfagtors to reach the goals. The objective
of the thesis work is to investigate the limiting fastof the guided optical media.

In the standard single mode fibers, the PolarizatiordéviDispersion is the
phenomenon that causes the hurdles to reach the hightdsitlistance product of
amplified lightwave communication system. The impaatsege opening, eye closing
and output power due to PMD variation are studied. Thedtspat PMD, in high data
rate transmission systems have been investigated atediffeit rates. It is reported that
PMD produces the adverse effect on the eye opening, egigland power at the
output. Due to PMD, the significant degradation in the parémce of high speed optical
transmission system with the increasing bit ratelss aeported. At the bit rate of 40
Gbps and above it is almost impossible to cope with Rtbout the use of dispersion
compensation.

The fiber nonlinear characteristics are the Optical k#ect and the stimulated
scatterings. The fiber nonlinearities produce the input pdiméations on the system as
well as maximum transmission distance. To mitigater tleffects, the dispersion
mappings are used. Pre, post and hybrid or symmetrical compensachniques are
compared on the basis of bit error rate (BER) vamatdh the input power at higher bit
rates. The dispersion compensation fiber (DCF) is usdéigeitompensation techniques.
It is demonstrated that the hybrid compensation is b&iteeduce the nonlinear effects
than its counterparts. The increase in BER due to inengaihe input power for all the
three techniques is also reported.

Simulation results are presented to support the asdWdD impacts and the

comparison of compensation techniques.
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Chapter-1 Introtion

Twenty first century is the era of ‘Information teclowy’. There is no doubt that
information technology has had an exponential growthoudih the modern
telecommunication systems. Particularly, opticagéfibommunication plays a vital role in
the development of high quality and high-speed telecomntioricaystems. Fiber optic
communication is a way of exchanging the informationveen to places by sending the
light signal through the optical fiber cable. Fiber opt@mmunication brought the
revolutionary change in the telecommunication industry glagied a major role in the
advent of information age. In the twenty first centuitg, advantages over electrical
transmission cause the replacement of copper wiré wWie optical fiber in the
communication system. Now the optical fiber is thest@mmmon type of channel used
in communication system, but the other types of waveguadesalso used within the
communication system. Today, optical fibers are mdy ased in telecommunication
links but also used in the Internet and local area netw(@rR&) to achieve high
signalling rates. The core advantages of optical fiber aadbw loss, which allows long
distances between amplifiers and its high data carryingctges that of thousands of
electrical links would be required to carry that much dalso no cross talk introduces in
optical fibers running alongside each other for long dissasentroduces in some types
of electrical transmission lines.

The use and demand for optical fiber has grown tremendausl optical-fiber
applications are numerous. Telecommunication applicat&reswidespread, ranging
from global networks to desktop computers. These involve rimsmission of voice,
data, or video over distances of less than a meter wréds of kilometers, using one of
a few standard fiber designs in one of several cable rae[ig

But in the fiber optic communication system linear andlinear characteristics
of fiber put limitations over high speed data transmissgiotiie communication system.
The Linear characteristics include attenuation, chrondisipersion (CD), polarization
mode dispersion (PMD), and optical signal-to-noise rg@SNR). The nonlinear
characteristics include self-phase modulation (SPM)sszphase modulation (XPM),
four-wave mixing (FWM), stimulated Raman scattering (5R®&d stimulated Brillouin



scattering (SBS). Nonlinear fibre effects such as samfid cross-phase modulation
combined with the group velocity dispersion result in nistey distortion of the
propagating signals in WDM links, limiting the maximum tramsion distance. The
transmission distances can be increased by optimisindispersion map to reduce the
impact of nonlinearities. Further the maximum transmisslistance is limited by the
dispersion or spreading of optical pulses as thegli@ong the fiber.

It was not until the advent of Erbium Doped Fiber AmetifEDFA) in the late
1980’s [2], that chromatic dispersion in the fiber beconanniimiting factor in the

optical transmission systems rather than fiber ksse
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Figure 1.2: Progress in optical fiber communication since 1974

The mid 1980s saw telecommunication carriers like Spsiratbéish extensive fiber optic
backbone networks. With the advent of the optical armaplior specifically the Erbium

Doped Fiber Amplifier (EDFA) in 1986, it has been possiblentwease the span and
speed of optical fiber based communication operate, prioved an important factor in
fixing the wavelength of operation of present day fibdicogpystems. Figure (1.1) shows
the increase in the bit-rate distance product since 18&reH1.2) depicts the growth of
fiber-optic systems since 1974.

1.1 Polarization Mode Dispersion

The polarization related impairments have become arno@jgtacle to the increase transmission rates in
WDM systems. Such impairments include polarization modgedison (PMD) in optical fibers,
polarization dependent loss (PDL) in passive optical compts, polarization dependent modulation
(PDM) in electro optical modulators, and polarization depengieint(PDG) in optical amplifiers.
Polarization Mode Dispersion, or PMD, is an importhnéar phenomenon occurring inside
optical fibers, which can cause the optical receiveretarmble to interpret the signal correctly, and results
in high bit error rates. PMD can dramatically deceetie fiber optic network's performance, particularly
those networks operating at high data rates. The obmdwy for years had been made a free ride as it grew
from 90 Mbps to 270 Mbps to 435 Mbps to 2.5 Gbps [4]. A problem begamanhifest itself in 5 Gbps

systems and threatens major dislocation at 10 Gbps rkatgoFor the first time, the fiber-optics industry



was faced with a networking killer. It can distort signakender bits inaccurate, and destroy the signal
integrity of the network.

1.1.1 PMD Overview

While the phenomenon of Polarization Mode DispergBND) has been known for
years, it has only been recently that it has posedi@use realistic problem for optical
networks. PMD’s negative effects result in a limaatof a networks bandwidth or length
that is, of course, undesirable to say the least.imhp®rtant to understand however, that
with proper measurement and management, the negativetsetd® PMD may be
minimized or eliminated altogether.

The older fibers had the PMD value 100 times greater tratrof the present day
fibers. But in the new fiber the PMD remains the majablem because of the following
reasons:

i.  There is still a small residual asymmetry in the fibere as shown in
figure (1.3).
ii.  Slight PMD exists in the discrete in line componenthiagisolators,

couplers, Erbium Doped Fibers, modulators and multiplexers

Perfect Oval Siress

Figure 1.3: Cross-Sectional defects of Optical Fibers

In addition to this, internal forces induced by thermgbamsion and external forces
induced by the environment through handling and cabling, such am@emdl twisting,
add slight nonsymmetrical stress fields inside the fioee. These deviations give rise to

the phenomenon of birefringence. As a result of a propaftgptical fibers called



‘birefringence’, different polarizations of light areopagated at different velocities
through the fiber. As laser light is generally highly pzled, the digital bits that they
emit contain light that is also highly polarized. Coulis with the birefringence present
in the fiber and the result is that different componéptdarizations) of the digital bits
travel at different velocities [5]. In other words soaofdehe light in the bit travels faster
and some of the light travels slower. This causesligieal bit to spread in time; this is
termed dispersion. Moreover, the residual birefringeneg®isconstant along the length
of the fiber but changes with distance in a random waipnly in amount, but also in its
local principal axes. So in the best conditions, PMiI significantly limits the
deployment of high bit rate systems. For a given fioéiDRs supposed to be fixed.
However, this is not the case in real communicatigsiesns because environment
fluctuations cause PMD to vary randomly in time. Themes it is important to
understand the statistical properties of pulse propagatituced by PMD.

A single-mode fiber is designed to support only one moderapagation of light. The
principal advantage of letting light propagate along onlg amde is that inter-modal
dispersion can be avoided. Inter-modal dispersion hapge@sresult of relative delay
between the light propagating in the various modes in &#-mable fiber. In single-mode
fibers, as there is only one mode available for liglttppgation (theoretically), inter-
modal dispersion is nonexistent.

Single-mode optical fiber and components support one fo@ed&l mode, which
consists of two orthogonal polarization modes. This asgtry introduces small
refractive index differences for the two polarizatgiates. This characteristic is known as
birefringence The birefringence causes one polarization mode toltfaster than the
other, resulting in a difference in the propagation timbictv is called thalifferential
group delay (DGD) DGD is the unit that is used to describe PMD. DGRyfscally
measured in picoseconds. A fiber that acquires birefringezgges a propagating pulse
to lose the balance between the polarization compsné&his leads to a stage in which
different polarization components travel at differealocities, creating a pulse spread as
shown in Figure (1.4). PMD can be classified as firsieoMD, also known as DGD,
and second-order PMD (SOPMD). The SOPMD results fraspedsion that occurs
because of the signal's wavelength dependence and spedttal If the fibers were



perfect, the state of polarization (SOP) of the ligighal transmitting in the fiber would
remain constant and the effects of the PMD, PDL, PBNd PDG could be easily

eliminated.

1st- Order PMD

laser H4— @::::::::::::::;) L

Fiber is birefringent due to
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Figure 1.4: Polarization Mode Dispersion.

Unfortunately, the SOP of light propagating in the lengtttslandered communication fiber varies along
the fiber due to random birefringence induced by the thestreds, mechanical stress, and irregularities of
the fiber core. Generally, at the output end of fiber Itght polarized, with varying degrees of ellipticity,
and with the major elliptical axis at the arbitrangke. Worst of all, the induced birefringence changes with
temperature, pressure, stress and other environmemiatiorags, making polarization impairments time
dependent.

The single mode fibers manufactured in mid 1990s have theegyothat has become more
problematic as the bit rates and span lengths incre@bisall was due to the imperfectly rounded fiber
core. As the core of a fiber should have a perfechdsiltal shape, but in practice it is not possible teeha
ideally cylindrical shape because of change in core damahdomly while drawing the fiber, so because
of this physical limitation the PMD occurs [6]. So dsid impossible to manufacture the perfectly

symmetrical and rounded fiber, the researchers goessi¢o produce more symmetrically rounded fiber.

But the problem of PMD still exists with a small dogiént of 0.1 ps/+/ km [7].

1.1.1.1 Refractive Index
Light within a medium travels at a slower speed tmathé vacuum. The speed at which
light travels in the medium is determined by its refiecindex. In an ideal situation, the



refractive index would not depend on the wavelength ofigie. IHowever, this is not the
case which results in different wavelengths travellindifferent speeds within an optical
fiber. Environmental conditions, such as variations imperature can change the
refractive index of the optical fiber. As temperaturegéases, so will the refractive index,
however, the increase is not uniform over all wavelengthsulting in differing
wavelength speeds. In addition, stress, such as the mresquarienced by a submarine
cable, can affect the refractive index of an optida¢rfi When pressure is exerted on the
optical fiber the refractive index decreases. The amotliine decrease is also a function
of the wavelength [8].

The refractive index of an optical fiber can have fiedint value across the
horizontal and vertical axis of the fiber core. Thiffedence in the refractive index
results in the two orthogonal states of polarizafiertical and horizontal) travelling at
different speeds through the fiber. The result is debahtial Group Delay, measured
in ps/ Jkm, between the two states of polarization (verticad &orizontal axis) and
possibly intersymbol interference. This effect is knasnPolarization Mode Dispersion
(PMD). A typical design rule is that DGD should roceed 10% of the bit rate for an
NRZ signal. This implies that as the bit rate increat®s acceptable amount of DGD
decreases. Meeting this design rule can be challenging BIMD is a result of geometric
irregularities of the fiber core, temperature charayetsstress placed on the fiber, making
PMD unpredictable and statistical in nature.

1.1.1.2 Birefringence
The birefringence in optical fiber can be expressed aiesethce in the refractive index,

and hence propagation consténtfor the orthogonal polarization modes

an
AB = B = B = n, OGNy _afn_ 27y, 1.1
c C C A

Where «. is the angular frequency of the light, c is theespof the light in vacuum and
An=n,—n; >0 is the refractive index difference between thevsémd fast axis, while
A is the wavelength of the light in vacuum. The el#nce can also change the state of

polarization (SOP) of the light as it travels aldhg fiber as illustrated in the figure (1.5).
Two orthogonal polarization states exist (eigeesatthat are unaffected by the



birefringence. Any polarization state can be deaoseg into the two eigenstates. In the
uniformly birefringent segment, the eigenstatesresponds to the well defined

birefringence axes.

Fast
axis

Nfast
Figure 1.5: The local birefringence in an optical fiber champihe polarization
state of the light.
The phase retardation between the two orthogoeklsfidue to birefringence causes the

polarization to evolve in a periodic manner andpkeod of this variation is referred to
as the beat length, :Ai. For standard single mode fiban is typicallyl0™" , which
n

leads to a beat length to around 15 m at the wagtiel550 nm. The difference in phase
velocity indicated by equation 3.1 is usually acpamied by a difference in the local
group velocity and by a subsequent splitting ofpslthat travel through the fiber. This
group velocity difference gives rise to a diffeiehtgroup velocity (DGD),At is a
random variable that has a Maxwellian probabilignsity function (pdf). Figure (1.5)
shows the pulse splitting that arises due to thefrmgence. In long fibers, the
birefringence is combined with random polarizatmade coupling and the PMD grows
with the square root of the fiber length. The degaay can be lifted if, through a loss of
the circular symmetry, any amount of anisotropyingroduced, leading to some
birefringence [8, 9]. This is the general caseaafl ffibers, where the loss of symmetry
originates in the fiber manufacturing process fraoncircular waveguide geometry
(geometrical birefringence static) or in deploydstf from non symmetrically distributed

mechanical stress (stress birefringence time vgjyit0].



1.1.2 How PMD Occurs

When light travels down a single mode fiber towtre receiver, it has two polarization
modes that follow the path of two axes. They mmweard the receiver at right angles to
each other. When the core of the fiber that bouhdslight is asymmetrical, the light

travelling along one polarization axis moves slowerfaster than the light polarized

along the other axis. This effect can spread thsepenough to make it overlap with
other pulses or change its own shape enough to makeletectable at the receiver as

shown in figure (1.6).

2nd order PMD
|+ v

i 5 | At distance =L
at distance= | J_I | E)

-
1st order PMD

Figure 1.6: Occurrence of PMD at distance L
As figure (1.6) shows, the optical pulse and imstituent photons travel from the
source, or transmitter, at distance 0, along thglesimode optical fiber. At some distance
after PMD has affected the pulse, the polarizedgnies separated by some time. This
time is known as differential group delay (DGD). DGs the fundamental measure of
PMD and is measured in picoseconds (10-12 secolid3{D is severe, the receiver at
some distancké cannot accurately decode the optical pulse, anertwrs can result. The
optical eye pattern of a PMD-limited signal extshihe effects of DGD by “closure” of
the eye. The effect of the eye closure is causetthdgeparation of the polarized axes of
photons, as the DGD becomes higher, separatiomigcgreater, and optical pulses start

to interfere with each other.

PMD is not an issue at low bit rates but becomessureiat bit rates in excess of 5 Gbps. PMD is
noticeable at high bit rates and is a significant soofdenpairment for ultra-long-haul systems. PMD
compensation can be achieved by using PMD compensagbrsotitain dispersion-maintaining fibers with
degrees of birefringence in them. The introduced birefriryaegates the effects of PMD over a length of
transmission. For error-free transmission, PMD corsaon is a useful technique for long-haul and
metropolitan-area networks running at bit rates greatan 10 Gbps. The PMD value of the fiber is the



mean value over time or frequency of the DGD and is repted apS/+km. A 0.5-dB power margin is

typically reserved to account for the effects of PMDigh bit rates.

1.1.3 Pulse Broadening due to PMD

It is relatively easy to determine the pulse broauty splitting that occurs as an effect of
pure first order PMD. Some investigations have beade on pulse broadening due to
lower- order PMD (first and second) [11]. Howevan explicit formula for the RMS
broadening of pulses affected by (all-order) PMBswecently derived [12]. The output
pulse width (in the absence of chromatic dispe)s®given by

r2 =12 +%(<Q2>—[S<Q>]2) 1.2

Where r is RMS intensity pulse width, s is the input p@ation state in stokes space,

f(t) is the initial amplitude and &) is the Fourier transform as defined as

f(w) = f f(t)exp(-iat)dw. The bracket notation shows the over normalizedseul

spectrum so tha(a):zifajf(w)fdw:a, if a is constant. To apply this formula the
T

measure DGD and PSP, is integrated over the pulse gpedtr the special case of pure

first order PMD, the PMD is constaft,= A7Q and the pulse broadening is given by

2

=12+ A; i-(s0)) 1.3

The maximum broadening is obtained if the pulselaisnched between the PSPs
(principle state of polarization) so thlsq® =0, while no broadening occurs
whensQ = +1, which corresponds to launching the pulse into RIS®. The expected
pulse broadening in the presence of an average REID also be determined by
calculating the expected value.

Fiber ases I At




Figure 1.7: A pulse separation into x and y axis due to DGbhatoutput [13].
As mentioned earlier, since all telecommunicatioadg fibers fall in the “long” fiber
category, it is necessary to bring out their déferes from the “short” fibers. The relation
between PMD induced delay and fiber length is nméos linear in the case of long
fibers. This is because of the phenomenon calledencoupling that is taking place in all
fibers longer than a certain statistical lengtHechtorrelation length or coupling length.
Fibers that are shorter than the correlation leagéhconsidered to belong to the “short”
fiber category and all the other fibers are consideto belong to the “long” fiber
category. As a light wave propagates down a fitieme is a constant sharing of energies
between the two propagating modes as shown indi@lu7). This random exchange of
energies is due to the varying stresses or pettarisathat are experienced by the fiber
along its length.

The effect of mode coupling is that the DGD hascmare root of length
dependence rather than linear length dependenceeWo, in either case, PMD causes
dispersion or broadening of the light wave sigfdlis broadening is predictable in the
case of short length fibers. The relation that gias estimate of the PMD induced
limitation on the bit rate and the span of a diditaer-optic system is [14]:

gz =_ 002 1.4
(PMD)?
Where, B and L are the bit rate (Gbps) and linigter(km), respectively and PMD units
are ps/\/ﬁ .This relation was arrived at by considering theecthat the PMD induced

delay must be less than 14% of the bit period aleoto avoid incurring PMD-induced
power penalty of 1 dB or greater for a period off3i@ per year [14]. Figure (1.8) shows
the bit error fluctuations due to the variable matef PMD and the influence of
temperature on its variability
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Figure 1.8: Measured bit error rate fluctuations due to PMChwiite rate of change of

ambient temperature.

1.1.4 PMD Characterization

There are two parameters that characterize the Rivibcipal states of polarization and
differential group delay. Signals oscillate throdigier along two planes at right angles to
each other, called the principal states of poléiona For a fixed PMD, DGD is a random
variable that has a Maxwellian probability dendiiynction (pdf). In a PMD free fiber,
polarization states do not change and the energgcdh state arrives at the receiver at the
same time. In the presence of PMD, however, thestehange and the arrival time of
one state varies with respect to arrival time of thther. This time difference is
Differential Group Delay (DGD). Since asymmetry sasi PMD, DGD increases with
both the fiber's PMD coefficient and its length. ame distance PMD effects become so
great that regeneration is necessary unless teetedf PMD is mitigated. To find the
“peak value” typically multiply the statistical aegje DGD. That is the value above
which less than 1% of delay values are likely tste)Regeneration distance is inversely
proportional to the square root of the channel rate

For a length of fiber, at every frequency, thara pair of input polarization states
called the PSPs. A PSP is that input polarizatimtesfor which the output state of



polarization is independent of frequency over alsimequency range. Using the PSP
concept, PMD can be characterized as a vectorsepied as [15]:

r=AP 15
The PMD vector is a vector in three-dimensionategg Stokes space). The length of the
vector (Ar) is the DGD and the direction of the vectd?f)( is along the axis that joins
the two output PSP points in Stokes space [15, 16].

Excellent reviews are available [17], covering finactical aspects and applications
of PMD concepts to fiber transmission systems &pcketfects of PMD on nonlinear fiber
transmission. In this review we aim to complemdmse surveys and to collect and
synthesize the fundamental concepts and theory MD.PPMD can cause several
undesirable effects that could be obstacles to bjgded telecommunication through
optical fibers. Such effects are not limited toitdigcommunication systems but affect
analog communication systems as well. With the wian of specialized manufacturing

methods, PMD in present day, telecommunication gréiders is kept very low
(<01 ps/+km ). Still no matter how good the fiber may be, ame bit-rate-length

product, PMD will be an issue.

1.2 Dispersion Mapping

The advent of optical repeaters based on erbiunedidiper amplifiers (EDFASs) has
opened the new era of optical transmission teclgnedo allowing us to use wavelength-
division- multiplexing (WDM) technologies with sifgy compact, and economical
approaches [18]. In fact, the demonstrated capémitipng-haul optical transmission has
been growing remarkably, and more than a thousaladirficrease in capacity has been
achieved over the past ten years. The price we taapay for such success is the combat
with the accumulated impact of fiber nonlineariigterplaying with the chromatic
dispersion of the transmission fiber, which growghwtransmission distance and,
therefore, becomes significant for ultra-long-haystems. Dispersion-management
technologies have been invented to overcome subBrent problems in optically
amplified transmission systems [19].



The transmission of optical signals in an optioanmunication system may be
limited by optical effects such as chromatic dismer. Optical signals may be
transmitted as pulses of light in an optical fiddthen light propagating within an optical
fiber undergoes chromatic dispersion, the lightiesayed within the optical fiber. The
delay causes spreading of the light pulses, whiely affect the performance of the
system. The specific amount of dispersion that ptical signal undergoes varies
depending upon the wavelength of the optical sighbk extent to which dispersion
varies as a function of light wavelength is ofteferred to as dispersion slope. Various
dispersion management techniques have been useduoe dispersion and to manage
dispersion slope by reducing dispersion at indigldthannel wavelengths. Dispersion
management is particularly important in wavelergjtiision multiplexed (WDM) optical
communication systems transmitting multiple chasieelmultiple wavelengths.

Dispersion can be minimized when the signals dmeed symmetrically around

the fiber’'s zero-dispersion wavelength= , I8ut then FWM will increase and severely

degrade system performance. Since higher dispewglbeliminate FWM, therefore, two
solutions to suppress FWM include: 1) placing alvelengths away from, and on only

one side ofi, = Qand 2) utilizing alternating fiber segments witbsitive and negative

dispersion values in a dispersion-managed systewhioh there is always an absolute
dispersion value exists along the link, but thaltaccumulated dispersion is 0. In both
these cases, each WDM channel accumulates a diffengount of dispersion because of
the spectrally dependent dispersion slope of therdi Additionally, each channel
experiences SPM/XPM which interacts with the GVBsulting in further degradation.
To combat dispersion and nonlinearities, each WOidnoel can separately be either
pre-compensated, post-compensated or dual-compeng@ading a combination of pre-

and post-compensation) in total accumulated digpe{20].

1.2.1 Origins of Nonlinearities

When radiation is incident upon a medium, the taig electromagnetic field interacts

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

field then re-radiates the electromagnetic field &me incident wave is considered to



propagate through the medium via a series of shsbrption and re-radiation processes.
The polarization vectoP, induced by an electric field with amplitude veact can be
expressed as a general series expansion of thg2djm

P=¢,(x.E+x,: EE+ x,iEEE+.......) 1.7

&, Is the electric permeability of a vacuum,
X Iis the linear susceptibility tensor of the mediamnal
X, andy, are second and third order susceptibility tensons.

If the induced polarization has a purely linear efgfence on the applied electric field
then the re-radiated electric field will be ideati¢to the incident field. However, when
second or higher-order susceptibility terms arezaom harmonics begin to appear in the
radiated field that was not present in the incidéeld. For materials that have a
symmetrical molecular structure, the polarisatiotiuced by an incident electric field is
symmetrical, as illustrated in figure (1.9). Thesseptibility of these materials contains
only odd expansion terms, as opposed to anti-synemablecules for which even terms

such as may be non-zero.

Polansation, P

Electric Field, E
Figure 1.9 Electric polarisation versus electric field fortewals with
inversion symmetry (broken line) and with asymneetnolecular structure
(Solid dark line).
The dominant susceptibility term is the linearnigy which determines the linear

refractive index of the mediumm, and the absorption attenuation coefficignt The



orders of the non-zero expansion terms determiadyibe of non-linearity to which the
medium is susceptible. In materials, which lackeater of symmetry, such as quartz,
KDP and ADP, the second order susceptibility ispoesible for second harmonic
generation[22], in which an intense wave at angular frequenrgygenerates another
wave at twice this frequencaw,. Another effect which is possible in these materis
sumfrequency generatipm which two waves aty, andw,interact to produce waves

atw, + w, 2w, + w, 2w, + .

1.2.2 Optical Kerr Effect

The optical Kerr effect or AC Kerr effect is thesean which the electric field is due to
the light itself. This causes a variation in indgxefraction which is proportional to the
local irradiance of the light. This refractive index variation i®sponsible for the
nonlinear opticaleffects ofself-focusingand self-phase modulationThis effect only

becomes significant with very intense beams sucthase fromlasers In fact, phase
modulation due to intensity dependent refractivdeininduces various nonlinear effects,
namely, self-phase modulation (SPM), cross-phasduraton (CPM), and four-wave
mixing (FWM).

1.2.2.1 Self Phase Modulation (SPM)

Phase modulation of an optical signal by itseknswn asself-phase modulation (SPM)
SPMis primarily due to the self-modulation of thalses. Generally, SPM occurs in
single-wavelength systems. At high bit rates howe8® M tends to cancel dispersion.
However, consideration must be given to receivarradion and to nonlinear effects such
as SPM, which occurs with high signal levels. SR8uUits in phase shift and a nonlinear
pulse spread. As the pulses spread, they tendetidapvand are no longer distinguishable
by the receiver. The acceptable norm in systengdesi counter the SPM effect is to
take into account a power penalty that can be asdlwegual to the negative effect posed
by XPM. By the SPM-impact new spectral componergésgenerated in the optical signal
spectrum resulting in a spectral broadening.

1.2.2.2 Cross Phase Modulation (XPM)



Cross-phase modulation (XPM) is a nonlinear eftbet limits system performance in
wavelength Division Multiplexed (WDM) systems. XP#l the phase modulation of a
signal caused by an adjacent signal within the séber. XPM is related to the
combination (dispersion/effective area). XPM resulrom the different carrier
frequencies of independent channels, including d@ksociated phase shifts on one
another. The induced phase shift is due towhaékover effect, whereby two pulses at
different bit rates or with different group veldeg walk across each other. As a result,
the slower pulse sees the walkover and inducesaaepkhift. The total phase shift
depends on the net power of all the channels antherbit output of the channels.
Maximum phase shift is produced when bits belonginoghigh-powered adjacent
channels walk across each other.

1.2.2.3 Four Wave Mixing (FWM)

FWM can be compared to the intermodulation distortiontandard electrical systems. When three
wavelengthsAl, 4 2, andl 3) interact in a nonlinear medium, they give risa tourth wavelengthi(4),
which is formed by the scattering of the three incidérattgns, producing the fourth photon. This effect is
known asfour-wave mixing (FWMpand is a fiber-optic characteristic that affects WDBWstems. The
effects of FWM are pronounced with decreased channel gpatiwavelengths and at high signal power
levels. High chromatic dispersion also increases FWielcef. FWM also causes interchannel cross-talk

effects for equally spaced WDM channels.

1.2.2.4 Stimulated Scattering

When light is incident on material it undergoesivas scattering process. Most of the
scattering is elastic, and the scattered waveh®sdme frequency as the incident wave.
However, this scattered light is, in general, amsoarbitrary angle to the forward
direction of propagation. Hence, if one measuresttansmitted light in the forward
direction, there is a reduction in intensity agsult of the scattering into other directions.
This loss is known as Rayleigh scattering loss. Treguency shifts can be small
(approximately 1 cm-1) or large (greater than 16819. When the frequency shift is
small, the process is known as Brillouin scatterifithe larger frequency shifts
characterize the regime of Raman scattering.



Stimulated Brillouin scattering (SBS) is due to the acoystoperties of photon interaction with
the medium. When light propagates through a medium, th®ips interact with silica molecules during
propagation. The photons also interact with themsedwes cause scattering effects such as SBS in the
reverse direction of propagation along the fiber. In SB&w-wavelength wave calleStoke's wavés
generated due to the scattering of energy. This wave aesptife higher wavelengths. The gain obtained
by using such a wave forms the basis of Brillouin amgilift. The Brillouin gain peaks in a narrow peak
near the C-band. SBS is pronounced at high bit eatdshigh power levels.

The SRS refers to lower wavelengths pumping up the amplafidégher wavelengths, which
results in the higher wavelengths suppressing sigrais fine lower wavelengths. One way to mitigate the
effects of SRS is to lower the input power. In SR®vawavelength wave callegtoke's waves generated
due to the scattering of energy. This wave amplifies tgeen wavelengths. The gain obtained by using
such a wave forms the basis of Raman amplificatitre Raman gain can extend most of the operating
band (C- and L-band) for WDM networks. SRS is pronoumtddgh bit rates and high power levels

1.2.3 Dispersion compensation in optical transmission lines

Depending on the place and realization where the dispecempensation is made in a
system, it can be distinguished between three compegsatethods: a) pre-chirp
techniques at the transmitter side b) dispersion compensatthe transmission line (in-
line compensation) and c) dispersion compensatioreaetteiver side (Fig. 1.10).

Dispersion Compensation

| ! '

Pre-Chirp In-Line Compensation Post-Chirp

LD-Chirp DCF Electronic
Modulator Chirp FBG Equalization
Phase Modulation Phase Cotyugator

Figure 1.10: Dispersion compensation methods
The idea behind the pre-chirping at the transmitter sideeismplementation of chirp
with the opposite sign to the fiber chirp in order to ceutlhe GVD effects in the fiber.

The main implementation area of this technique is cdsctafe, optical short-reach



systems (e.g. MANs) with smaller channel bit rates, ibutombination with other
dispersion compensation techniques (e.g. in-line compengatio can enable a
performance improvement even in high-bit rate transmssystems over long distances
[23]. In-line dispersion compensation represents the keplig technology for the
realization of long-haul transmission systems. Tispelision compensation is realized in
the optical domain without electro-optical conversiontlé signal, enabling better
compensation of the signal because the optical phaseaistained. The post-chirp
techniques at the receiver side are characterized bgotimpensation of the chromatic
dispersion in electrical domain. This compensation owtis cost effective, and in

combination with in-line compensation, enables an enhamnaesimission performance.

1.2.3.1 In-line Compensation Devices

Implementation of in-line compensation devices in thenxamassion line affects the
transmission performance of the system becausesontéraction of dispersion map with
transmission disturbances (e.g. ASE-noise, nonlinegyiti€he following dispersion
compensating devices are used for the realization of irdigpersion compensation:
Dispersion Compensating Fiber (DCF)represents the most widely used in-line
dispersion compensation technique in today's transmissimtems. The DCFs are
characterized by a large negative dispersion and a somaldiameter. The large negative
dispersion values can be achieved by variation of the fibafile by doping the fiber
cladding (e.g. by fluorine), introducing an increase in tHeacdve index difference
between the core and cladding. The demands on DCFslamgeanegative dispersion (-
70-300 ps/nm), low insertion losses, low polarization depen(fDL) losses, a low

polarization mode dispersion (\séo.OSps/km), a large effective ared\(, ) and a negative

dispersion slope. The DCFs can be used for simultaneoogpensation of several
channels, but due to imperfections in slope compensatiomadd amount of residual
dispersion remains especially in outer channels.

Fiber Bragg Grating (FBG) modules are fabricated by implementing refractive index
changes in the fiber core. The regions with differefrtactive indices are called gratings.
Depending on the distance between the gratings knownagiaggperiod, which can be
realized as constant or varying (chirped), the shoréselengths will be reflected before



the longer ones. The consequence is pulse compresgiodigpersion compensation.
FBGs represent a promising technology for the realmatdé dynamic dispersion
compensation in tuneable dispersion compensators. The ageantf FBGs are large
nonlinear tolerance and lower device loss. The main FB®vighck is an increased
device complexity because of the implementation ofcaptiirculators and large ripples
in insertion losses (IL) and group delay (GD).
Phase Conjugatoris utilizes the concept known as mid-span spectral inve(8MS85l).
The principle of MSSI is the spectral inversion of th&ical signal spectrum in the
middle of the transmission span by applying an active coemo(e.g. semiconductor
laser) or highly nonlinear fiber (e.g. nonlinear phase-conjugatnirror). The short
wavelengths of the signal are interchanged with thgdo wavelengths making use of a
nonlinearity based phase conjugation. This concept enabled aompensation of
dispersion and dispersion slope, but it is less prdckicathe implementation in the
transmission systems because of its complexity.

For the system used in this work, conventional DCF basatbensation devices
are implemented because of the fact that they remrése state-of-the-art technology in
today’s optical communication systems.

1.2.3.2 Dispersion compensating schemes

Depending on the placement and the combination of in-lingpensation devices in the
transmission line, several different dispersion compigms schemes can be realized
(Fig. 4.2). Common for all dispersion compensation sckesnabling the full dispersion
compensation is that the compensation of the accuetLifispersion in the transmission
fiber has to be performed according to the following rule:

DSMF'LSMF+DDCF'L DCF:0 18
Where D, D, are the chromatic dispersion values of transmiss@hcompensating
fibers, respectively, ard,,. L. the lengths of these fibers. This rule can be fulfilled

by placing DCFs in different positions within a transsmn line. Typically, a

transmission line consists of several cascaded spap&nding on the realization of the
span infrastructure, it can be distinguished between thasie dispersion compensation
schemes: pre, hybrid and post-compensation figure (1.1fjetrand post-compensation



the DCFs are placed before or after the SMF fibehybrid-compensation 50% of the
SMF dispersion is compensated before the SMF and ther &0% is compensated
afterwards. The system behaviour can be quite difféoenhe different schemes because
of the influence of dispersion compensation on the firseal nonlinear effects. This
influence varies for different channel data rates ingala system upgrade becoming a

critical issue.
pre-compensation D 4
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= O L
?
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Figure 1.11:Principles of dispersion compensation

DCF

The full dispersion post-compensation scheme providdsc@uhpensation and signal
shape regeneration after each span. This scheme issimgrefor the practical
implementation because the optical signal form isntamed after each span and the
signal can be easily accessed or detected. The nontinaaacteristics of this scheme are
rather poor, because the walk-off between adjacent elsimthe system vanishes after
each span resulting in an increased impact and accunmulatio inter-channel
nonlinearities (e.g. XPM), depending on the local dispersif the transmission fiber.
The nonlinear tolerance of this scheme can be improvedplementation of the pre-
chirp at the transmitter side [23]. A similar effect d@achieved by pre-compensation
(under-compensation) of chromatic dispersion alongrémesmission line. Depending on



the amount of under-compensation, the accumulateduadsiispersion varies from span
to span. The drawback of this approach is the necessitgdditional or tuneable
dispersion compensation at the end or within the tresssom line, if some channel has to
be dropped or switched. This can be critical in systenis higher channel bit rates
(>10Gbps) because of a reduced dispersion tolerance. & martic compensation
scheme, are known as compact dispersion compensatioybod-compensation where
dispersion compensation of the total accumulated sysdispersion is realized directly
after the transmitter and before the receiver. Ttheaatage of this approach is that the
impact of nonlinearities in the transmission line carsigaificantly suppressed, because
the pulses are fully dispersed during propagation. This scieess relevant for the

practical implementation, because the optical chancatsot be accessed within the
transmission line.
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Figure 1.12:Dispersion compensation schemes in multi-span systems

The compensation of only3, (chromatic dispersion) alone is insufficient for the

compensation of accumulated dispersion in high speedntission systems, because of
the existence of dispersion slope, which results in a leagth dependent residual
dispersion. Theoretically, the complete slope comp@rsaould be realized if the DCF
slope (S,c¢ ) can be tailored to:

SSMF' LSMF+ SDCF' LDCF:O 1.9
The fiber nonlinearities like SBS (Stimulated Brilloucattering) and SRS
(Stimulated Raman Scattering) also put the limitationtlo® input power up to a

threshold value. Because the optical waveguides do natyalWwehave as completely



linear channel whose increase in output optical powerestly proportional to the input

optical power [9]. The nonlinearities produces the effedisch in case of scattering

cause disproportionate attenuation, usually at high posweids. This effect causes the
optical power from one mode to be transferred in eittier forward or backward

direction to the same, or other modes, at a differequency. It depends critically upon
the optical power density within the fiber and hence becsignificant above threshold
power levels. It causes the distortion in the informmatidgth increase in input power.

1.3 Thesis Objective
In optical communication systems, the input signath® fiber is usually a composite
optical signal modulated with information bit strearighen the entire input signal
frequencies interact with the effects caused by fiimear (PMD) and nonlinear (Kerr
Effects) characteristics, the output bit stream melyalve in a complicated way giving
adverse effects on system performance. PolarizMmxhe Dispersion represents the key
limitation on the transmission speed of the systeiberFnonlinearities represent the
fundamental limiting mechanisms to the amount of dath ¢ha be transmitted on a
single optic fiberThe key objective of this thesis is
1. To study the effects of the variation of PMD on the systemepformance in
terms of eye opening, eye closing and output optical spectrum.
2. To analyze the effects of PMD on the high speed transmiss and with the
variation of link length of the optical systems with the helpof eye diagrams.
3. To compare the different dispersion mapping techniques.
First the theoretical background is discussed on how i@ Bnd fiber nonlinearities
affect system performance of an optical fiber commuruoasystem, also discussed the
affects of the above two on the present day high sp@dnunication systems.

1.4 Thesis Organization

This chapter includes the brief introduction to the optical communaratwith brief
history. In this PMD and Kerr effect due to fiber nonlingesiare discussed in brief. The
Second chaptercontains the literature survey of effects of PMD aberfinonlinearities
on optical communication. Further the techniques used kbipus authors for the



nonlinear dispersion compensation, are also discussdtethird chapter, the effects

of PMD variation are studied with the help of eye daags, optical spectrum and power
output. Thefourth chapter contains the study of the PMD impacts on communication
system at higher bit rates. The impacts are studied twéhhelp of eye diagrams at
different bit rates and link lengths. Thé&h chapter gives the comparison study of the
dispersion mapping techniques to compensate fiber nonlineatsefComparison is done
on the basis of variation of BER (Bit Error Rate)withput power of the system. Finally

thesixth chapter gives the conclusion of the thesis work.



Chapter-2 Literature Rew

The polarization related and nonlinear impairments Ha®me a major obstacle to
increase the transmission rates in WDM systems. Tdr& Wone by different authors is

reviewed is given below.

2.1 Polarisation Mode Dispersion

G.J. Foschini and C. D. Poole [24] gave their ideas tdsvdre small deviations
from perfect circular symmetry in the core regiorsimigle mode fibers cause the optical
pulses to become broadened as they propagate and caesgsmbbl interference. They
had also identified the three dimensional polarizati@etrs and characterize the
polarization effects in narrowband sources. They $pettie solution of Poole’s
stochastic dynamical equation for the evaluation ofgbharization dispersion vector
with fiber length. Their work represented a close irggrpf theory with experiment and
simulation. They determined the properties of the threapoments of the dispersion
vector, probability density of the components of thevd#ive of the dispersion vector,
relative strength of the first order and second ordectffand the square root of the fiber
length dependence on the magnitude of the dispersion vector.

Daniel Mahgerefteh, Curtis R. Menyuk [25] dealt with theeaf of first order
PMD compensation on pulse broadening in the fiber with rahdowarying
birefringence. They had shown the demand of bandwidth of higheates in older
installed fibers where PMD is a limiting factor. PMB standard telecommunication
fibers can be compensated to first order by using the porafeprinciple state of
polarization. At the receiver the pulse is decompostativo waveforms polarized along
the two principle states for the optical link and thagday is removed. Compensation
sharpens the probability distribution function of the pullsgation by a factor that
decreases with increasing polarization dispersion. THey ahows that the small



randomly varying birefringence of fibers tends to depolarg#ical signals and
randomize their phase.

M. Wegmuller, S. Demma, C. Vinegoni and N. Gisin [26lgped the impact of
first and second order polarization mode dispersiory #tgo found that the principal
states vectors can lead to important fluctuations arcwendhean penalties induced by the
first order PMD. They found that the approaches whichdrgnimic a standard fiber as
closely as possible; the emulator presented gives corziamiser adjustable values for
differential group delay (DGD) and the ratio of firstdecond order PMD. Once it is set,
the ratio is conserved while the DGD can be easiljedawithin the range of 0-300 ps.
This allows investigating the low probability events e§&DGD and second order PMD
important for system outage.

According to the paper given in [27], Ling-Wei Guo, Ying-Ww#hZu-Jie Fang
gave their ideas towards the pulse broadening of opiigadls in a single mode fiber
was studied theoretically in presence of PMD, PDL,0@fatic dispersion and spectral
chirping. Analytical expressions were derived for the patars of the pulse broadening
characteristics without simplification assumption.tvthe pulse shape and to the order of
dispersion. Analysis and simulation shows that ibigatible with the previous theories
and more capable of dealing with pulse broadening and distantioomplicated cases,
which is the key problem in the high speed optical comnatioic networks. They also
found the effect of polarization dependent loss (PDLha éxploration of polarization
mode dispersion.

G. X. Ning, S. Aditya , P Shum, C. Q. Wu, Y. D. Goagd H. Dong [28]
provided their ideas toward higher- order polarization masjeedsion: new expressions
induced pulse broadening and its compensation. In this papgr darived new
expressions for the PMD vector including the second-thind order effects. These new
expressions were used to obtain explicit expressianBMD induced pulse broadening.
The pulse broadening expressions reveal that an incireaise first- and second- order
derivatives of DGD with respect to frequency always eases pulse broadening. A
change of direction of the first order PMD vectoscaincreases pulse broadening. In
most cases, the second and third- order PMD cannot bpetsated completely. This
paper gives the expressions for minimum pulse broadeningeipriesence of second-



and third order PMD. This paper derived the relation betve®m and the new relation
lead to new expression for second and third order PMD @wpalse broadening. They
showed that the change of direction of the second- orul® fRctor makes the pulse
broadening less.

Md Zaini Jamaludin, Ahmad Fauzi Abas, Ahmad Shukri Muhammaarr ldad
Mohamad Khazani Abdullah in [29] analyzed the first andosdcorder PMD
characteristics. They found that a pulse spread of 4p%6 of the pulse width is allowed
depending on the receiver sensitivity penalty toleratedyetem. PMD measurement is
also discussed considering Interferometric, Jones+iM&igen analysis (JME) and
Fixed Analyzer techniques, from the perspective of figld &aboratory applications.
They performed the simulation based on realistic patars of a fiber optic link and the

results show that at a 40 Gbps transmission rate, adie with a PMD coefficient of
05 ps/+km can only support up to a 10 km distance.

SonjaZentner Pilinsky, Zvonimir sipus, and Lubomir Sumichrdescribed in
[30] that Polarization mode dispersion (PMD) occurtha optical fibers due to circular
asymmetries of the fibers core. In the paper, they tavenathematical description of
PMD and some simulations examples of PMD's deleterioysmct on high bit-rate
transmission systems. PMD can be described localip@s birefringence and globally,
the birefringence is combined with random polarization modepling. They have
demonstrated the deleterious effect of PMD on high bisrdi®ugh the simulation. The
solution to PMD problem is either to install new, fibevgh low PMD, or to try to
compensate PMD on already installed fibers.

2.2 Dispersion Mapping

In [31] G.P Aggarwal provides the background material andntaghematical
tools needed for understanding the various nonlinear sff8tarting from the Maxwell’s
eqguation, the wave equation in a nonlinear dispersive meiwsed to discuss the fiber
modes and to obtain the basic propagation equation. The effaict of GVD and
dispersion induced broadening is also explained in detail. Qduk also explains the
nonlinear phenomenon of SPM occurring as a result ehgity dependence of the
refractive index. Study of higher optical solitons igadiuced together with the inverse



scattering method used to solve the nonlinear Schrodemeation. Also focus other
nonlinear effects such as XPM, SRS, and SBS. During tleipiesn of theory SBS Dr.
Aggarwal describes the important features such as theumil threshold, pump
depletion, and gain saturation

Fan Zhang, Christian A. Bunge, Klaus Petermann and ARdtkter [32] has
presented a numerical study of the performance of 40 Gitpenfto-zero differential
phase-shift keying (RZ-DPSK) transmission with differesispersion maps. The
optimum dispersion mapping for RZ-DPSK format are disedsand compared with
those for on-off keying (OOK). Two pseudo-linear transroisssystems, one using
standard single-mode fiber and the other nonzero dispeskitind fiber, are
investigated, respectively. IFWM-induced optical signal-ts@oatio (OSNR) penalty in
RZ-DPSK systems with different dispersion maps by amrgig nonlinear phase noise —
which cannot be studied in terms of OSNR penalty by estij#te bit error rate (BER)
via a semi-stochastic method based on the numericaticso of the nonlinear
Schrodinger equation.

M. I. Hayee and A. E. Willner in [33] analyzed the 10-Gbmsdispersion-
managed and dispersion-managed wavelength-division muéghl@VDM) systems that
use pre-compensation, post-compensation, or dual-compens#tieach channel to
minimize dispersion and nonlinear effects. A 64-bit pseudimnannonreturn-to-zero
(NRZ) pattern is transmitted at each wavelength. Furtbee, they had described that the
optimal amount of pre- or post-compensation depends uposp#ufic dispersion map
used in the WDM system.

In [34] Robert Killey, Hans-Jorg Thiele, Vitaly Mikhailoand Polina Bayvel
have reported the results of recirculating fibre looypeeiments and computer
simulations investigating the use of under-compensatiomitimise the nonlinear
distortion in multi-span compensated standard-fibre li§s.numerical modelling and
experiments it is shown that in multispan post-compedsaSMF systems, SPM leads to
broadening of short pulses, resulting in vertical closurthefreceived signal eye after
only a few spans. One technique to overcome this effecthé use of under-
compensation, as reducing the amount of negative dispersmomises the broadening
of the chirped pulses. In their work they have showntti@under-compensation can be



achieved by using a modest amount of positive dispersidmeateteiver, a convenient
configuration for practical networks, as it can be gagitimised and, by placing it after
the demultiplexer, can be tailored for channels indivigu&b account for differences in
channel powers and dispersion slope.

Recently in [35] Xiaoxu Li, Xin Chen, Gilad Goldfarb, EddarMateo, Inwoong
Kim, Fatih Yaman and Guifang Li have proposed a universsttgmmpensation scheme
for fiber impairments in wavelength-division multiplegi (WDM) based on coherent
detection and digital signal processing (DSP). Transarnissi 10 x 10 Gbps binary-
phase-shift-keying (BPSK) signals at a channel spacing of 2@ Gr 800 km
dispersion shifted fiber (DSF) has been demonstratecemcaily. Electrical dispersion
compensation (EDC) and electrical nonlinearity compensafttNLC) are realized
simultaneously with coherent detection and DSP.

A. Cauvin, Y. Frignac and S. Bigo [36] show that in &nghannel dispersion-
managed transmission systems the chromatic dispeysdding the highest nonlinear
impairments depends on the bit rate and the fibre loserd@ging to a practical,
dimensionless criterion. In this Letter, the transmis performance at several channel
bit rates from 10 to 160 Gbps was computed, while optimisingrately the dispersion
management. It is shown that the results can be swised under a practical
dimensionless parameter depending on the bit rate, figpergion, length and loss.

In [37] Chongjin Xie, Inuk Kang, Alan H. Gnauck, Lothar M|l Linn F.
Mollenauer and Andrew R. Grant have investigated the suppressiontrativannel
nonlinear impairments in dispersion-managed (DM) opfitedr transmission systems,
using alternate-polarization (APol) on—off keying formatswhich adjacent bits have
orthogonal states of polarization. In their work denmethods to generate the APol
formats are discussed, and the transmission perfornedithe APol formats for both 40-
Gbps DM systems and 10-Gbps DM-soliton systems is expatalty studied. It is
shown that the APol formats can significantly imprake performance of 40-Gbps DM
transmission systems, while the improvement of 10-Gigtess is smaller.

Ruben S. Luis, Daniel Fonseca, Antonio Luis Jesus ifgpand Paulo Monteiro
in [38] presentedn alternative approach to minimize the impact of fim@mnlinearities in
optical single-sideband systems at 10 Gbps using elddligi@ersion pre-compensation



by adding optical post-compensation while maintaining lowustdated dispersion.
Numerical simulation had been used to show that dependence of the system
performance on the dispersion compensation scheme blEsema pseudo linear
transmission regime, although it is not consideredswssh in the strictest sense. A
launched power increase of 3 dB is achieved when comparédl electrically pre-

compensated systems. A feasible implementation ofptiead transmitter is considered,
which imposes a maximum transmitted modulation deptk.rigported by them that low

modulation depths result in an asymmetric optimum dspe compensation map.

Chapter-3 Effects of PMD over Optical Communicatiystem

In this chapter, the effects of the Polarization ModgpBrsion (PMD) over the optical
communication system are studied. The PMD is varieah fioto 140ps/+/km, and the

impact is studied on the parameters like eye opening,ley@g output optical spectrum.
The fiber used is considered as lossless and idle tohtmenatic dispersion and other
nonlinear effects so that all the variation in thsutes is due to the PMD. It is reported

that the PMD is having adverse effect on the eye opeaygclosing, and power at the
output. It is reported that up to the PMD value ofp20ykm, the value of eye opening

and output power is decreased, and beyond this valuegudiians in the above
parameters are observed.

3.1 Introduction

Polarization Mode Dispersion, or PMD for short, is ieaportantlinear phenomenon
occurring inside optical fibers that affects the perforreamé modern fiber-optic
communication systems adversely. For a given fiberDPB supposed to be fixed.
However, this is not the case in real communicatigsiesns because environment

fluctuations cause PMD to vary randomly in time, whictkesait difficult to compensate



for PMD. Therefore, it is important to understand thatistical properties of pulse
propagation induced by PMD.

While the phenomenon of Polarization Mode DispersiRiMD) has been known
for years, it has only been recently that it has g@sserious, realistic problem for optical
networks. PMD’s negative effects result in a limaatof a networks bandwidth or length
that is, of course, undesirable to say the least.

As laser light is generally highly polarized, the digibits that they emit contain
light that is also highly polarized. Couple this with thieefringence present in the fiber
and the result is that different components (polaring)ioof the digital bits travel at
different velocities [39]. In other words some of tight in the bit travels faster and
some of the light travels slower. This causes thé&alidit to spread in time; this is
termed dispersion. Moreover, the residual birefringeneg®isconstant along the length
of the fiber but changes with distance in a random waipnly in amount, but also in its
local principal axes. For a given fiber, PMD is supposdaketéixed. However, this is not
the case in real systems because environment fluctuagmse PMD to vary randomly
in time. Therefore, it is important to understand theissieal properties of pulse

propagation induced by PMD.

3.2 Simulation Setup for PMD Variation
The figure (3.1) shows the structure for the analysidwiD Rariation in optical link. The
PMD is varied in eight steps from 0 to 1@€/ v km. The transmitter and receiver section

are connected by the dispersive fiber link. The transnstetion consists of data source
(Datasource), modulator driver (Dtriver_NRZ_raised_a®sin laser source
(Lorentzian_laser, 1550) and modulator (Modulator_sin2). Dsttarce produces a
pseudo-random sequence of bits at a rate of 2.5 Gbps. T ofidata source is given
to modulator driver which produces a NRZ (Non return t@érmat pulse train. The
transmitted signal is formed by modulating the lightiea by the NRZ data source. The
light carrier is generated by Lorentzian laser soacéhe 1550 nm wavelength. The

properties of modulator driver and laser source ardatdalin the table (3.1 and 3.2).
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Figure 3.1: Simulation Setup for PMD variation effects.

The transmitter output is boosted up by the fixed gain Erddoped Fiber Amplifier
(fixed_output_power). There are two types of optical afepd; Semiconductor Optical
Amplifier (SOA) and the Erbium Doped Fiber AmplifiersCEA). Due to its high gain
characteristics EDFA are used these days. The shape gfain graph is flat having a
gain of 25 dB. The noise figure value is set at 4.5 dB.tfdmsmission medium used is a
standard single mode fiber (L=100, D=2) of 100 km length. Theeties of standard
single mode are shown in table 3.3.The receiver usdet isyistem is the PIN (Receiver,
PIN) receiver, which uses the PIN (p-intrinsic-n) di@dea detector. The pin photodiode
simulated had 70% quantum efficiency. The dark current waslated at 0.1 nA. The
output of the receiver is given to the measurement dewidech are fed through the
electrical splitter (elec_splt), the electrical scqfgn_Received) and the Q estimator
(Q_Received). The optical spectrum of the signal is obdefnam optical spectrum
analyzer (input and output) by splitting the signal fridmer link with the use of optical
splitters (opt_splt and opt_splt_rx). To analyze the &ffelce the variation of PMD on
the specified parameters, the PMD is taken as globainetea.

Parameter Value

Low Level 0.0
High Level 5.0




Duty cycle 0.5

Table 3.1: Properties of Modulator driver

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

Table 3.2: Properties of Laser

S. No. Parameter SSMF
1. | Core Effective Area () 80 x 10"
2. | Loss @, = 1550 nm (dB) 0.0
3. | Non linearity reference wavelength 1550
(nm)
4. | Zero dispersion wavelength (nm) 1391.5
5. | Nonlinearity refractive index 2.5 x 10
6. | B (pS/km) -20.407
7. | p2 (ps/km) 0.14745
8. | Fiber Birefringence on
9. | Fiber PMD (ps/ki) 0.1
Table 3.3: Properties of Standard Single Mode Fiber (SSMF)
Parameter Value
Excess loss(dB) 3.0
% Transmission per applied voltage 20.0
Chirp factor 0.0

Table 3.4: Properties of Amplitude Modulator

3.3 Results and Discussions
The figures shown below are the results obtained fdifierent values of Polarization
Mode dispersion. The PMD is varied from O to P&+ km in four steps. After the

simulation run, the results showing the impacts & BMD variation on the system
performance are discussed below. The results arenebtan the form of eye diagrams,



optical spectrum and standard deviation. The values ofopgaing, eye closing and
power evaluation are plotted against the specified valueM®. After taking a look on

the results it can be easily observed that beyondahee 20ps/+km, PMD causes the

fluctuation in the output signal.
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Figure 3.4: Eye Diagram at PMD= 120s/+/km

— pmd2: Eve Diagram at b31, San_RFeceived, Run 2
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Figure 3.5: Eye Diagram at PMD= 140s/+/km
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Figure 3.8: Eye Histogram at PMD
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Figure 3.10: Optical Spectrum at PMD=0s/ v km
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Figure 3.11:Optical Spectrum at PMD

= pmd2: Optical Spectrurm at b33, Cutput, Run 7
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Figure 3.12:Optical Spectrum at PMD
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Figure 3.13:Optical Spectrum at PMD=14ts/+ km

As clear from the above figures that the PMD is havidgeese effect on the eye
opening, standard deviation, power at the output. The fig8r2go 3.5) show the impact
of PMD on the eye diagram. It is observed that whih increase in PMD coefficient the
eye is closing. This means that the performance ofysters is getting weakened as the
PMD increases. Further the figures (3.6 to 3.9) are tliedgnams on the eye diagram at
the corresponding values of PMD. The figures from (3.1@.t8) show the optical
spectrum of the optical signal travelling through the dispe optical link. In the above
simulation Q-factor is used to be 40dB and the Bit Errae RBER) is 1x1¢. As the
value of PMD increases, the above factors increasesfter PMD reaches 60 the above
factors start decreasing, then after PMD reaches 108ktwee factors start increasing
again.



In further figures the values of the earlier describa@drpaters i.e. eye opening,
eye closing and power evaluation are plotted. The plotsv that PMD effects do not

follow a particular trend.
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Figure 3.14:Eye Opening at Different values of PMD
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Figure 3.16: Power Evaluation at Different values of PMD
The figures (3.14 to 3.16) describe the variation of the itapbiparameters due to the
variation in PMD. Figure (3.14) shows the variation oé @pening value, figure (3.15)



of the eye closing and the figure (3.16) give the variatiohqfl power evaluation due to
the PMD. It is observed that eye opening increases abB Hidreases from 20 to

60 ps/vkm. After the PMD value of 6@s/+km, the eye opening decreases up to

minimum value at 12@s/+vkm. The adverse impact of PMD variation over power is
also observed in figure (3.16). At 0 PMD power is -6.98 dBmiaisdreduced to -7.09
dBm 20ps/+/km. But an abrupt rise is seen as PMD goes tps3@ km to the power -

6.96 dBm. After that again a slow reduction of power is fdond.20ps/+km.

3.4 Conclusion

The effect of changing the value of PMD is reportedhis thapter. This effect is seen
from the eye opening, eye closing and output power chaistateriThe above discussed
results show that the behaviour of PMD becomes unpedaliécat higher values of PMD.

It is reported that up to the PMD value of 2§ +km, the value of eye opening and
output power decreased. It is studied that any furtheease in value of PMD causes the

great fluctuations in the characteristics of the mestsparameters.

Chapter-4  High Speed Transmission Limitatidns to PMD

In this chapter, the impacts of Polarization Mode Disjper on the performance of
Optical communication system are studied. Three si@plical communication systems
are studied with different bit rates. The two systeradbailt using older fibers with same
Polarization Mode Dispersion (PMD) coefficient at eiffnt bit rates and third is built

with new fiber with less PMD coefficient than that the previous two. Attenuation,

Chromatic dispersion and Non linear effects have loksabled, so that all the variation
of the results is due to PMD. The bit rate is variedmir2.5 Gbps to 40 Gbps and the
length is varied from 1000 km to 20,000 km. The output is obsgeav receiver end on

the scope. It is shown that the impact of PMD increasiéh the bit rate of system. It is

also observed that the impact of PMD becomes irdblerat the bit rate of more than 40
Gbps. Also the PMD produces very minute impact on theesyperformance for same
bit rate with the variation in the fiber length.

4.1 Introduction



The polarization related impairments have become arnwdgstacle to the increase of
transmission rates in WDM systems. If the amoundispersion is excessive, adjacent
light pulses will overlap and interfere with each othEhis interference will manifest
itself as an increased Bit Error Rate as the receivgrimainable to discern adjacent bits
from each other. Polarization Mode Dispersion is dna® critical problem for high bit
rate transmission systems.

The single mode fibers manufactured in mid 1990s have theegpyothat has
become more problematic as the bit rates and span seimgtteases. This all was due to
the imperfectly rounded fiber core. So as it is impossibl manufacture the perfectly
symmetrical and rounded fiber, the researchers got suceesgraduce more
symmetrically rounded fiber. But the problem of PMD sifists with a small coefficient

of 0.1 ps/+/km [7].

The researchers had the fear that as the opticancomation system is getting
faster and sending signals at longer distances, tha miaysics related problem the PMD
will become the hurdle. The technology had given arideas it grew up from 90 Mbps
to 270 Mbps to 435 Mbps to 2.5 Gbps. Now if we switch ovaidi@&bps form 2.5 Gbps,
in the 10 Gbps system, the time interval between ealsle pu bit is reduced by a factor
of 4 since 10 Gbps is four times faster than 2.5 Gbpss$leeabit rate is increased from
2.5 Gbps to 10 Gbps the pulses got closer to each othen #Wa PMD comes into effect
the closer pulses got broadened and overlapped. So as tate bincreases the impact of
the PMD increases, which cause more distortion in in@ak So this problem was not
discovered until the early 1990s. It can distort signaisder bits inaccurate, and destroy
the integrity of a network.

This chapter is divided into four sections. In sectiom& $imulation setup for
PMD variation effects in optical communication systesndiscussed with component
details. The performance of the system at various Ridéfficients is analyzed. The
Section 3 gives the simulation setup to study the bit Inatitations imposed by PMD.
The section 4 gives the discussion of the resulterobd after the simulations. And the
section 5 gives the conclusion of the dependence dfystem performance at different

bit rates.



4.2 Simulation Setup

The system architecture shown in figure (4.1) is builsttly the impacts of Polarization
Mode Dispersion over the different bit rates. In thetup three simple optical
transmission systems are compared with each othéredoasis of fiber PMD coefficient

and bit rates. The older and new fibers with PMD coeffiti2 ps/+/km and 0.1

ps/ v km respectively are used in this simulation setup. Thetfirs transmitter sections

transmit at different bit rates of 2.5 Gbps and 10 Gbps hedbit rate of the third
transmitter is varied from 2.5 Gbps to 40 Gbps. In thel tin@ansmission system the fiber
length is also varied to find impact of PMD with variatim fiber length at the same bit
rate.

In the transmission section the signal generatorrgengéhe digital information in
the electric form at the specified bit rate. The tnaitters use the external NRZ
modulation to modulate the optical carrier signal fritwe laser source with the electrical
signal from the signal generator. In this setup twostratiers are generating signal at 2.5
Gbps and 10 Gbps while the third transmitter is kept wighatbility to transmit at from
2.5 Gbps to 40 Gbps.

The output of the transmitter section is directly few the fiber section.
Attenuation, Chromatic dispersion and Non linear efféztve been disabled, so that all
the distortion of the waveforms is due to PMD. TheDPbbefficient of the older fibers is

set at 2ps/+vkm and for new fiber it is set at Opb/+/km.
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Figure 4.1: Simulation Setup for PMD impact over different Bitt€a
The fiber is connected to the photo detector which islsi@gphoto diode. The electrical
output of the photo detector is observed through theka@ralyzer. The analyzer is used
to drive the x-y scope which generates the eye diagaaoording to the system
performance for the bit rate of the input signal.

To see impact of the PMD over bit rate the outputshefthree systems are
compared at different bit rates. The bit rates of its¢ fwo systems, containing the older
fibers with PMD coefficient 2ps/vkm is fixed at the 2.5 Gbps and 10 Gbps. The bit
rate and the length of the new fiber in the third systekept variable with limits from
2.5 Gbps to 40 Gbps. Bit rate of the third system is vanefive discrete steps with
values of 2.5, 5, 10, 20 and 40 Gbps. The results are obsenveddh bit rate at x-y
scope in the form of eye diagram.

At the end, to find the PMD impact with the fiber lengtriation; the length of
the new fiber in the third system is varied from 1000 &f2@,000 km. Results are again

obtained in the form of eye diagram at the system end.

4.3 Results and Discussions
In this chapter the impacts of Polarization Mode Dispersver the speed of optical

network transmission have been reported. The simulaetup was demonstrated with



different optical systems at different bit rates. cAlshe results with the varied
transmission length are shown with same bit rateslig@issed in previous sections that
PMD produces its effects over the system performarice, results showing the

performance are discussed below with different trassiom speed anergth.
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Figure 4.2: Eye Diagram of system performance at 2.5 Gbps with RMi3/ v km
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Figure 4.3: Eye Diagram of system performance at 10 Gbps with PMi3/2/km

The figure (4.2 and 4.3) shows the eye diagram of the owpuhe systems at
transmission rates of 2.5 Gbps and 10 Gbps respectivignyilber of PMD coefficient of



2 ps/vkm. In the figure 4.2 the eye is very clearly open and in gbagbe. The closing

eye in the figure 4.3 describes the greater impact of PMHD 10 Gbps transmission rate.
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Figure 4.4: Eye Diagram of system performance at 2.5 Gbps with PMDps/ v km
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Figure 4.5: Eye Diagram of system performance at 5 Gbps with PMDp8/ + km

The figure (4.4 and 4.5) shows the eye diagrams of theragsivith PMD 0.1ps/+/ km

at the transmission rate 2.5 Gbps and 5 Gbps respgctivean be easily observed from
above two figures that the PMD impact increases abithiate of the system increases.
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Figure 4.6: Eye Diagram of system performance at 10 Gbps with PMDp8/ ' km



[1e-3] Mew Fiber: 0.1 pafsqrikm) over 1000 km at 20 Gbitfs
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Figure 4.7: Eye Diagram of system performance at 20 Gbps with PNMDp8/ vkm
The figures (4.6 and 4.7) give the output eye at 10 Gbps and29 i@spectively. The
above figures confirm the increasing impact of PMD wittréase of transmission rate of
the system. The eye is closing more and more wighinlcrease of rate of the data

transmission.
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igure 4.8: Eye Diagram of system performance at 40 Gbps with PMDps/+/km

The figure (4.8) shows the intolerable impact of the PalBhe bit rate of 40 Gbps. The
eye is completely closed, which describe that sign@bimpletely distorted. It makes
clear that the Polarization Mode Dispersion puts ithédtion over the system at the rate
of 40 Gbps.

The further results describe the impact of PMD wiitreéase in the fiber length.
The figures (4.9 to 4.13) show the eye diagrams for titeldingth of 20,000 km with
different bit rates. From the figures below it is aled that impact of PMD also
increases with the fiber length. If eye diagrams at 20,00@dmpared with there same
bit rate companions at length of 1000 km, it will be founak tine eye closure is very
small due to PMD at that much greater length (20,000 km)bef fivhich is 20 times



greater than that of the previous link at the same lat fElis shows that there is very
small degradation in the system with increase in tiieldingth at same bit rate.
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Figure 4.9: Eye Diagram of system performance at 2.5 Gbps Fibegthé20000 km
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Figure 4.10: Eye Diagram of system performance at 5 Gbps with Fibagth 20000 km



[1e-3] Mew Fiber: 0.1 psfzqri{km) over 20000 km at 10 Gbilrs
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Figure 4.12: Eye Diagram of system performance at 20 Gbps with FEieegth 20000
km
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Figure 4.13: Eye Diagram of system performance at 40 Gbps with FEieegth 20000
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So as described by the results shown through the figuretg44€13), there is also
performance degradation of the transmission systemimgtbase in the fiber length. But
this effect is negligible as compared to the effeotipced by the increase in bit rate.

4.4 Conclusions

Form the above results in the form of eye diagramis;dbserved that Polarization Mode
Dispersion puts more impact over the system as thetatincreases. The older fibers

having the PMD coefficient of @s/<vkm shows the performance degradation with
increase in bit rate. But as the new fibers have reduced Bdfficient up to 0.1
ps/+vkm also puts impact to degrade the signal quality of thenmomitation system. At

10 Gbps PMD is no more negligible however at higherdies of 40 Gbps and above, it
represents the major limitation in optical transnoisssystems. So if we have to move
further to the higher bit rates, the PMD mitigatiomésessary. The results also show that
PMD effects also increase with the increase in fibagth. But this effect is negligible as
compared to the effect due to the increase in the it rat

Chapter-5 Comparison of Dispersion Mapgieghniques

In this chapter, the dispersion maps in the presencéeafMonlinearity in 10 Gbps and
40 Gbps CSRZ (Carrier Suppressed Return to Zero) systeansoampared. Three
channels using different compensation methods are fed Isathe RZ transmitter. Each
consists of 80 km of Standard Single Mode Fiber and pre, gd hybrid-compensation
modules. The fiber line is considered as noise less i twd®mpute the impact of non
linear impairments. The dispersion compensation is prgpeasated, post-compensated
or symmetrically or Hybrid-compensation. The input poiseraried to see the non linear
effects. The Bit error rate with each compensatiorhogtwith and without non linear

effect is plotted against the input power.

5.1 Introduction



In high-capacity wavelength division multiplexed (WDMarsmission systems, the
increase of the channel bit rate from 10 Gbps to 40 Gighslbove changes the nature of
the dominant nonlinear impairments. As transmissioradég and number of channels
increases, signals become more vulnerable to a numbgehiitating fiber nonlinear
effect. To combat this, network operators routinelyuea that signal power levels remain
below a *“safe” threshold, where the degradation inducedthey nonlinearities is
negligible. A key point here is that the knowledge @f gleneral nonlinear characteristics
of a link is not enough information to fully characterinese effects of nonlinearities on
a systems, due to the following reasons:(i) chromatspetsion variation with
temperature changes the nonlinearities effects and (iQdie repair and maintenance of
the fiber plant can alter the properties of the linklifsboth resulting in changes the
power penalty. Important work on the computation of nie@alr penalties for various bit
rates is done in [40]. The key nonlinear effects in systems are self phase modulation,
cross phase modulation and four wave mixing. SPM is @A thannel effect and is
present even in single channel systems while XPM and FAM\Vpresent only in multi
channel systems. These effects can be dynamic andchalige as the power and
wavelength makeup the channels changes.

Fiber nonlinearity compensation was first proposed in 1996 usatgrials with a
negative nonlinear coefficient [41], which are impractiédter that the [42, 43] virtually
used that idea with the help of electronic dispersiangeEnsation. Electronic Dispersion
Compensation (EDC) [44] is of growing interest becausself adapts to any fiber
system, including dynamically-switched optical networks, reduces engineering and
inventory costsArthur James Lowerhas used the EDC in [45] for long haul optical
links using OFDM. Also in [46, 47] the work on the elewdfipre-compensation of RZ
signal at 10 Gbps and on Symmetric compensation respectively

In this chapter the dispersion maps in the presencé@f Klon Linearity in 10
Gbps and 40 Gbps RZ (Return to Zero) systems are compalsa.the effect of
nonlinearities on the variation of input power is anatiZThis chapter is divided in four
sections. In section 2 the simulation setup for theparison of three dispersion maps in
presence of fiber nonlinearities at high bit rates is dsaisvith component details. The
performance of the system at 10Gbps and 40Gbps with @ngpensation, post-



compensation and hybrid-compensation is compared. Sectiores tipe discussion of
the results observed after the simulation. And tleticse 4 gives the conclusion of the
dependence of the system performance with three dispamaps.

5.2 Simulation Setup

To investigate the performance of the three diffedssiersion mapping techniques at 10
Gbps and 40 Gbps with nonlinearity impairments, the streaaised is shown in figure
(5.1). Three fiber links are provided with the pre, posi agbrid-compensation are
modelled.

As shown in figure (5.1), at the transmitter there imd@urce that produces a
CS-RZ sequence at rate of 10 Gbps and 40 Gbps. The RZ mowldtarmat is used
because these pulses occupy just a part of the bitrefilting in a duty cycle value
smaller than 1. In particular the carrier suppressed Rdutation is used for high bit
rates. The main target of this modulation format isréfaleiction of nonlinear impacts in a
transmission line and an improvement of the spectfaliezicy in high bit rate WDM
systems. Additionally, it can be expected that thpetsion tolerance of the transmission
can be improved as well by CS-RZ modulation, due to ithiged spectral width
compared to conventional RZ modulation. Optical nosealso considered in the
transmitter section. The output of the transmitgegiven to the fork which splits the
signal into three fiber links which are provided with theeéh different dispersion

mapping systems.
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Figure 5.1: Simulation Setup for Dispersion Maps at 10 Gbps & 40 Gbps.
The links are provided with the dispersion maps i.e. prepeosation, post-
compensation and symmetric or hybrid compensation. The toaftpach link is obtained
at the ASK receivers. The output of the receivers islined and fed to the x-y plotter at
y-axis port. The other port of the x-y plotter is fedotilgh power meter, which observe
the power of the optical signal and convert the saneeti electrical form so as to take
plot of BER with three compensation techniques w.r.t inpwtgoo The figures given

below are the screen shots of zoomed setup of dispezsmpensation techniques.
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Figure 5.2: Pre-compensation channel setup.
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Figure 5.4: Symmetrical-compensation channel setup.
As shown in above figures (5.2 to 5.4), in pre- and post-corapensthe DCFs are
placed before or after the SMF fiber. In hybrid-compeasaii0% of the SMF dispersion
is compensated before the SMF and the other 50% is compénrstéerwards. The
system behaviour can be quite different for the dffieischemes because of the influence

of dispersion compensation on the linear and nonlineacteff& simplified approach to



the definition of transparent sub networks divides geath in the network into a cascade
of identical transmission sections, the so-called rfradized sections” [48, 49].

Defining the extension of transparent sub networks véllelguivalent to finding the

maximum number of normalized sections that can be cadcladeacceptable signal

degradation. Normalized transmission sections consigE@FAs, SMFs, and DCFs.

Based on the ITU-T recommendations for terrestriéivaeks [50], span lengths of 80
km are considered. Due to the nonlinear nature of propagaystem performance

depends on the power levels at the input of the diffdygpats of fibers, on the position of
the DCF with respect to the SMF, and on the amountesidual dispersion. Three
different types of spans have been considered and awensin Figures above. They
correspond to pre-compensation, where the DCF is ¢hlae®re the SMF for each span,
post-compensation, where it is placed after the SMFe#éwh span, and hybrid split
compensation, where the dispersion compensation isirgglitwo sections of the equal
dispersion amount placed before and after the SMF.

At first the setup is run without including fiber nonlineastiat 10 Gbps, and the
results are observed by plotting the BER after implging each compensation
technique with respect to the input power at the x-y plo&#er that the setup is again
run after including the nonlinear effects of the fibeld #me same plots are taken on the
x-y plotter. The input power is varied from 2 mw to 10 mveteps. The same procedure
is repeated with varying the input power of the system. Aad the results are analyzed
to see the effect of power variation with nonlineastiof fiber for compensation
technique.

To observe the performance of the three compensaamifjues at higher bit
rates with nonlinearities the bit rate of the CS-Radraitter is increased up to 40 Gbps.

Plots are taken by going through the same procedure ashdédsabove.

5.3 Results and Discussions

In the previous sections, we discussed various compousetsin the simulation setup.
Using this setup the measurements of BER of the thm&e At 10 Gbps and 40 Gbps
with respect to the input power are taken. Results disdubelow gives the comparison
of the dispersion maps used to combat the nonlineasteféd the fiber. The comparison



is done on the basis of BER versus input power for eantpeonsation technique by
changing the input power and bit rate of the input signak kibserved that hybrid-
compensation is better than that of pre and post compamsati
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Figure 5.5: Comparison without nonlinearities at 10 Gbps with Pin\20m
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Figure 5.8: Comparison without nonlinearities at 40 Gbps with Pin 20m
The figures through (5.5 to 5.8) show the results of tims at 20 mw and 100 mw with
bit rates of 10 Gbps and 40 Gbps. Form the above plad$aund that in the absence of

nonlinearities, performance of all the compensatiohrtiggies is almost same. Even it

does not show any variation due to the variation ofpgbeer and the bit rate. But

increase in the BER is observed in each plot forem®e in input power and bit rate. At

high input power the BER increases due to self phase atamhyl which becomes

dominant after a threshold signal power.



EBEFR BER v= Pin

pre-Compensation <
Post-Compensation «
Hyhbrid Cormpensation &

1 1 1 1 1
-4.6 -4 -3 -2 -1 u] 1 2 3 4.3
Input Povwer [dBEm]
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Figure 5.10: Comparison with nonlinearities at 40Gbps with Pin 20mw.
Figures (5.9) and (5.10) are describing the comparison of tbrepensation techniques.
It can be seen from both plots that with the inceeiasinput power the BER for all is
decreasing. But the hybrid compensation is having the toBER as compared to the
other two. The pre-compensation is having the higher BERttia of two and the post-
compensation is showing the moderate BER at same inpw@rpevel. It is observed that



with the increase in input bit rate the BER also increasdut still the hybrid-
compensation shows the lowers BER and the pre-compeamsbavs the highest BER.
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Figure 5.11: Comparison with nonlinearities at 10Gbps with Pin 60mw.
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Figure 5.14: Comparison with nonlinearities at 40 Gbps with Pin 200mw.
Figures (5.11) and (5.12) shows the results of simulatiomsat 10 Gbps and 40 Gbps
with input power 60mw respectively. The figures (5.13) and (5.1dyvghe results of
simulation run at 10 Gbps and 40 Gbps with input power of 100rhe/.results showing
that as we are increasing the input bit rate the BERaasing. The BER is also
increasing with input power due to nonlinearities. But in @dises the hybrid-
compensation shows the best results with lowest BE®m@apared to the other two.

4.4 Conclusion

After analysing all the results obtained, it is obsemed the hybrid-compensation is the
best in dispersion mapping. It reduces the BER produced Wip#renonlinearities to the
more extent than that of pre-compensation and the-qomspensation. By using the
hybrid-compensation the repeater length is increased atmpdstdouble than that of pre
and post-compensation. The pre-compensation shows theshi@ieR. It is also
observed that with increase in the input bit rate thé&R B& all three compensation

techniques is also increased. But the still the hybrid-cosgi®n reduce the BER up to



more extent. BER also increases with the increasgpint ioptical power due to nonlinear
impairments on the link at high powers.

Chapter-6 Conclusions

The work presented here is emphasized on the efféd¥slarization Mode Dispersion
(PMD) over the optical transmission system and thepaoison of different Dispersion
Maps.

6.1 Conclusions

The impacts produced by the increase of PMD are analyzedgth eye diagrams and
output power evaluation. The plots depict the valuesyef opening, eye closing and
output power for different values of PMD. Through tlye diagrams the output signal is
observed at different values of PMD. It is well knotiat as the PMD increases the

output electrical power decreases but as it can beisélea above figures sometimes the



electrical power increases, this is due to the effettetlispersion on the PMD. Because
linear effect of the dispersion compensates the nomlig#acts of the PMD of the fiber
at some values of PMD the results are against theceatmmns. The effect of changing
the value of PMD is reported in this chapter. It is regubthat up to the PMD value of

20 ps/ vkm, the value of eye opening and output power decreasedstitdi®d that any

further increase in value of PMD causes the great fluongin the characteristics of the
measured parameters due to its random nature.

The bit rate limitations occurred due to PMD in high speadsmission systems

are investigated by varying the bit rate for the speciilies of PMD i.e. 2.5s/+/km

and 0.1ps/vkm. The results describe that PMD puts the hurdles to nmtagher data

rates in the optical communication systems. It is regbrthat noticeable signal
degradation starts from the data rate of 10 Gbps and bsasarmst at 40 Gbps. It is also
found in the results depicted by the plots that thelénigth variation (even more than 20
times) does not introduce any remarkable change in thesef&fePMD.

The results of the fifth chapter describe the compargdhe pre, post and hybrid
compensation maps. It is observed that hybrid compensatidbetter than its other
counterparts. Making use of DCF in all of the compensdé&ohniques, the results show
that hybrid compensation gives more reduction in the BERaltiee nonlinearities. The
advantage of this approach is that the impact of nonlinesann the transmission line can
be significantly suppressed, because the pulses aredisjersed during propagation.
The input power limitations caused by the nonlinear impaitses also observed in the

form of increased bhit rate.

6.2 Future Scope
In this work, the limitations of PMD over higher datdesaare studied. As there are
different compensation techniques that have been awatlabhitigate PMD effects, but
due to its unpredictable behaviour its effects cannotuppressed completely. The
further work can be extended by including the effects of PMD.

The dispersion maps are compared with fiber based caapem techniques.
This work can be extended by using compensation devicesibike Bragg Grating and

Optical Phase Conjugator.
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