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ABSTRACT

The demand for faster data transmission is eveeasing. Wavelength division multiplexing

(WDM) presents as a viable solution to increase data transmission rate significantly.

WDM systems are based on the ability to transmittiplea wavelengths simultaneously

down the fibre. Unlike time division multiplexingrDM) systems, WDM systems do not

increase the data transfer by increasing the tresssgon rate of a single channel. In WDM

systems the data rate per channel remains the setyenultiple channels carry data across
the link.

Dense wavelength division multiplexing (DWDM) praas even more wavelengths packed
together in the same fibre. This multiplicationabiannels increases the bandwidth capacity
rapidly. Networks are looking into making use atheology that will ensure no electronic
signal regeneration at any point within the DWDMwark. Examples are; reconfigurable
optical add/drop multiplexers (ROADM) and opticalogs connect (OXC) units. These
components essentially enable network operatorspti, combine and multiplex optical

signals carried by optical fibre.

WDM allows network operators to increase the capaof existing networks without
expensive re-cabling. This provides networks with flexibility to be upgraded to larger
bandwidths and for reconfiguration of network seeg. Further, WDM technology opens up
an opportunity of marketing flexibility to netwoxkperators, where operators not only have

the option to rent out cables and fibres but wawgtles as well.

Cross phase modulation (XPM) poses a problem to Whiatvorks. The refractive index
experienced by a neighbouring optical signal, mdy @lepends on the signal’s intensity but
on the intensity of the co-propagating signal ali. Wwéis effect leads to a phase change and
is known as XPM. This work investigates the chamastics of XPM. It is shown that, in a
two channel WDM network, a probe signal’'s SOP cansteered by controlling a high
intensity pump signal’'s SOP. This effect could lppleed to make a wavelength converter.
Experimental results show that the degree of ma#on (DOP) of a probe signal degrades

according to a mathematical model found in liteaturhe pump and probe signals are



vii

shown to experience maximum interaction, for orthr probe-pump SOP vector
orientations. This may be problematic to polarmatimode dispersion compensators.
Additionally, experimental results point out thaetSOP of a probe signal is much more
active in the presence of a high intensity pumpzaaepared to the single signal transmission

scenario.

Keywords: wavelength division multiplexing (WDM), time dives multiplexing (TDM),
dense wavelength division multiplexing (DWDM), regigurable optical add/drop
multiplexers (ROADM), optical cross connect (OX@plarization mode dispersion

compensator (PMDC).
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CD chromatic dispersion

DCF dispersion compensating fibre
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CHAPTER 1

INTRODUCTION

In the eighth century B.C. the Greeks used to relormation by means of a fire signal. The
invention of the telegraph by F. B. Morse revoloised up distance communication, by
using an electrical signal for transmitting infoa over a long distance. Generally, the
data was superimposed onto a sinusoidal varyingreleagnetic wave. The sinusoidal wave
is known as the carrier, and an increase in thgufecy of the carrier implied an increase in
the transmission bandwidth, and consequently a tgreaformation capacity. This
subsequently led to radio, television, radar anctromvave transmission. Until the mid 1960’s
the options were to send information by eitherteleal wire or by radio.

The invention of the laser in the late 1950’s pnésg a new means of transmitting data. It
took several decades to reduce the attenuatiopticabfibres down to an acceptable level. In
the 1970’'s the attenuation in optical fibres wagrapimately 4 dB/km. This made
transmission through the fibre practical. Opticatd amplifiers were invented in the 1980’s.
This enabled transmission over longer distances. dgmand for more bandwidth rapidly
increased. The source of this demand came frorpid paoliferation of personal computers
and their advances in storage capacity and prowgssapability. The widespread availability
of the internet and all the functionality that camith it has fuelled this ever growing
demand even more.

The basic components of a fibre optic communicasigstem are as follows. The information
is presented to the modulator or directly to theetain electrical form. The data is then
encoded in the light signal from the optical soumich is most often a laser diode. The
medium of transport is the glass optical fibre qyadymer fibre. The light travels down the
fibore and a receiver detects the data at the eatheSpassive components such as filters,
isolators, couplers, and Bragg gratings may beeptteis the network. In some instances the
light signal is amplified with an optical amplifieA photodiode detects the light signal at the
end of the network and converts it into an eleatrgignal. Network service providers are
known as carriers. Today’s carriers not only prewaice traffic services but some are only
dedicated to interconnecting internet service mlers. The network carriers are divided into

several specialisation groups such as the metmeersarand long haul carriers, where the



network architecture and requirements differ fog tietworks who deliver metro and long
haul services. Local area networks span at mosta¥ew kilometres, whereas metropolitan
area networks cover a metropolitan area and spanavew hundred kilometres and wide
area networks refer to even longer networks irtiredred to thousands of kilometres range.
Optical fibre cables are installed either aerialtygucts, undersea or buried in the ground. As
the signal propagates through the fibre, the signaffected by various effects. These effects
include attenuation, dispersion and nonlinear &fteSilica fibres are highly transparent over
certain wavelength windows. The signal attenuattomainly due to absorption, Rayleigh
scattering, Fresnel reflections and bend inducess. IcChromatic dispersion (CD) and
polarization mode dispersion (PMD) are the primdigpersive effects that broaden the input
signal. Pulse broadening by dispersive effects heag to inter-symbol interference as well
as power fading. Chromatic dispersion is solvednayufacturing fibres with low CD and by
using dispersion compensating fibre to negate thefrém the fibre link. Fibre companies
such as OFS and Corning have managed to draw \iirevery low PMD coefficients,
which serves working at 10 Gbps to 40 Gbps very.wel

Two factors that play a major role in optical netkgare, the physical cost of a network and
the transmission speed. The idea is to lower tlsé &od to increase the transmission rate. A
practical and straightforward way to decrease tbevork cost is to increase the initial
transmission power of the optical signal, this\aidor fewer amplifiers in the link or none at
all depending on the link length. This approaclumdortunately in conflict with nonlinear
effects. Nonlinear effects become significant ghlpower levels and threaten to degrade the
signal quality. In optical fibre these effects umb; stimulated Raman scattering (SRS),
stimulated Brillouin scattering (SBS), four-wave ximg (FWM), self phase modulation
(SPM) and cross phase modulation (XPM). Effectshsas FWM, SPM and XPM have
deleterious effects on the transmitted signal ghtpower levels. The transmission rate in
optical networks may be increased by multiplexireyesal wavelengths together and
transmitting them over a fibre simultaneously. Tmethod of transmission is known as
wavelength division multiplexing (WDM). This increas the overall transmission speeds
considerably. FWM and XPM entail cross-talk whicbfers to the interaction among
neighbouring optical signals, hence FWM and XPM megur in WDM networks.

This thesis concentrates on the effect of XPM. Xfeliérs to the interaction where an optical
signal is influenced by its neighbouring signalisTimteraction is such that the phase of the
neighbouring signal is changed by either an intgnariation or polarization variation of the

co-propagating signal. The degree of polarizatl@®P) of a continuous wave signal may be



degraded by modulating the intensity of a neighimgusignal. This effect may present a
problem if the network makes use of a polarizasensitive receiver or other polarization
sensitive components. It also presents a problefMD compensators placed at the end of a
fibre link. PMD compensators use the DOP to indiyemonitor the link PMD; the signal as
a result of XPM will be misleading to the PMD compator.

This thesis is organised as follows. Chapter 2othices the optical fibre structure. This is
followed by a brief historical background that mens key discoveries pertaining to the
nature of light. Topics such as guided modes anldrigation concepts of light are
introduced. The chapter then mentions differentesypof optical fibre and their
characteristics. The chapter ends with discussainthe effects of attenuation, chromatic
dispersion and polarization mode dispersion. Chaptdiscusses the theory of SBS, SRS,
FWM, SPM and XPM in detail. SBS is a back-scattengtical signal; in chapter 3 the origin
and principle of operation of SBS is discussedtharr the fundamental theory of SRS is
presented. The different Raman amplification teghes as well as their operating principles
are covered. The Raman amplification section ends @ detailed literature review of
Raman polarization attraction, which is a newlytested topic in fibre amplification. Two
sections cover the topics of FWM and SPM. Chaptesr&ludes with a detailed presentation
of XPM. Theory from referenced books as well asrpal articles is presented. The
theoretical arguments of XPM presented have dnedetion to the work on XPM presented
further in this thesis.

Chapters 4, 5 and 6 are results chapters, eachnpirgg the experimental work, results and
discussions. Chapter 4 shows experimental schentkeseaults of several experiments. The
following topics are investigated in chapter 4: gtability of the probe SOP in the absence
and presence of a pump signal, remote controlmbhe signal with a co-propagating pump
signal and finally, indirect intensity modulatioh & probe signal utilising the XPM effect.
Chapter 5 looks into the effect of XPM induced D@#yradation. Experimental results are
presented outlining this effect. Chapter 6 focumeSOP drift over a long period of time and
probes the role of XPM in the SOP drift. The thesisicludes with an overall summary
found in chapter 7, which is followed by an appenafi research outputs and the references

used in this thesis.



CHAPTER 2

OPTICAL FIBRE TRANSMISSION BACKGROUND

There has always been a demand for an increasgtantrnsmission capacity. This demand
is driven by continual technological advances, ¢tediwith increasing demands from end-
users. Currently the structure of optical netwaskbased on transmitting a modulated light
source over a fibre and detecting the signal usirghotodiode. Hence the basic network
consists of a transmitter, a link and a receivdre Transmitter is usually a laser or a light
emitting diode light source. The light from the smiis modulated by either modulating the
source directly or by externally modulating a speccomponent, such as the phase,
polarization or intensity of the light source. Tlight is then transmitted over a link of fibre

and the data recovered at the end of the link teceaiver.

2.1 Optical fibrestructure

Typical optical fibre consists of a dielectric cavégh a high refractive index surrounded by a

cladding which has a lower refractive index.

Core n
N> Ny

Cladding

Figure 2.1 Fibre cross-section.

In the case of glass fibres, the core is made upghfly purified silica (SiQ) which is then
doped, normally with Germanium (Ge), to achievaghér refractive index as compared to
the cladding region. Germanium is the preferredimp@gent because it absorbs less light
energy at 1300 nm and 1550 nm than other dopaii}s [1



This core cladding configuration allows the optifiate to act as a light waveguide, through
which optical pulses carrying information can bansmitted. Typically the core diameter
will range between 5 and 10n in single mode fibres, and the cladding will havdiameter
of 125um. In multimode fibre the core diameter is slighlyger with a size of 5am.

2.2 Natureof light

2.2.1 Introductory remarks

The first scientific observation of the polarizaticeffect of light was by a Danish
mathematician named Erasmus Bartholinus from thieddsity of Copenhagen in 1669 [8].
He observed that the incident light beam that gh#iseugh Iceland spar crystal (CagfO
was split into two beams [3, 4]. The two beams that from the crystal differed as the one
beam obeys the law of refraction whereas the obieam does not [3, 4]. Due to the
insufficient understanding of the physical natufelight, no accurate explanation was
provided. In 1672 Christiaan Huyghens, a Dutch justs discovered that the two light
beams can be extinguished by placing another @atdeitstal and rotating the crystal about
the direction of the beam [32]. In reference [3ghich is a translation of the original Traité
de la Lumiere, Huyghens presented his wave thebliglt and explained the phenomena of
reflection, refraction and double refraction foe tirst time.

In 1803 Thomas Young proclaimed that light wavdsratie transverse to the direction of
propagation [76]. In 1816 Brewster discovered strhirefringence: he noticed that an
isotropic transparent optical medium can be madeally anisotropic by applying some
mechanical stress [8].This was followed by Augustiean Fresnel’s equations of reflection
and transmission of a plane wave incident on acsbédine interface between two dielectric
isotropic media [8].

A major advance regarding the description of tlagesof polarization of light came in 1852
by George Gabriel Stokes. Stokes introduced fouasmeble parameters which can be used
to describe the polarization properties of lighhia paper entitled, “On the composition and
resolution of streams of polarized light from diffat sources” [66]. His description was
unique because instead of concentrating on the Wiettors, the Stokes description is based

on intensities which are measurable quantitiesptital frequencies. Later on in 1892 Henri



Poincaré, a French mathematician and mathematicgs$i@st, introduced the Poincaré
sphere, a geometric representation of all possiblkes of polarization of light.

The above facts are a selected list of pioneeromgributions to the field of optics. These
discoveries all play a major role in our understagaf optics today. Another key milestone
which forms the cornerstone in our present vievotics is the electromagnetic theory by
James Clerk Maxwell [45]. Maxwell presented hisottyein a memoir entitled “A dynamical
theory of the electromagnetic field”, in 1864 [45Jlaxwell's theory describes the
propagation of electromagnetic waves.

2.2.2 Guided modes

Consider Maxwell’'s equations for a linear, isotplielectric material having no currents

and free charge:

(xE=—-— 2.1a

o (2.1a)

Oxg =22 (2.1b)
ot

OMD=0 (2.1¢)

=0 (2.1d)

where D =0E and B=uH[37]. The parameterl] is the permittivity andu is the
permeability of the medium. Decoupling these equmtigives the standard wave equation of

the electric field

0°E

0%E =0 .
H ot?

(2.2)

The electric field is taken to be

E(f t) = E(x, y)elwt=FD, (2.3)



Substituting equation 2.3 into 2.2 gives
V2E(T) + kin?(HE®E) =0 AP

where the susceptibility is related to the refraetindex as® = 1 + yx,, the permittivity is
given bye = €, (1 + x,) andk? = w?u €,.

Before looking at wave propagation in optical flrét is imperative to examine guided
modes. Yariv shows a detailed simplified descriptal the existence of guided modes in
[75]. Here follows a summary of this discussionbS&iiuting the electric field given by

eqguation 2.3 into equation 2.4 gives
dx2

(35 + 22) ECu.y) + [k3n?(® — B2, ) = 0. (2.5)

For the sake of mathematical simplicity the discusss limited to a planar waveguide which
gives equation 2.5 to have the form

Region | (Rl isny) ;—;E(x, y) + [kin? — B?]E(x,y) = 0 (2.6a)
Region Il (R! isny) 2 E(xy) + [k3ng — B2IE(x,y) = 0 (2.6b)
Region IIl (R! isny) 2 E(x,y) + [k — B2E(x,y) = 0. (2.6¢)

Here it is assumed that the refractive index (RBPns>n;, hence there are three layers where
layer 2 has the highest refractive index. The ahdifferential equations from 2.6a to 2.6¢
have an exponential solution whé&gn? — 52 is negative and a sinusoidal solution when

kin? — B? is positive. These different scenarios are ilatstd in figure 2.2.
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) = =t — A f § -3
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.

Figure 2.2Electric field distribution across thiagers with different refractive index, figure froviariv [75] pg.
494,

Case (a) shows the electric field solutions wh#E#n> kin3 > kin2 > k2n?, hence the
solution is exponential for all the layers. The bdary condition states that the electric field
must be continuous at the boundary. This yieldsuatson where the electric field increases
away from the waveguide which is physically notgibke. Cases (e) and (d) lead to substrate
and radiation modes. The only cases that lead itedumodes are cases (b) and (c), where
kini > p? > kin% > k3n?. Here the electric field is oscillatory within thayer with
refractive indexni,and decays exponentially in the two other layeleréfore guided modes
in optical fibre are defined as solutions to thevevaequation that satisfy the boundary
conditions.

The number of confined modes depends on the wildtheowaveguide, the frequency of the
light, and the refractive indices of the layers.XWall's equations show that only transverse
electric (TE) modes and transverse magnetic (TMilescare found in metallic waveguides
[37]. In optical fibres though, the core-claddingundary conditions lead to coupling
between the electric and magnetic field componéltigs leads to hybrid modes designated
as HE or EH modes, depending on whether the trases\adectric or the transverse magnetic

field is larger for that particular mode [37]. Tlwevest order mode in optical fibre is HE



2.2.3 Polarization concepts of light

Light is an electromagnetic wave consisting of glecand magnetic fields which are
orthogonal with respect to each other. These wawedransverse waves with respect to the
direction of propagation. Consider the light wawe gropagate along the z-axis. When
viewing the electric field as it propagates towayds!, the transverse wave will have an
appearance of a vector. This electric vector wélté out a path as it propagates; the mapping
of this path describes the state of polarizatiorthef light wave. When fully polarized the
light wave will either be linearly, elliptically arircularly polarized.

The electric field vector can be broken up ifip and E,, components respectively; this

allows the electric field vector to be written as
E(z,t) = é,E,(z,t) + é,E, (2, 0). (2.7)
The component waves travelling in the z-directiothywhasesp, ande, are written as

E, = EOxei(kz—wH(px) (2.8)

and
E, = Egye!(kz-0tey), (2.9)

Substituting the x and y component of the eledtald into equation 2.7 allows the electric

field to be written as

~

E = [6,Eo e'¥x + 6,E,e'¥r]elkz=00 = E eilkz-0wD) (2.10)
The state of polarization of the light is deterndgiri®y the relative amplitudes and phases of

these components, therefore it is only necessagoteentrate on the complex amplitude,
[51],

EO _ lEOxel:(pxl _ IEOxl. 2.11)
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Equation 2.11 is a representation of the Joneowregscribed by Jones in 1941[36]. These

Jones vectors can be used to describe any stafmlafization of light. The state of

polarization of the light wave depends on the rnetgphase between the x and y components

of the electric field vector. Figures 2.3 to 2.%whthe relative phase associated with linear,

elliptical and circular polarized orientations. Tptease difference is denoted dy

In addition to the linear polarization states ghli shown in figure 2.3 (a) and (b), the light

signal can also be vertically and horizontally &rlg polarized. This occurs when either the x

or y component of the electric field is zero.

L0 400 =300 [ 1.o-§ §¢:180"
N R T VA I~ N D
= > IS ; z ;
3 + L : : :
z | 3 )
8 oof g oot i \ z
I ‘ 3 : : : ;
w” I \
0.5 | w 05|
1 " [l [l L [l L [l 1 " 1 " 1 " 1 1
-1.0 0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
(a) E, = cos(wt) (b) E, = cos(wt)
Figure 2.3Representation of linearly polarizedtligh
10H , _grolie 10§ 4 — 970°
$=90"| = ¢ =270
N 0.5 \ s 0.5
+ +
S <
[%2] 0
8 0.0 8 0.0
1 1]
w” w”
-0.5 -0.5 \
1.0 b ; -1.0 /
1 L L L 1 L L L
-1.0 -0.5 0.0 0.5 1.0 -1.0 0.5 0.0 05 1.0
(@) E, = cos(wt) (b) E, = cos(wt)

Figure 2.4 Representation of circularly polarizigdht: (a) Right circular polarized, (b) Left ciraulpolarized.
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There exist two possibilities for circular polarizight. The light is circularly polarized when
the waves are either 90r 270 out of phase as seen in figure 2.4 (a) and (by dther
phase differences, other than those shown in figudeand 2.4 yields, elliptically polarized
light. Figure 2.5 shows specific examples for tektive phases required, for the light to be
elliptically polarized. As shown in figure 2.5 (&g difference between the phase differences
45° and 318 is the direction of rotation, where the phaseedédhce 4%5has clockwise sense
of rotation and 31%rotates anticlockwise. Similarly, the differencatween 13%and 225 is
that 135 rotates clockwise while 22%otates in an anticlockwise direction.

o 4 C ~ —
10 $=145°,315 / 10 ¢ =135, 225° /
I N : : :
S o5 ‘ S os5f
+ /‘)// +
3 3 ‘
8 0.0 8 0.0 i
o (& ;
I I I
L|J>‘ // Lu>.
-0.5 e - X 05}
/ /
-1.0 0 )] A ‘
" L L L 1 N 1 " 1 L 1 L [l
-1.0 -0.5 0.0 05 1.0 10 05 0.0 05 1.0
(@) E, = cos(wt) (b) E, = cos(wt)

Figure 2.5 Representation of elliptical polarizéates: (a) For a phase difference of #fe electric field rotates
clockwise in the direction of travel and rotatetidackwise for 315, (b) The electric field rotation is clockwise

for 135 and anticlockwise for 225

2.2.4 Stokes for malism

An alternative manner to represent the state ddrpation (SOP) of a light signal is to use
the Stokes formalism proposed by Stokes in 1853. [6Be Stokes formalism has the

advantage of describing both polarized and ungs®driight. The Stokes vector is an array
consisting of optical power values which are inerehce to polarization states [17]. Four
units make up the Stokes vectos; S, S, S[17].

The following abbreviations are used to define 8tekes parameters; LV for left vertical,

LH for left horizontal, RC for right circular, LCof left circular, L B for linear polarization

at an angle.
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S = Total power (polarized + unpolarised)

S, = Power through LH polarizer — power through LMgr@zer

S, = Power through L +45 — power through L -45 pderi

Ss = Power through RC polarizer — power through L&Gpoer

These Stokes parameters are normalized by divaingy S which yields a range between
-1 and 1. The degree of polarization (DOP) is d=fims the ratio of polarized to the total

light signal. Using the normalized Stokes paransetds expressed as

DOP=,/s? + s7 + s2. 12)

All possible states of polarization can be représgttoy a unit sphere. This sphere is known

as a Poincaré sphere and is shown in figure 2.6.

RC
1 0,0,1)
TS

05

- LH
T ,0,0)

s3
o

L\..v}:::_‘. SRR
(1,00) T
-0.5 e ‘

s2

s1

Figure 2.6 Poincaré sphere.

The location of the Stokes parameters for the npaies is indicated in figure 2.6. The

circular states of polarization (SOPs) are at the and bottom poles of the sphere. The
linearly polarized SOPs are located along the eguadtthe sphere, while the elliptical SOPs
are located everywhere else on the sphere. Fulbriped light is located on the surface of

the Poincaré sphere and partially polarized ligimewhere within the sphere.
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2.3 Typesof optical fibre

Fibre materials need to meet three requirementhduld be possible to draw the material
into thin flexible fibres, the material must be risparent, at minimum for a particular
wavelength, and it should be possible to alterréfeactive index of the fibre in order to
obtain a core and cladding. Glass and plastic rteste criteria. The majority of fibre is
made of silicon dioxide or silica (S#D There are many variations of this type of fibre.

The refractive index distribution in the core oé thibre can be varied by varying the material
composition of the core of the fibre. Generallyréhexist two of these fibre types, step index
fibore and graded index fibre. With step index fithe refractive index remains the same
throughout the full diameter of the fibre core litanges abruptly at the core cladding
boundary. In graded index fibre the refractive maaries as a function of the radial distance
from the core of the fibre [37]. These fibre typsmn be found as either single mode or
multimode fibres.

In single mode fibres only one mode propagateautfitrahe fibre, whereas multimode fibres
allow several modes to propagate through the fiimeultaneously. Typically single mode
fibore (SMF) has a core diameter between 8 tquh2and a cladding diameter of 1g6n.
Multimode fibres (MMF) have larger core areas coradao single mode fibre. Typical core
sizes of multimode fibre vary from 50 to 20t with a cladding size of 125 to 4@fn.
Multimode fibres allow the use of light emittingodies which are much cheaper and have a
longer lifetime than laser diodes. Multimode fibra® more expensive than single mode
fibores but have a much cheaper system cost thaglesmode fibres. Current limits for
multimode fibre transmission are 100 Gbps over rh5tultimode fibre and 10 Gbps over
550 m. Their overall transmission distance limit2&km. Multimode fibres suffer from
intermodal dispersion, have a higher attenuatiam tBMF and generally are not suitable for
long distance transmission. Single mode fibregaeéerred for long distance transmission as
they have a lower loss.

Chromatic dispersion is made up of waveguide antemad dispersion. Material dispersion
depends on the composition of the material, whevemaseguide dispersion is a function of
the core radius, refractive index difference and shape of the refractive index profile.
Conventional single mode fibre has zero dispersadnl310 nm. The optical signal is
attenuated less at 1550 nm. This motivated thegdesi dispersion shifted fibre (DSF). By

keeping the material dispersion fixed and altetimg waveguide dispersion of the fibre, the
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zero dispersion can be shifted to larger wavelendgth 35, 37]. The zero dispersion
wavelength for DSF is 1550 nm [2]. The internatiotelecommunications unit (ITU)
standard for dispersion shifted fibre is abbrevdd®J-T G.653 [35]. At high power and long
distance transmission DSF has a poorer performasocenlinear effects come into play. This
problem is solved by using non-zero dispersiontstiifiore (NZDSF) instead. Here the fibre
dispersion is slightly offset from zero, hence akrmmount of dispersion reduces the effects
of nonlinear effects on the signal. The ITU staddai NZDSF is denoted as ITU-T G.655
[34].

Polarization maintaining fibore (PMF) is a speciddré that maintains the input state of
polarization (SOP) as the signal propagates throoglibre. PMF has one slow and one fast
axis. The birefringence in PMF is much higher tkf@a birefringence in ordinary SMF. The
refractive index between the fast and slow axigediénd the input SOP is maintained only
when the electric field of the light signal is adeg with either the fast or the slow axis.

The birefringence is induced by stressing one ef dinthogonal axes which results in a
refractive index difference. Figure 2.7 shows fobasic birefringent stress geometries, these
are called panda, bow tie, oval core and elliptstedss member. The principle of operation
of the panda, bow tie and elliptical jacket geoiestis that the fibre core is flanked by high
expansion glass that shrinks more during the matwiag process [46]. This freezes the
fibre in tension which induces tension birefringefé6]. Two axes which differ in refractive
index are created, a higher index parallel andagetandex perpendicular to the direction of
the applied stress [46].

slow slow

fast
Pand: Bow

fast Elliptical

Oval stress

()
L/

Figure 2.7 Cross section of well known PMF georastri
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2.4 Optical effects

2.4.1 Attenuation

SMF is made of pure silica which is pure silicorod# (SiQ). Silica has the lowest
absorption within the C and L band of any availablgterial. The refractive index of silica
can be altered with dopants. The refractive indethe core can be increased by doping the
core with germanium dioxide (4% to 10%), or theraetive index of the cladding can be
reduced by doping it with boron trioxide ABs) [19]. The doping process needs to be well
controlled as it changes other characteristichefsilica, for example the thermal expansion
coefficient [19]. If the core and cladding diffeigsificantly in their thermal expansion
coefficients, they may crack apart at some pointinme. Other dopants that increase the
refractive index are phosphorus pentoxideOgp, titanium dioxide (TiQ) and aluminium
oxide (AkLOs) [19]. The common feature among dopants is thaly thll increase the
attenuation of the silica. MMF has a higher attéiomathan SMF because MMF contains
more dopants than SMF.

Light is attenuated exponentially with distancehaslight signal propagates along the optical
fibre by

P(z) = P(0)e™"»* 2.12)

wherea,, is the attenuation coefficient in units of per kahile P(0) is the initial power and
P(z) the power at distance z.

From a broad perspective, attenuation in optidade8 is caused by absorption, scattering,
bending loss and core/cladding losses. Absorpsocaused by atomic defects in the glass,
extrinsic absorption by impurities and absorptigrtlie atoms of the fibre material [37].

In 1970, the attenuation of silicon fibre was 20kdB, by 1980 researchers had reduced it to
1 dB/km. Since the 1990’s typical SMF had an atétion of 0.2 dB/km. Figure 2.8 shows
the attenuation per kilometre as a function of iewvgth for SMF.
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Figure 2.8 Optical fibre attenuation as a functioh wavelength. Figure is from Understanding Optical

Communications [19] pg. 32.

Three wavelength windows with minimal attenuatioe avident in figure 2.8. The short
wavelength band, from 800 nm to 900 nm, was madeotim the early days of optical fibre
communication, 1970’s, because of the cheap ommaices available at that wavelength.
The wavelengths where attenuation is minimum a0 18n and 1550 nm. At 1400 nm the
attenuation increases sharply as indicated in didgu8. This is known as the water peak and
is caused by OH ions. The OH ion is resonant & Wavelength hence the increase in
absorption. The water peak is no longer a problemadh, as researchers found a solution to
the problem. The OH ions are removed by exposingusoglass to chlorine gas at high
temperatures, for example 128 [20]. This process allows companies such as @ipfiber
Solutions (OFS), to manufacture SMF such as thé/alle zero water peak SMF, which is a
full spectrum fibre design that operates from 1860to 1625 nm.

Another form of scattering is Mie scattering. Meatering has to do with scattering caused
by imperfections comparable to the wavelength sviedern day fibres don’t experience this
problem at all.

Assuming that the optical fibre has no physicaledes, the dominant loss mechanism in
today’s fibres is caused by Rayleigh scatterind.[T8is scattering is caused by the minute
variations in the density or composition, 1/10tlke tiwvavelength, of the glass. Rayleigh

scattering is inversely proportional to the wavegtbrpower 4.
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2.4.2 Chromatic dispersion

Dispersion in optical fibres occurs whenever sooramonents of the light signal travel faster
or slower than other components of the light sigials leads to broadening of the optical
pulse. Chromatic dispersion (CD) is made up ofemalt and waveguide dispersion, where
both depend on the spectral width of the sourcé [P@ical spectral widths are 40 nm for
light emitting diodes (LEDS), 1-2 nm for multimodser diodes and 0.0001 nm for single
mode laser diodes. The effects of material disparsiorsen with increasing spectral width
[37].

Material dispersion occurs because the refractinaex varies with wavelength; hence
different wavelengths propagate with different w#ties through the fibre. All optical
sources have a particular bandwidth in wavelendthlarger bandwidth implies more
wavelengths. Therefore material dispersion willsgathe optical pulses to spread out. The

expression for the pulse widtt,,,;, for a source is given by

Omat = G/‘lLleat ] (2-13)

wherer; denotes the spectral width, L is the fibre leraytl D,,,,. (1) the material dispersion
[37].

Waveguide dispersion occurs because not all ofighé propagating down the fibre travels
within the core. About 80 % of the light signalvieds within the core region [37]. Both the
electric and magnetic fields extend into the clagdiegion. Generally the light signal travels
faster in the cladding than in the core becausecthgding has a lower refractive index.
Longer wavelengths extend further into the claddingn shorter wavelengths. The light
signal experiences an average refractive indexceélelbecause a smaller percentage of the
shorter wavelengths travel in the cladding theactfve index experienced by the shorter
wavelengths is higher than that experienced byahger wavelengths. Therefore, the shorter
wavelengths propagate slower than the longer wag#is. Since the light signal consists of
a band of wavelengths, the optical pulse will spreat.

Material and waveguide dispersion have oppositassigo they counteract each other. The
zero dispersion wavelength for conventional simgtele fibre, for example G.652 fibre, is at
1310 nm. Thus at 1310 nm the material and wavedligfgersion cancel each other out. The

units for chromatic dispersion are ps/km.nm, itcdées the time delay per spectral width
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fibre distance. Chromatic dispersion is managednbiking use of dispersion compensating
fibore (DCF). DCF has a much higher dispersion val@n SMF. This allows for short

lengths of DCF to compensate for SMF kilometreteirgth. DCF has a negative dispersion
with a high dispersion coefficient. The negativepairsion cancels the positive dispersion of
the SMF, thus compensating for the chromatic dspearin the SMF. Fibre Bragg gratings

are also used to compensate for chromatic dispersinother dispersion management fibre
is inverse dispersion fibre (IDF). IDF has a negatand less steep dispersion slope as
compared to DCF. IDF has the advantage over DG¥i@nding the network reach as it can

be used to manage dispersion while extending ttveanke reach.

2.4.3 Polarization mode dispersion

Polarization mode dispersion refers to a dispersitect that arises because the fibre core is
non-symmetric (with respect to geometry or theawive index distribution) and this causes
different polarizations of the signal to travel hviifferent group velocities. A light signal is
made up of two orthogonal polarizations. These raa@eerience birefringence, hence the
ray paths of the two orthogonal modes exhibit déife¢ refractive indices. Polarization mode
dispersion (PMD) is made up of birefringence anadlencoupling. PMD can be modelled as a
concatenation of birefringent sections where eactian has its own fast and slow axis. The
phenomenon of PMD has been well researched andhaoded. There exist several good
review papers on PMD in the literature, [29, 31]. 57

Various mechanisms lead to birefringence in theefitNormally, the combination of these
mechanisms and their extreme sensitivity to theirenment causes the instability of the
output SOP of the fibre. Enhancement of the bingignce leads to other beneficial properties
such as maintaining the input state of polarization example PMF maintains the input
SOP. In a birefringent fibre section the two ortbiogl modes will propagate with different
velocities because of the effective refractive @edi each polarization component
experiences. The birefringence is the differencevéen the effective refractive indices.
Birefringence occurs whenever the circular symmeitrythe fibre core is disrupted. This
produces an anisotropic refractive index distritmutin the fibre. Anisotropic distribution of
the refractive index can be caused by either a gaé@rdeformation of the fibre core or by a

change in the elasto-optic, magneto-optic or ebegptic index [62]. Birefringence can be
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introduced by the following mechanisms: noncircutare, asymmetrical lateral stress,
bending, electric field, twist, magnetic field [62]hese mechanisms can be divided into two
categories. The first two are internal to the fiarel are introduced during the manufacturing
process. The last four occur as a result of sonermed stress on the fibre. The exception is
asymmetrical lateral stress which has both inteandl external triggers [62]. External is from
any applied external mechanical pressure on the.filmternal causes refer to when the
cladding is constrained by the fibre jacket. Theuiced birefringence for all of the above
mechanisms is linear except for the last two wiieeanduced birefringence is circular.

The principal states of polarization (PSPs) arénéefas the states of polarization that remain
invariant with frequency at the output over a snfrafuency change (to first order) for any
input SOP that is aligned with the PSPs [56, 54.phncipal state of polarization (PSP) that
gives the faster group velocity is the fast PSPthed®SP that gives the slower group delay is
the slow PSP. These PSPs are oriented orthogotiategpect to each other in the absence of
polarization dependent loss (PDL) or polarizaticgpehdent gain (PDG) and nonlinear
effects [56, 54]. A consequence of the PSP modgfests that the first-order effects of
polarization dispersion arises from a differentiahe of flight between the two principal
states [54].

When considering a long fibre link then mode couplbecomes an apparent phenomenon,
hence the PMD in the fibre link is a result of Iirigence and mode coupling. When the
birefringence is not strong enough to maintain 8@P of the orthogonal polarization
components then coupling will occur. Each birefangsection has an orthogonal axis; these
axes differ from section to section. A portion bétenergy of the fast mode will couple into
the slow mode and visa versa.

In practical fibores a combination of birefringenecechanisms, both internal and external,
will act on the fibre [62]. Their number, strengtlistribution and orientation are all
unknown, and they generally vary with time and temagure [62]. This implies that there will
be random coupling throughout the fibre. Gisin prés a model that represents a fibre as a
combination of birefringent fibre sections, withmdomm mode coupling sections distributed
along the fibre where the light may change velof2y]. This model yields the probability

density as

%p1(¥) _ 2 9%pi(@®)  20p(0)
az B a2 h al (2.14)
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where p denotes the probability density functionthe time of flight,z the distance and
B =1/v(Av/v) wherev is the average velocity anmth is the differential group velocity
between fast and slow axes. Equation 2.14 is alswh as the telegrapher’'s equation [25].
After finding the solutions of equation 2.14, theean square deviation of the probability

distribution functiorp, () gives the PMD as

(g4 emzem)”? (2.15)

pMD=22
2\h

5

whereh is the polarization mode mean coupling length latide fibre length [25, 22, 26, 27].
Hence the PMD is the root mean square (RMS) widlthe polarization mode time of flight
distribution. Equation 2.15 has two limiting conalits, (a) L << h and (b) L >> h [25].

(a) Then the probability density functiop,(t), is flat andPMD = BL.
(b) Then p;(7)has a Gaussian distribution aPiD = BvhL.

In (a) PMD increases linearly with length and in RMD increases with the square root of
length. In an independent study Poole found a amndsult [55].

In weakly birefringent fibres with random mode cbuog, it is found that that both the
differential group delay (DGD) and PSPs are siasibivariables [9]. When the PMD varies
as a function of wavelength then it is known todbechastic. This occurs because of the
random mode coupling between the two PSPs. Fobra fnuch longer than the mode
coupling length the probability density functiorD(P) of the differential group delay (DGD)

follows a Maxwellian distribution, [9, 16], giveryb

PDF(AT) = ( \/%)A—Tze-ﬂfz/szz. (2.16)

o3
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The form of the probability density function is dehined by the form of. The two cases

are summarised in table 2.1.

Cases c PDF(AT) PMD isequal to
Quadratic  mean (AT2)1/2 6\ A2 RMS DGD{A7?2)1/2
T —3A72/2(A7?
value,(Ar2)1/2 V3 3 ~ We T4/2(AT?)
2
Mean value{At) ( \/ﬁ) (A7) 32 At o472 /m(aT)? Mean value of
8 w2 (AT)3 DGD,{(At)

Table 2.1 Equations for PMD found in reference [33]

In summary, this chapter discussed the natureghit.liKey historical findings regarding
optics were pointed out. Maxwell’'s equations weredi to derive the standard wave
equation, which was applied to highlight the coiodit required to have guided modes in a
waveguide. It is found that a number of guided nsod®y propagate along a waveguide
depending on several conditions. The section tftereaserves as a reminder to the
polarization characteristics of light. This is fsled by a section which covers different types
of optical fibre and a description of their spezation as well as their function in fibre optic
links. It is pointed out that DSF is prone to naehr effects. This explains why DSF was the
main fibre used in experiments to investigate cqdssse modulation. The coming chapters
(4, 5 and 6) present the experimental work wher& @8s used. The chapter then goes on to
discuss attenuation, chromatic dispersion (CD) poldrization mode dispersion (PMD) in
optical fibres. The chapter that follows hereafieriews nonlinear effects found in optical

fibres.
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CHAPTER 3

NONLINEAR EFFECTSIN OPTICAL FIBRE

Below a particular optical power threshold within aptical fibre, the loss and refractive
index of the fibre are independent of the inpuhalgpower. Beyond this low power threshold
the impact of nonlinear effects on the fibre netkwibecome notable. Nonlinear effects place
limitations on high speed networks as well as @ptiwavelength division multiplexing

(WDM) networks. This chapter discusses the themaktbackground of various nonlinear
effects which occur in optical fibre networks. Nioelar effects in fibore can be subdivided
into two categories. The first entails the intei@tof light waves with phonons, this includes
stimulated Brillouin and Raman scattering. The seécdeals with the dependence of the
refractive index on the optical power, this incladeur-wave mixing, self phase modulation

and cross phase modulation.

3.1 Stimulated Brillouin scattering

It can be shown that the product of the launchedegpand effective length increase with

amplifier spacing indicating that nonlinearitiesndae reduced by decreasing the amplifier
spacing [61]. In this scenario each amplifier congagtes for the power loss between
amplifiers. This however increases the network esshore amplifiers are required.

The process of stimulated Brillouin scattering ($B&s first observed in 1964 [10]. SBS

deals with acoustical phonons. A pump wave gengrae acoustic wave through

electrostriction. This acoustic wave in turn modesathe refractive index of the medium. The
pump signal is then scattered by the pump indunddx grating through Bragg diffraction.

The frequency of the scattered light is downshitbedause of the Doppler shift associated
with the refractive index of the grating movingthé acoustic velocity [1]. SBS only occurs

in the backward direction in optical fibres. ThalBuin shift is given by

vy = A (3.1)
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where a typical value for the refractive indem) (n silica is 1.45 and the acoustic
velocity (va) in silica fibres is 5.96 km/s, yielding a Brilloushift of 11.1 GHz for a pump
wavelength ) at 1550 nm [1].

Nonlinear effects are challenging to model becauasdinear effects become more significant
with increasing fibre length which is offset by tfet that the optical power is attenuated
along the fibre. An effective approximation is teeuthe effective fibre length which takes
into account power absorption along the fibre [JFe effective lengthlts) is defined as the
length such that

LessPo = [ P(2)dz. 3.2)

Po is the initial power andl the total length of the fibre. It is assumed tiiat optical power

decays exponentially along the fibre length, heheeeffective length is given by

1-e~aL

1 (L 1L,
Lesr = P—Ofo P(2)dz = P—Ofo Poe™%dz = ——, (3.3)

whereo is the fibre attenuation [37]. The threshold povgedefined as the measured power
at which the nonlinearity becomes significant. Hpgroximation of the threshold power for

Brillouin scattering is given by

_ 21bA,
th ggle’

(3.4)

found in [64], where the value di ranges between 1 and 2 depending on the relative
orientation between the pump and Stokes wayas the effective aregg is the Brillouin
gain coefficient and.. is the fibre effective length. Assuming the warase, b is 1 and using
typical values found in fibre the effective arealdangth take on the values g and

20 km. The Brillouin gain coefficient is approxirest equal to 5 x 16" m/Watt [1]. Hence
according to equation 3.1 the Brillouin threshadd tiypical fibre parameters is 1 mW. It can
be inferred from equation 3.1 that the threshold/grofor the case of Brillouin scattering
increases with the core effective area of the fikguation 3.4 assumes that the pump wave
is narrow band and that its spectral width fallshwi the 20 MHz spectral width of
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stimulated Brillouin scattering (SBS). The threshplower for Brillouin scattering is two
orders of magnitude lower than the threshold pdaestimulated Raman scattering.

An approximate expression of the threshold poweickhccounts for the spectral width of
the source is given by [61]

21bA Af,
P ~ e (1 + Source) 3.5
th 9gBLe Afp ( )

where Afsuree IS the spectral width of the source. For a sowdtd a spectral width of
200 MHz, equation 3.2 gives the threshold powebé#o1l2 mW. Hence broader spectral
sources increase the spectral power considerablyer8 means to mitigate the SBS penalty
are: to reduce the power per channel, to directigutate a laser source which will generate
chirp causing spectral broadening, to dither tlegdency of the laser and to apply phase
modulation which will lower the power of the carr[61].

3.2 Stimulated Raman scattering

Stimulated Raman scattering (SRS) refers to thestea of power from lower wavelengths to
higher wavelengths. The energy of a photon is glwehc/A whereh is Plancks’s constant.
Photons of lower wavelengths have higher energy gietons of higher wavelengths. Hence
SRS may be viewed as photons of higher energy pgiogifhe emission of photons of lower
energy. SRS has a broader gain spectrum than S8& arnuch lower peak gain coefficient
than SBS.

Spontaneous Raman scattering can cause the trariséesmall fraction of optical energy
from one optical field to another in a moleculardien. The spontaneous Raman scattering
effect was discovered by Raman in 1928 [59, 60¢ fraquency of the boosted optical field
is determined by the vibrational modes of the mediWnlike SBS, SRS can occur in both
the forward and backward directions; hence forwaatkward and bidirectional pumping are
all possible with SRS. SRS was first observed ii2Lf57] when fibre losses became low
enough to make this effect measurable.

When a pump signal propagates through a medium ascsilicon, the pump photos,
excites the molecules of the medium to a highauairenergy level as shown in figure 3.1.
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molecular vibrational
levels

Figure 3.1 lllustration of the stimulated Ramanttsriang effect

The molecule then decays to a lower energy levdtiaga signal photorvs, in the process.
The energy difference between the pump and sigmatops is dissipated by the vitional
modes of the medium [30These vibrational levels determine the frequeshift of the
signal as well as the shape of the Raman gain cThe amorphous nature of silica ensur:
broad Raman gain curv@he peak of this Raman gain is 1THz away for a pum
wavelength of 155@m in silica fibres. This shift is known as the I&is shift, as the shift
towards higher wavelengths (lowenergies) than the pump wavelength.

Different types of optical fibres have differentimaurves. For example the Raman ¢
curve of single mode fibre, dispersion shifted diland dispersion compensating fibre h
the same width, however dispersiormpensating fibre has a much higher peak gain the
other two fibre typesDCF has a much higher Raman gain coefficient. Tiaerofor the
Raman gain efficient in fibres from highest to lestvés; DCF, DSF and SMHf another
wavelength is placed 13THz, 100nm in wavelength, away from a pump wavelengtl
1550nm Raman amplification occurs. Raman amplificati@s several advanta [30]. It
canoccur over a broad wavelength range just over i nm, hence any wavelength sligh
greater than the pump wavelength and falling witliis range may be amplified. Rarnr
amplification can occur in any optical silica fibi RS has a fast response 1in the order of
femtoseconds [68].

Figure 3.2 illustrates the general pumping confiyon used for Raman amplificatic
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Figure 3.2 Co- and counter-propagating Raman purherse.

Forward or co-propagating pumping refers to thenade when the pump and signal being
amplified propagate in the same direction. Backwardounter-propagating pumping refers
to when the signal to be amplified and the pumprlase at opposite ends of the fibre link.
Raman amplification can either be discreet or itisted. Discreet Raman amplification
occurs when the fibre through which amplificati@kds place is located in a box near the
transmitter or receiver. Distributed Raman ampdificn takes place when the fibre through
which amplification occurs also forms part of thetwork; hence the amplification is
distributed over a particular distance.

The interaction of the pump and signal waves althefibre for the case of continuous
waves may be described by the propagation equadmfdlows [30]:

dPg
EzngpPs_asPs B

and

aprp _
— dz

—%%%g—%%. 3.7)
where P, and Ps refers to the pump and signal waves, (W'm?) is the Raman gain
coefficient, s and wp, are the signal and pump angular frequencies,ograhd o, are the
attenuation coefficients of the signal and pump elewvgth. The + in equation 3.7 represents
the case for co- and counter-propagating Raman.tfreshold or critical power for Raman
amplification may be derived by solving equatioid 8r the case of an un-depleted pump,
and substituting the solution into equation 3.6 [de critical threshold power is derived in

[1] and takes the form
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_ 16Aeff
P = 2Lt (3.8)

Using an effective length of 20 km for standardgenmode fibres, an effective area of
50 um? and a pump wavelength of 1550 nm, equation 3.8sgtite Raman threshold power
as 600 mW or 27.8 dBm. Beyond this threshold, paweapidly transferred from the pump
wavelength to the signal wavelength.

Additionally, Raman amplification shows an improvadise figure. Generally, when an
optical signal is amplified in fibore some noiseadded onto the signal. Discrete amplifiers
have a worse performance since signals with lowgoaequire more gain from the amplifier
which in turn leads to more amplified spontaneausssion (ASE) generated in the amplifier
as well as amplification of the ASE. Distributed @ifrers are exempted from this problem
as the power level delivered to each amplifier iesdigh hence less gain is required.
Therefore, distributed amplifiers show an incregsedormance to discrete amplifiers in this
regard. Raman distributed amplifiers, where theefiicts as the transmission span that links
two points, have the same advantage as the gaweisly distributed along the fibre length
resulting in an improved performance.

In wavelength division multiplexing (WDM) systemis,is important that all the channels
have the same optical power after passing throbhghamplifier. Gain flatness is defined as
the difference in signal power after the signalsehpassed through the amplifier. It is
possible to flatten the spectral profile by usingitiple pump lasers of different wavelengths.
This technique is complicated by interpump Ramarpldication, where the power is
transferred from the lower pump wavelengths toltimger pump wavelengths resulting in a
slanted gain spectrum for the signal wavelengthsméfical simulations can be used to
determine the required wavelength and power optlmap waves.

Several limiting factors arise in Raman amplifioatisuch as multipath interference, pump
noise transfer and noise figure tilt. For furtheading, please see [30].

Recently, polarization attraction has received m@rable attention as an alternative means
of repolarising the optical signal. Nonlinear p@ation pulling refers to using nonlinear
effects to control the SOP of a signal. Nonlineféeats such as Brillouin amplification [70,
77], counter-propagating four-wave mixing [52, 58fpss phase modulation and Raman
amplification [21, 44, 71] have all been used fo purpose of polarization pulling. Making
use of nonlinear effects for polarization pullingshthe advantage of not depreciating the
input signal as is the case with inline polarizdfer the case of Brillouin scattering,
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polarization pulling is made possible because efdtiong polarization dependence of SBS
[70]. SRS features a strong dependence on polatzas well.

In [77], researchers looked at the polarization@wan of the pump and signal for the case of
co-propagating Raman amplification. It is showrt §amp depletion plays a key role in the
efficiency of Raman polarization pulling [77]. Timeodel used in [77] accounted for pump
depletion as well as for nonlinear polarizationatmn (NPR) due to self- and cross-phase
modulation. Simulation results show that pump deptedegrades the signal DOP only
slightly, because pulling effectively takes plaegdoe the pump is completely depleted [77].
However at high pump power in the presence of putapletion, NPR dominates and
disrupts the pulling process. The output SOP oftgeal after Raman polarization pulling is
not predictable for the case of co-propagating Raamaplification [77].

Polarization pulling by Raman amplification is magdessible by the great polarization
dependence of SRS [44]. Additionally, Raman angdifon has a large gain bandwidth, over
5 THz, making it very suitable for optical commuations. Raman polarization attraction
exploits the fact that for parallel pump and sigB&P orientation the signal has a much
higher gain than when the pump and signal SOPs@ihegonal. Polarization pulling by
Raman amplification offers the advantage of po#itn pulling with amplification. From a
vectorial point of view of the pump signal and hiregence, the signal rotates around the
birefringence vector. Since birefringence is staticaalong the fibre length, this results in
randomization of the signal SOP [44], thus preventieffective pulling when the
birefringence is large. Conversely, when the sigaatl pump vectors are orthogonal,
polarization pulling is not effective, hence a aertamount of birefringence is required to
break the orthogonality between the pump and sigeetiors [44]. From [44], the rate of the
local rotation due to birefringence is about 30esmore for counter-propagating Raman
than for co-propagating Raman. This implies thatuech higher pump power is required for
counter- than for co-propagating Raman in orderot@rcome the effects of fibre
birefringence.

Martinelli et al. (2009) has shown an experiment@nonstration of co-propagating Raman
polarization attraction. In [21], experimental riésushow the stabilization of any input
polarization into a single polarization state. Nuiced and experimental results show the
interplay between pump power, fiore PMD and fibemdth to achieve the best pulling
efficiency [21]. Numerical results show in partigulthat the higher the pump power, the
shorter the fibre length should be. At very higmpupowers and long fibre lengths the signal
is amplified such that the signal starts to altee pump SOP, hence disturbing the pulling
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effect. Simulation results also show that pullingproves with an increase in fibre length,
however beyond a critical length pulling worsenshwicreased fibre length. As mentioned
previously for high pump powers, very long fibredg¢hs lead to high amplification of the
signal which in turn modifies the pump SOP. Lorgdilengths also lead to the signal being
attenuated to such an extent that the Raman gaintienough to counteract birefringence
SOP randomization. Regarding PMD, low pump powenlmoed with SOP randomization
caused by fibre birefringence will prevent Ramandlipg from taking place effectively.
Hence low PMD fibres improve pulling. Experimentakults show that by choosing the
optimum fibre length, pump power and low PMD fihrefficient polarization pulling can be
achieved [21].

A realistic model describing backward pump Ramamplditation is presented in [23]. The
model in [23] makes use of the equations foundiR] flescribing the evolution of the pump

and signal SOPs:
dp = gwp 5 S c B+LW.) x D
{5 = ~P =3[+ 31)SoP + (1 + p)PoS — 2uPoSs] + (wyf + Wp) x P 3.9 (a)

and

B = S+ 21+ 3DPeS + (1 +1)SoP — 2uSoPs] + (g + W) x § 3.9 (b)
where& may take on the value of +1 or -1 depending ontldrethe Raman scheme is
forward or backward Raman pumping. The coefficiant 0.0118 is the ratio between
orthogonal and parallel silica Raman gain coeffitie The vector®], andW; account for the
nonlinear polarization rotation due to self phassuatation and cross phase modulation. The
pump and signal angular frequencies are represéyted andws, while g is the Raman gain
co-efficient. The fibre linear birefringence vectsrepresented bg. Using equations 3.9 (a)
and 3.9 (b) the model in [23] looks into the efeof linear and nonlinear birefringence on
Raman gain.

In [11], researchers show simulation results fourter-propagating Raman polarization
pulling. Although co-propagating Raman pulling isry efficient with respect to Raman
pulling, counter-propagating Raman has the adventdt the output signal SOP is
determined by the pump input SOP [11]. The simafatesults show that PMD leads to SOP
scattering making polarization attraction less og#fit for high PMD, hence there is a
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compromise between PMD, fibre length and signah.gaiis found that pump depletion aids
polarization pulling in counter-propagating Raman liigh PMD values, whereas depletion
hampers pulling for co-propagating Raman [11]. Sigmal output DOP is finally plotted as a
function of the mean gain [11], hence providing &xpected signal DOP for a given mean

gain.

3.3 Four-wave mixing

The Kerr nonlinearity does not only produce phdsésswithin a channel but also leads to
the generation of new frequencies. This effectnisvin as four-wave mixing (FWM). FMW
is a third-order nonlinearity in silica fibres [S WM is bit rate independent but depends
heavily on the channel spacing and fibre chromdispersion [61]. Decreasing the channel
spacing enhances the FWM effect, so does decreti@rghromatic dispersion.

When three signals,w; and v propagate through a fibre near the zero dispefsoant, these

signals will mix to produce a fourth produgk given by
ik\E Vi +V; — i with |, ] # K. (3.10)

This new frequency product may cause crosstalk wtgefrequency spacing between the
original frequencies is small. As an example, tvagfiencies yand v will mix to generate
sidebands at 23v- v, and 2y-v;. Three waves propagating may generate nine optical
sidebands. In general for N wavelengths propagdtingugh a fibre, the number of optical
sidebands M is determined by the expression (foufid7])

M=Y -, (3.11)

While propagating alongside the original signal egwvhese sidebands will grow in strength

at the expense of signal strength depletion.
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3.4 Self phase modulation

Self phase modulation (SPM) is a result of theaafve index, known as the nonlinear
refractive index, having an intensity dependent gonent. The Kerr nonlinearity describes
the process where the refractive index depende@mtensity of the optical signal within the
medium [1]. This gives rise to the expression

n =n(,1)+("2 )P (3)12

Aeff

wheren, is the nonlinear Kerr coefficienBg the effective mode area amdthe optical
power of the signal.

The nonlinear refractive index induces a phasd sliifch is proportional to the intensity of
the pulse. Hence, since a pulse has an intensifyiegrdifferent parts of the pulse undergo
different phase shifts [61]. This gives rise to gaulchirp which together with chromatic
dispersion leads to pulse broadening.

Consider a Gaussian pulse which varies in intensitly time as shown in figure 3.3. The

time axis is normalized t@.t

Optical power
Leading edge Trailing edge

+dn/dt -dn/dt

Figure 3.3 Gaussian optical pulse at the inpuheffibre.

The front edge of the pulse rises rapidly to a mmaxn and the trailing edge of the pulse

decreases to zero. According to the Kerr nonlimg#nie refractive index (n) in silica fibre is
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intensity dependent, therefore since the pulsensitie varies with time, the refractive index
also varies over time [37]. In figure 3.3 the dative of n with respect to time, dn/dt, is
positive and the trailing edge has a negative dn/dt

The temporal refractive index change leads to goteat phase change®dddt. Therefore,
since the phase change is intensity-dependengreliff parts of the pulse experience different
phase changes. This leads to frequency chirpingenthe frequencies of the leading edge of
the pulse shift to higher frequencies (referrecasored shift), and the frequencies of the
trailing edge shift to lower frequencies (refertedas blue shift) as illustrated in figure 3.4
[37].

Frequency chirp

Figure 3.4 Schematic of temporal varying phase gbar Gaussian pulse.

Self phase modulation is more prominent for hightgnsity pulses as the degree of chirping
is proportional to the transmitted power. For taeecwhen chromatic dispersion is negative,
SPM causes pulse broadening. This occurs becausgefmtive chromatic dispersion, the
red-shifted leading edge travels faster and the-bhift trailing edge travels slower. Hence
the frequency chirping worsens the pulse broadesiifigcts by dispersion. However for
positive chromatic dispersion the red shifted legdédge travels slower and the blue shifted
trailing edge travels faster, hence in this casé 88mpensates for chromatic dispersion.
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3.5 Cross phase modulation

Wavelength division multiplexing (WDM) systems anade up of several signals; hence the
intensity of the overall signal is much higher tharsingle signal propagating through the
fibre on its own. Therefore, nonlinear effects anhanced by the higher intensity due to the
multiple signals travelling down the fibre. The ansity dependent phase shift and
consequent chirping by self phase modulation is #mhanced. This is referred to as cross-
phase modulation. Cross- phase modulation (XPM}¥ems the effects of SPM.

The principle behind XPM is that the effective esfiive index that an optical beam
experiences in an optical fibre does not only ddpamthe intensity of that beam but also on
the intensity of the co-propagating beams. Theineal contribution to the refractive index
can be seen directly by writing the simplified eegsion for the nonlinear polarizatioB()

as a function of the carrier frequency, derivasbown in [1],
PNL(O)]‘) = SongLE'j :(3)

wherew; is the carrier frequencys,E; are the corresponding amplitudes of the elecieid f
of the two pulses and j = 1 or 2. It is assumed fease matching does not occur. When

combining it with the linear part, the total inddgeolarization is

where

g=¢ +&"=(nf+ Anj)z. (3.15)

The linear and nonlinear dielectric constants apgasented bijande}VL. The linear part of
the refractive index is given bij and the refractive index change due to third order
non-linear effects is\n;. Making the approximatiorzi\nj«nf allows the refractive index

change to be expressed as

j = 2n; ® M2 (|E;|2 + 2|E3—j|2) (3.16)
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wheren; is the nonlinear index coefficient. Equation 3sb®ws that the refractive index seen
by an optical field does not only depend on thensity of that signal but also on the
intensity of co-propagating fields. As the optifiald propagates down the optical fibre, the
intensity dependent phase fluctuations can be egpdeas

cD]I-VL(Z) = (wj/c)An]-Z = nz(w]-/c) (|Ej|2 + 2|E3_j|2)z (3.17)

where cD]’-VL represents the nonlinear phase amg1 , 2). The first term in equation 3.17
represents SPM. By substitutipgith the values 1 or 2 it is evident that phaselatation of
one optical wave is caused by the co-propagatinggewbhis phenomenon is known as cross-
phase modulation (XPM). Further, the factor 2 oa tight hand side of equation 3.17 (in
front of the term for XPM) shows that XPM is twias effective as SPM [1].

In 1984, the first experimental results of XPM ibré was demonstrated in [14]. Laser light
from two injection locked lasers were multiplexéhnsmitted over a 15 km single mode
fibre link (SMF) and the nonlinear phase effectsasged using an interferometer [14]. An

optical field can be characterised by its eledtald which can be expressed as
E(z,t) = Eel@t=52) 8)1

wherew is the angular optical frequency afits the propagation constant of the wave. When
the two waves propagate together down the fibréh eeave will affect the propagation

constant of the other because of the nonlineaact¥te index. Therefore, the propagation
constant of wave 1 will be changed by the intensitwave 2, hence wave 1 will experience

a phase shifA®@,, in radians, of

2X10°Tw,n,LeP;
A = ———F———
3nc<Ae

@1
The parameters in 3.19 are defined as followss the linear refractive indexy, is the
intensity dependent nonlinear part of the refractindex,c is the speed of light in a vacuum,
Le is the effective length A is the effective core area afd is the power of channel 2
(measured in milliwatts). Expression 3.19 is detiue[14], it shows that the phase change in

wave 1 is directly dependent on the power changeaske 2,P,. In [14], researchers used a
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novel interferometric setup to measure the intgréd#pendent phase change of one channel
while the power of the co-propagating channel weasnhged. It was found that a 1 mW power
change in the one channel leads to 8 ilvise change in the other channel.

Researchers have found that soliton-soliton coltisi alter the polarization states of the
colliding solitons [47]. In [47], researchers shdvat the change in polarization of solitons
when colliding them in a WDM system is given by tltess product of the Stokes vectors. It
was found that nonlinear channel depolarization imdsiced by XPM in long-haul soliton
systems [47]. The optical field in a fibre may lescribed by the following expression:

E= (Ex) ET = (EE}). (3.20)

Here, the optical field is a two dimensional complector, whereET is the conjugate
transpose of the row vector. The x and y comporamtsormalized so that the optical power

in the fibre is given by
(ETE) = (1.2 + |5, |*). (3.21)

A simple version of the Manakov equation from [#&3yvritten as

L,0E _ 10%E —TE\ 5
—lgzza?ﬁ'(ETE)E. (3)2
Here, polarization dispersion of the two pulsesneglected and the nonlinear term is
averaged over all polarizations, whi@ndt denote the distance and time, respectivelf. If
is made up of two fields with distinct frequencesndb, the terms of each frequency may

be isolated, [47], and the equation Erwritten as

.0E; _ 10%E,
dz 2 at2

+ (ESEa) Ea + (EJEy ) Ea + (EJES) B, (3.23)

The equation foE, is obtained by interchanging the indices. Wherkilog at equation 3.23,
there are three nonlinear terms on the right-hahel 3he first of these three terms relates to

self phase modulation and the last two terms daesaioss phase modulation [47].0Only the
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last term related to XPM produce nonlinear poldrimastate evolution. When the two fields
are co-polarized, the second and third terms becttraesame and when the fields are
orthogonally polarized, the third term becomes 4éi). The Stokes vector of the field with

its three real components may be expressed as
S; = Eta,E, (i=1, 2, 3) (3.24)

wheres; represents the three Pauli matrices. As explamédi7] by expanding equation 3.23
into its field components it can be shown that assalt of XPM the Stokes vector of fiedd

is modified as follows:
%Ba 5%, (3.25)

Equation 3.25 shows that the Stokes vectors ofvioefields precess around each other as a
result of the nonlinear effect [47].

It is well known that polarization dependent l[o8D[) and polarization mode dispersion
(PMD) perturb the polarization states of opticabmhels. Researchers have shown that
nonlinear polarization rotation can also adversafiect the performance of polarization
sensitive receivers. In [15], equation 3.23 is r&em to include the nonlinear co-efficient
From the equation in [15] the expression for thalimear polarization state evolution is the
cross product between the Stokes vectors of the ftelds, similar to equation 3.25.
Assuming that both fields have the same poWRegrthe vector average 6f andS, becomes

So = 1/2 % (S, + S,,), hence the evolution is written as

954 = T v &
5= YPo(Sa X 5p) = 2vPo(Sa X So) 3.26 (a)
and

S J— R J— —
2 = yPy(Sy X 52) = 2¥Po(S, X 5o). 3.26 (b)

Equation 3.26 indicates that the Stokes vectol®ufi fields precess with the same rate about
the stationary vecta$, [15]. Additionally, equations 3.26 (a) and (b)alsdicate that no

polarization evolution takes place between co-fearand orthogonally polarized signals.
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The experimental makeup, found in [15], consistsaaf wavelengths (in the 1550 nm range)
multiplexed and transmitted through 22.7 km of SMne channel is filtered through a
0.25 nm tuneable filter and monitored with a pdation analyser while changing the
launched power. Experimental results of this n@dmpolarization evolution are given in
[15] where it is shown that both vectors rotateuac a constant pivot as predicted by
equation 3.26 (a) and (b).

Collings and Boivin further show that nonlinear gri#ation evolution caused by XPM
produce time dependent polarization state changeiseotime scale of the bit rate [15].In this
experiment, five 10 Gbps signals with a channetsgaof 50 GHz are transmitted through
360 km of SMF [15]. Dispersion compensating fibb&CE) was used to eliminate the CD. A
tuneable filter, fibre polarization controller (FP@nd a polarizer were placed at the fibre
output in front of the receiver. The results shdwattthe intensity per bit varied along the
pattern. The magnitude of this variation is depehds the polarization controller setting,
suggesting that the nonlinear evolution as a resuXPM occurs on the scale of the bit
period [15]. Further, the magnitude of this effectpower dependent. In summary, these
polarization fluctuations are converted into amyalé fluctuations by polarization sensitive
receivers; these fluctuations occur at the bit eatt@ increase in magnitude with an increase
in power.

Before discussing the degree of polarization (D@Pgradation in a WDM system, this
section briefly looks at the walk-off parameteratedl to chromatic dispersion (CD). In [1]

parameterg; andp, are defined as follows

1 1 d
51:E:”79:;(n+w£) 3.27 (a)
and
1 d d?
ﬁ2=;(2£+wd—w’;) 3.27 (b

wherev, represents the group velocity of an optical paisdn, the group refractive index.
The derivative of3; is f, which is the dispersion of the group velocity asmdesponsible for
pulse broadening [1]. From equation 3.27 fajs defined as the time the optical pulse takes
to cover a unit distance. Chromatic dispersion (Giduses different wavelengths to

propagate with different velocities through therdilbecause of the difference in their group
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velocities. This leads to a walk-off effect whicllays an important role in nonlinear

phenomena involving closely spaced optical pul§be.walk-off is expressed as

dsp = p1(4) — B1(A2), (3.28)

which is the difference between tfig parameter of each central wavelength of two optica
pulses [1]. The walk-off indicates the rate at vihibe faster wave will move away from the
slower wave.

Cross-phase modulation can lead to degree of pateoh (DOP) degradation in a WDM
system which multiplexes several channels intolonke[72]. In [72] researchers derive and
propose a Carousel model for a two channel WDMesyswvhere the signals are on-off key
(OOK) modulated. The Manakov propagation equatmntivo polarized OOK-modulated
pump and probe signals with wavelength@robe wavelength) ang (pump wavelength) in

the Jones domain is as follows [72]:

aS(zt) . Ps3S%2(zt) , .8  _ 3 1_ _1&
Sa IS gy 500 + Spocy + 57 3] 50 = 0 329 (@)
and
dP(zt) dP(zt)  .PrsdP2(zt) .8  _ 3 1_ _1=
aj + dgp aj - 726—;+];ye az [poao + 5000 +55-0]P(Z,t) = 0. 3.29 (b)

Here, P(z,t) and S(z,t) are the complex envelopes of the pump and probe,
dy, = Dc(As — 4,) is the walk-off parameter, the tensdr= (0;,9,,03) is the Pauli spin
vector, p(z,t) = (py,p2,p3) IS the pump stokes vector apg is the pump intensity. The
group velocity dispersion (GVD) coefficients of themp and probe wavelengths is given by
B2p andp,s respectively. Assuming that the GVD terms are etuaero, the equivalent of

equations 3.29 (a) and 3.29 (b) in Stokes space is:

05z _ 8., -az (ﬁ(z, t —dgz) X 5(z, t)) 3.30 (a)

0z 9
and

aﬁ(z,;—zdspz) _ gye—az (.S_‘(Z, t) X ﬁ(z, t— dspz))- 3.30 (b)



39

When both the probe and pump are continuous wédness the Stokes vectors of the probe
and pump rotate around a pivot = 5(z) + p(z), as is known from [15] and [6]. The

expression of the rotation angle for this specalecis
8 —az ' 8
¥(z2) = Z¥Pn J e dz = ~VPnless(2). (3.31)

Equation 3.31 shows that the rotation angle is pedédent of the wavelength spacing
between the two channels. Hence, two continuousew&W) channels will continue to
undergo rotation no matter how far they are apanvavelength. Further, the CW model
suggests that the WDM channels do not depolarizg The CW model does not account for
depolarization due to channel modulation and finiggk-off [72].

Bononi et al. presents a Carousel model in [72] which taked€fimialk-off and an intensity
modulated pump signal into account [72]. Assumeauiap and probe wave are multiplexed
and transmitted over a piece of fibre. The “carfusiethe two Stokes vectors starts rotating
around a common pivot = 5 + p = P,m when both the pump and probe are switched on.
As soon as the pump is switch off, the carousepsstmtating around the pivot. The

expression for the rotation angle for this caseobess:
8 —a7 ' '
¥(zt) = -yPn Jy e p(t —dgpz)dz. (3.32)

In this case, the rotation angle depends on theppO@K modulated bits that have walked
past the probe signal at distance z.

According to the carousel model, the probe deprdéion occurs because of the time varying
rotation angle around an average an@i€z,t)) = (1/2)(8/9)yPnLerr(2) = (1/2)¥(2).

At the output of the fibrez = L, the probe swings around the pivot with a rotadogle that
swings in time around an average \valud¥(L,t)) by an amount
AP(L,t) = ¥Y(L,t) — (¥(L,1)). A general expression for the DOP is derived 2] [@nd has

the form:

DOP = \/1 —sin? 6,(1 — (cos AW (t))? — (sin A¥(t))?), (3.33)

wherebs is the angle between the probe and pivot. Forreogie modulated pump and a

random pump bit sequence (RBS) the DOP simplibe§r?],
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DOP = /1 — sin2 6, {1 — (cos AW (t))2}. (3.34)

Equations 3.33 and 3.34 show that the larger thagsangleAY the lower the DOP value.
Further, when the Stokes vectors of the probe amdppare alignedé = 0) or are anti-
parallel fs = 180), then sings) = 0 so the DOP equates to 1 [72].

Nonlinear effects have the potential to be detrit@eto optical networks. It is important to
take into consideration the threshold power of eawhlinear effect. On the other hand the
above literature review also points out that naedin effects may be useful to optical
networks as well. Potential uses include amplifarabf optical signals, to create wavelength
converters and for nonlinear polarization pulliftgnce it becomes imperative to understand
the characteristics and nature of nonlinear efféldie theory on XPM has showed the effect
that a change in power and a change in the SOPcofpaopagating pump signal has on a
neighbouring probe signal. The Carousel model de=srthe relation between the rotation
angle and the degree of polarization. The experiah@asults to come in chapter 4 show the
effect that a change in SOP of a pump signal has nobe signal. Chapter 5 investigates the
DOP degradation predicted by the Carousel model.
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CHAPTER 4

CROSSPHASE MODULATION ROTATION

When two optical waves of different wavelength @gate down an optical fibre they may be
coupled through cross phase modulation (XPM) byfitire nonlinearity. In the case of XPM
no energy transfer occurs between the two optieldd. This chapter focuses on the remote
control characteristic of XPM, showcasing that @féective refractive index seen by an
optical beam is not solely dependent on its intgnsut also on the intensity of a co-
propagating beam. Various experimental procedureee vdeveloped to demonstrate the
effect of XPM on a neighbouring probe signal inva thannel 50 GHz WDM system.

4.1 SOPdrift over ashort period of time

When two optical signals are combined within ariagbtfibre there is an interaction between
the two beams. As mentioned previously in chaptan@® clearly indicated by equation 3.16,
the refractive index that an optical field expedes may be altered by the intensity of a
neighbouring field. This leads to a phase changetwis dependent of the intensity of the

neighbouring signal according to equation 3.17.

The following experiment was conducted to invesggae SOP drift over a short period of
time. Two optical waves with different wavelengthere multiplexed using a wavelength
division multiplexer (WDM) and transmitted over thlere under test (FUT) as illustrated in
figures 4.1 (a) and (b). In both scenarios the pwngpal, indicated by, was amplified
using an erbium doped fibre amplifier (EDFA). Ptarasmission, the probe (indicated by

was filtered out using a digital tuneable filtevrit OZ optics.

A switch directed both the probe and pump signala polarimeter from Adaptif photonics
as shown in figures 4.1 (a) and (b). Fibre poldiwracontrollers (FPC) placed directly after

the pump and probe signals allowed control of thenp and probe signal states of
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polarization (SOPs). The state of polarization ($0fFboth pumpX;) and probeX;) signals
were motitored over a period of { minutes. The pump wavelength was 155 nm and the

probe wavelength 1551.7%Mm, which amounts to a spacing of 50 C

24 km DSF

kO
. B > e

filter
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Figure 4.1 (a) Pump and probe continuous wave tinatesd over 24 km DSF, (b) multiplexed punnd probe

transmitted over an emulator.

As shown in figure 4.1 (a) the combined signal wassmitted over zkm of dispersion
shifted fibre (DSF) and over an emulator as sedigure 4.1 (b). The emulator was made
of a concatenation of polarizati maintaining fibre (PMF) and single mode fibre (SN

sections all spliced together.

The probe wavelength power was kept fixed throughaiua power of dBm. The SOP of
the probe signal was logged over a period of 30utegn SOPs were recorded a second
intervals. The same measurement was repeated Verasepump powers ranging frc a
minimum pump power of 3 dBm and ending with a maximpump power of 1dBm. The
pump power was increased in increments of 1 dBne. ddwer ratio (PR) is defined as 1
ratio between the pump power and the signal poMence for example if the signalwer is

3 dBm then for a pump power of dBm the corresponding power ratio i< dB.
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Figure 4.2 is a plot of the cumulative angle agatmae. As the SOP develops the angle
between any two adjacent SOP vectors was calculdtesl cumulative angle refers to the
summation of the relative angles as the SOP migrater time. Hence for any particular
time over a period of 30 minutes figure 4.2 (a) &mdshows the additive angle growth up to

that particular time.
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Figure 4.2 (a) Cumulative angle for DSF over 30 utes.
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Figure 4.2 (b) Cumulative angle for the emulatoero30 minutes.

For the case of both the DSF and the emulator eraefe measurement was made. The

reference measurement entailed tracking the SOR fingle probe channel with no pump
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signal. For a single probe channel with no pummaligpresent the, maximum cumulative
angle for the DSF was 54.6vhich was the lowest cumulative angle. This disftmost
probably caused by slight temperature changesmitia lab, which cause the fibre jacket to
contract or expand which in turn influences thedibirefringence. However this value does
not differ much with the maximum angle values fdnem the pump is present. From the
average SOP rate it does appear that the SOP shomesactivity for power ratios 0 dB, 5 dB
and 10 dB (i.e. pump powers 3 dBm, 8 dBm, 13 dBm).

The cumulative angle against time for the emulédigure 4.2 (b)) shows the same trend as
for the DSF (figure 4.2 (a)), where power ratiodB) 2 dB, 3 dB and 5 dB appear to have
slightly more activity than the single wavelengtinismission. Generally the cumulative SOP
for both the DSF and emulator seem to be very ethll both scenarios of signal channel
transmission as well as for double channel trarsiomnsfor all pump powers indicated. The

cumulative angle rate of change is calculated mdolig the cumulative angle by the total

time. The rate varies between 0.029and 0.058/s for DSF, and 0.03%s and 0.072/s for

the emulator.

An alternative manner of looking at the evolutiohtbe SOP vectors over time as the
lightwaves are transmitted through the DSF and atoglis to compute the relative angle
between the SOP vector for a particular time aedrtitial SOP vector for each SOP vector.
Hence the initial vector acts as a reference vedtbis was done in figure 4.3 (a) and (b)
where the angle is called the relative angle.
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Figure 4.3 (a) Relative angle between initial ardedoping SOP vectors for transmission over DSF.
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Figure 4.3 (a) again shows that the probe SOP weetpains stable in all scenarios. From
figure 4.3 (a) it is evident that when a singleicgdtsignal is transmitted the SOP is the most
stable throughout, whereas for two signal transimsthe SOP move slightly away from the
reference SOP. The exception is for a power rdtibdadB where the SOP walks away from
the reference SOP to a total angle of 44These results show that the probe SOP remains
stable both in the absence and in the presence ming signal where both signals are
continuous optical waves. The presence of the psigmmal does appear to make the probe

signal more active however this movement is noecd.

The results for the emulator, in figure 4.3 (b)eslanot show any more movement than the
DSF case. Hence again, the single optical wave shiogvleast movement with slightly more

movement when the pump is transmitted with a puigypas of higher power. The probe SOP

vector transmitted through the emulator appeatsate an oscillating motion indicating that

the probe signal no longer migrates away from #ierence vector in a linear fashion but in

an oscillating manner. This effect may be causethbyfibre PMD. Since the emulator has

many spliced sections implying many mode coupliegtisns, this results in higher second
order PMD. The PMD randomises the SOP vector,erptiocess changing its direction.
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Figure 4.3 (b) Relative angle between initial argaloping SOP vectors for transmission over thelatou
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4.2 Control of alow power probe SOP using a high power pump

Referring back to chapter 3 section 3.5 when twbtcapwaves are transmitted down an
optical fibre, the optical intensity of one wavdlwiffect the refractive index experienced by
the neighbouring signal. Collings and Boivin prasedna mathematical expression in [15]
which shows that the SOP change over distance egjuatthe cross product of the two
neighbouring signals. This is clearly demonstrdtg@quations 3.26 (a) and (b).

Looking closer at equation 3.26, it states thatr @/emall infinitesimal distancgz the SOP
vectorS, changes by an amou#§, and this change is a function of the intensityval as
orientation of the neighbouring optical wave vedgrAll the other elements in the equation
are constants. A vector is described by both madeitand direction. Firstly, the rate of
change of SOP vectdy, is influenced by the intensity of the co-transedtiSOP vectos,,.
Secondly, as a result of the cross product the 8@ changes as the veci®y changes.
Figure 4.4 shows an illustration of rate equati8r&6 (a) and (b); specifically it shows the
cross product of two vectofsandb. Here we calculate the cross product between k&@to
andb. Vectora is kept fixed while vectob is rotated in a circle around the Poincaré sphere.
This gives an interesting result, the cross prodaons an ellipse where each vector is
perpendicular to both the vectos and the corresponding vectdr Figure 4.4 is an

illustration of rate equations 3.26 (a) and (b).

1~ Cross product YIRSy

0.5~

i / SOP vector b

Figure 4.4 Cross product of a stationary and molslor.
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Hence, the cross product depicted in figure 4dnisllustrative effect of the response of
rate of change of SOP vecioias vectob is rotated according to equation 3.26 (a) and
Using equabn 3.30 (a) an intuitive explanation is that tH@FRSvectois changes slightly, b
ds, over a small distana#z and this change differs for different cross prodweith different
vectorsp. The vectords is perpendicular to the local pump andbe vector. This occul
throughout the fibre length, hence a change irptimap vectoip orientation yields a chang
in the output probe SOP vects. Therefore the SOP vectarwill develop in the sam
fashion as the pump vector. This gives the idea tim@ugh cross phase modulation
orientation of the probe SOP may be controlled rewtly by changing either the -
propagating pump intensity or orientati

This phenomenowas investigated further experimentally. Figure hbws the scheme us
for this experiment. The laser source used forXR®& experiments throughout this stu
was a WDM unit housing eight distributed feedbdakB) laser diodes. This product is frc
Thorlabs. The laser diodes are all centred aroure nm, are tuneable over a s
wavelength range and their central wavelengthediffy 5(GHz. A pump §1) and probe
(A2) signal at wavelengths 1552 nm and 1551.78m were multiplexed using a muliexer
and transmitted over 24 km of dispersion shiftéadefi(DSF). A :dB coupler split the pivc
(sum of the pump and probe signal), where the piees directly to an optical switch whi
directs the pivot to a polarimeter. The probe digndiltered twice by the demultiplexer ¢
well a tuneable digital filter to ensure that themp signal is fully suppressed. The prt
signal is then passed through the same opticatswihich leads the probe to a polarime

Computer
(0]
24 km DSF o s
ER '
EDFA u '_‘ M c t
U a ¢
=3 = I h

filter

Figure 4.5 Continuous wave probed pump signal multiplexed and transmitted over km DSF.

A polarization controller (PC) from Adaptif was as® control the SOP of the pump sigr

The Adaptif polarization controller contains fiveveplates: four quarter waveplates and
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half waveplate. The waveplates are made of lithniobate (LINbQ) crystals. The output
SOP is controlled by the state of the PC. The stétine PC is set by the position of the
waveplates which is expressed in terms of five emgheasured in radians. An external
voltage is applied to the crystals to change tlfiacgve index of the crystals which in turn
alters the SOP of the input light. A complete rotatof the quarter waveplate changes the
phase difference by/2 and a complete rotation of the half waveplatanges the phase
difference byr.

In terms of the SOP on the Poincaré sphere, a @enpbtation of a quarter waveplate will
trace out a figure eight on the Poincaré sphereaahdl rotation of the half waveplate will
trace out a circle. The polarization controller viisierfaced with a computer to control the
PC waveplates using a Labview-based program. kigtns were sent to rotate the half
waveplate to trace out a circle on the Poincar@&sphrhe pump wave power was amplified
with an erbium doped fibre amplifier (EDFA) to 2B while the probe wavelength power
was kept at a minimum of 5 dBm.

Figure 4.6 shows the resultant outcome as the psmptated in a circle while the input

signal is kept fixed.

Pivot SOP

1-1
Fig. 4.6 The half waveplate of the Adaptif phot@#3200 polarization is used to rotate the SOmefump

signal to trace a circle on the Poincaré sphere.
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The blue trace represents the sum of the pump estie SOP which is referred to as the
pivot. The pivot mostly represents the pump dutheopump’s significantly larger intensity
by 16 dB. The probe signal generally mimics to pwigmal and also traces out a circle on
the Poincaré sphere. This effect is the result 8MXand agrees with the propagation
equation as discussed above. This result is vemyjagito the illustrative result in figure 4.5.

It is noted that the probe SOP traces a circle nsathller as compared to the pump SOP.

A different version of this experiment is to chanige direction of rotation of the pump signal
and to observe the probe signal SOP. The quarteeplate of the PC was rotated so as to
direct the pump SOP to trace a figure eight onRbecaré sphere. Figure 4.7 shows the
pivot trace out a figure eight on the Poincaré spheence the pump traced out a figure eight.
The probe signal traced out a similar figure eighthe sphere. Therefore it is clear that due
to XPM the probe SOP vector follows and imitates pump signal SOP vector with respect

to direction.

Pump: 21 dBm
Probe: 5 dBm

Figure 4.7 The quarter waveplate of the Adaptiftphixs A3200 polarization is used to rotate the SDEhe

pump signal to trace a figure 8 on the Poincar@&ismtthe probe mimics the pump signal.

From figures 4.6 and 4.7 the probe SOP clearly rso&dimited area on the Poincaré sphere.
An experiment was performed to determine the sfzihe finite area covered by the probe
SOP. The pump signal was randomly scrambled bygusd0 random settings of all five
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waveplates. Hence changing the pump SOP 500 timéspreading the pump SOP evenly

over the entire Poincaré sphere. Figure 4.8 shbavsesultant plot.

Probe: 3 dBm
Pump: 21 dBm

Angle ¥ = 39.5°

Pivot

Figure 4.8 The blue circles represent 500 randomsS@ the pump signal manifested into the pivohuwiit the

polarizer in place.

As seen in figure 4.8 for a pump power of 21 dBrd arprobe power of 3 dBm, the probe
SOP again mimics the pump SOP vector. The probe iSGPBread out over a finite area
where the maximum angle between the vectors atsijgpends of the area traced out by the
probe SOP vectors is 39.F herefore on average, by using this techniquefanthese pump
powers, every time the pump SOP is changed’p® probe SOP moves bf. The effect

appears to be instantaneous.

4.3 XPM induced SOP modulation to intensity modulation

The XPM effect explained in section 4.2 could pttdly be used to transfer a pattern or
specific information from the pump signal to thelpe signal. The principle is that the probe

signal SOP vector orientation may be controlledraudly by a co-transmitted pump signal.

Figure 4.9 shows a scheme where a pump signal wakulated with a Mach-Zehnder
modulator (MZM).
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Figure 4.9 Pump signal is modulated with a MZM amdtiplexed before transmission over 24.7km [

The pump signal was intensity modulated bit rate of 10.35bps with a pseudo random
sequence (PRBS) repetition rate -1. The fibre polarization controller (FPC) in froott
the MZM ensures the correct SOP into the MZM, &NIZM is polarization sensitive. Tt
FPC after the modulator weused to set the initial pump SOP. Right after thiensity
modulation of the pump signal, the signal was phskeough the Adaptif PC where it w
polarization modulated. By using a computer integféo the polarization controller (PC)
before, the H& waveplate inside the PC was modulated by adjgsthe voltage to th
waveplate such that the pump SOP cover® on the Poincaré sphere. This SOP modulz
is then transferred to the probe signal by crosas@hmodulation nonlinear polarizati
rotation (XPM NPR).

After transmission through the fibre the signals demultiplexed. The probe signal pas
through an additional filter and then through aapi@aer. The polarizer acts as a polariza
discriminator. Figure 4.8 shows the SOP positiorthe polarizer on the Poincaré sphe
SOPs closer to the polarizer SOP on the Poincdrérgpass through with a higher inten:
than SOPs further away from the polarizer SOP. Hemd bit was made by moving t
pump SOP from some arbitrary SOP to itthogonal counterpart and back. A zero bit
made by keeping the SOP stationary over the entifgeriod. Therefore the peak of the 1
occurs for the SOP closest to the polarizer SOR Whole process was controlled b
LabView program written fotthis particular application. The polarimeter wagdigs at
oscilloscope by recording the probe signal powexiregd time. Figure 4.10 shows a 128

pattern that was transmitted over z km of DSF using this technique.
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-31

Intensity (dBm)

800 1200 1600

Time (s)

400

Fig. 4.10 Intensity pulses of the probe signal iewgth. XPolM induces modulation of the probe sigsaa
resultant from polarization modulation of the pusignal. A polarizer does the SOP modulation torisitsy

modulation conversion.

The dynamic range of the pulse remains relativetgd at approximately 2.85 dB. The
intensity bits (ones and zeros) in figure 4.10srietly that of the probe signal. Therefore as
the pump signal’'s SOP is modulated the probe sg&P also changes through XPM. The
polarizer then converts the probe signal’s SOP ratidu to intensity modulation for simpler
intensity detection. The pulse period in figureQ4id limited by the rate of changing the SOP
using the polarization controller, as well as themputer interfacing and using the
polarimeter as an oscilloscope. The pulse bit plendfigure 4.10 is 11 s. From the total 128
bits it is also evident that the baseline of theshiing fluctuates over time. This effect is a
result of the non-stationary SOP which could bahatted to a variation in temperature or to
the fact that modulating the pump leads to lesblst&OPs due to cross polarization
modulation (XPoIM).

The fluctuating baseline in the bit string coulddmédved with offline signal processing by, for
example, making use of the fact that the dynammgeaemains relatively fixed. Figure 4.11
shows a 128 bit pattern transmitted repeatedlyominutes over a buried Telkom fibre link
in the field with length 28.8 km.
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Figure 4.11 Probe intensity pulses. Here, the filaesmission was carried out over a deployed tuiize link
28.8 km long.

According to the FTB-5700 PMD single-ended dispersanalyser, the link had a PMD of
3.61 ps, hence its PMD coefficient is 0.67\jisA. The total chromatic dispersion (CD)
measured in the fibre was 479.95 ps/nm, at 1550 giving a CD co-efficient of
16.65 ps/nm.km. The walk-off, as defined in chaptes then calculated to be 191.97 ps/km.
Transmission was still possible despite the filmegth, CD and PMD values. The probe
power was relatively high at 13 dB and the pumpaigower was 22 dBm.

As with the DSF, the transmitted signal intensitycfuates as the SOP does not remain
completely stable. Figure 4.12 shows two traceschvlaire measures of the probe intensity
over time. These traces were created with botiptinep and probe on for both cases.

The black trace shows how the probe intensity flatts without the pump SOP being
modulated. This is referred to as the backgroutehsity and gives an indication of how the
probe signal keeps evolving. This is part of thasom why the bit train in figure 4.11
fluctuates. The fluctuation of the probe in figutel2 is most probably caused by slight
temperature changes and external mechanical patioms. The data points in red in
figure 4.12 represent the response of the prob®akigs the pump signal SOP is randomly
changed. This gives a better indication of the dyicaange and shows that the range could
measure to 3.5 dB. The trace also gives anothensnefquantifying the response of the
probe signal in relation to the pump signal SOMgka
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Figure 4.12 Background intensity trace (in blackd @he probe intensity trace as the pump signal P

randomly modulated (in red).

4.4 Summary

This chapter introduced the effect of XPM in filmeperimentally. Experimental results of

several experiments which were specifically degigne study the behaviour and the

characteristics of XPM in fibre were presented.

Initially, the experiments set out to determine stebility of the SOP over a short period of
time, for example 30 minutes. This was done by mooimg the development of the probe

SOP vector over time. The cumulative angle showed the SOP that was transmitted
without the pump signal, known as the probe refegeS8OP, remained the most stable.
However for both the DSF and the emulator, the @®BP in the presence of a continuous
wave pump did not show much more activity thanreéference probe SOP. For some large
pump powers, the probe SOP did appear slightly nastere in comparison to the lower

probe powers; however the level of activity was catrelated to an increase in pump power
level. The figures of the plot of the referencelaaglso show a similar behaviour. However,
for DSF fibre it is noted that for a power ratio 80 dB, the probe does walk away

considerable from the reference starting SOP. [@sod) behaviour is seen from the

emulator.

Section 4.2 looked into the effect of controllifgetSOP of a probe signal by changing the
SOP of the co-propagating pump signal. It is fotlhrat XPM causes the probe signal SOP to
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change as the pump signal SOP is tuned. The SORelcurs on a much smaller scale for
the probe signal. The results also show that tbbgSOP imitate the direction of the pump
SOP to a large extent.

The above effect is used to determine the largést 8hange of the probe as the pump SOP
is changed through intensity. It is also used aodfer SOP modulation of the pump signal to
SOP modulation of the probe signal using XPM. Bingsa polarizer the probe signal is
converted to an intensity modulated signal, heheeprobe was used as a carrier to transmit
data over 24.7 km of DSF and over 28.8 km of buB#tf.
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CHAPTERS

DOP DEGRADATION ASA RESULT OF CROSSPHASE
MODULATION

PMD in optical fiore may lead to pulse broadenirgolarization mode dispersion

compensators (PMDCs) are able to compensate for.PMIot of these compensators are
based on tracking the degree of polarization (D&R) using it as a feedback signal. When
considering new generation networks, which mulk@everal optical signals into one fibre,

the combination of wavelength division multiplexiagd the effects of XPM on the co-

propagating signals may present a problem to PMD@is. chapter looks at the impact XPM

has on a two channel WDM system and relates tleetsffo PMDCs.

5.1 Introduction

As mentioned previously polarization mode dispersiffMD) broadens the input optical
pulse and causes a reduction in optical power whely lead to system penalties such as
inter-symbol interference. This optical effect ion@ prominent at bit rates higher than
10 Gbhps, hence it is essential to impose contret ®#MD by making PMD measurements
and mitigating the problem presented by PMD. Onéhote of solving this problem is by
PMD compensation. Researchers have theoretically experimentally looked into
first-order PMD compensation. Further, the derwatof first-order PMD with respect to
optical angular frequency results into polarizatatmomatic dispersion (PCD) and principal
state of polarization rate of rotation (PSPRR). Seheerms are collectively known as
second-order PMD.

In an attempt to reduce the cost on infrastructggstem providers try to increase the
transmission distance through the fibre by incregasihe optical power. This increase in the
fibre transmission distance is limited by non-linegtical effects such as four-wave mixing,
crosstalk and cross polarization modulation (XPolW)is thesis looks at the effect of XPM.

In increasing the optical power, XPM causes a sigmaffect its neighbouring optical signal
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which may in turn have a deleterious effect on kanmation mode dispersion compensator
(PMDC).

5.2 Brief background on PM D compensation

Polarization mode dispersion broadens the inpusepwhich will lead to bit errors in the
transmitted data. A potential solution is to insegolarization mode dispersion compensator
(PMDC) in the fibre link. Real time PMD compensatiechniques require fast monitoring of
a PMD related parameter from which the PMD can &erthined [65]. Polarization mode
dispersion compensators (PMDCs) monitor the linkDPikl an indirect manner; for example,
a popular monitoring technique tracks the degregotdrization (DOP) of a signal in the link
[65]. PMD is a statistical phenomenon [22]. The maxm tolerable PMD is 15 % of the bit
period [49]. Hence, for bit rates of 10 Gbps and3ips, the tolerable PMD values are 15 ps
and 3.75 ps respectively.

Fast repeated optical monitoring enables restoratisignals degraded by impairments such
as CD or PMD. This type of compensation requiresitoang of a signal which is related to
the effect to be corrected. In [48, 58, 69] théantaneous power is monitored and converted
into electrical signals which are measured on ailloscope or a radio frequency (RF)
spectrum analyser. However, as signals become fiastecomes more challenging and even
impossible to compensate using electronic monigpribhis has lead to all optical PMD
monitoring techniques which are able to solve ghsblem. Two well known optical PMD
monitors are based on the frequency resolved sfapolarization (FRSOP) method [5, 7]
and the degree of polarization method [41].

In [7], researchers propose a novel PMD monitotexhnique, the FRSOP method, which
estimates the DGD by monitoring the Stokes vecbdifferent frequencies of the received
optical pulse spectrum. The FRSOP method requinasd ten SOP measurements making
it too slow for real time PMD compensation whiclqueges millisecond response times [5].

In [13, 12, 41, 49, 63] the PMDC monitors the sigp®P. The compensator consists of a
polarization controller and a polarization maintaghfibre with a fixed PMD value of 15 ps.
A control algorithm tries to maximize the output PCby adjusting the polarization
controller. DOP monitoring proves to be fairly aate in tracking the PMD and has a fast

response time. In [49], a 40 Gbps signal is effitiecompensated.
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Typically, PMD compensators are arranged into dntwvo base schemes, fe-forward or
feedback. In a feetbrward scheme the monitoring device is essentjaliged rigt after the
fibre link but before the PMD compensator. Figuré Shows an illustration of a fe-
forward PMD compensation scheme. In figure 5.1 ntoaitor is a DOP monitor but it cou
also be an RF monitor. Normally, a small percentaigihe signal i passed to the monitc
The monitor information is passed on to the contatgorithm which will infer the

appropriate settings for the PMDC to correct theCPiM the fibre link

@ PMDC

Fibre Receiver

Transmitter

DOP _, Control
monitor | : algorithm |

Figure 5.1 An illustrative scheme of a f-forward PMDC that monitors éhDOP signa

In [63, 13, 12] feederward PMD compensation was carried out using @&Dfbnitor. The
feedforward scheme proves to be very fast as it requingly one control step af the
required variables for compensation are obtainéé. Magnitude of the DOP of a transmit
signal depends on the DGD of the link as well aspbwer splitting ratio of the two princip
states of polarization (PSP%3]. In Stokes space the PSPs are oriented orthogoredcl
other on the Poincaré sphere. If a signal is laedaéhto both PSPs with equal power the
the output the polarimet measures the combination of the t12]. Therefore the DOP is
minimum when the SOP is launched at ° angle (in Jones space) between the PSPs.

In [63], a scrambler covers the whole Poincaré sphet® ms at the fibre input after whic
the DOP is measured. Hence the worst DOP Igs to the case where the PSPs split
ratio is 0.5, therefore this allows the fibore DGibke derived from the DOP. The PSPs
given by the SOPs with the largest DOP. Thus ba¢hlink DGD and PSPs can be infer
from measuring the DORG§]. The link DGD is then determined from a storedp@nse
curve and the compensator DGD element is set toetahe link PMD[63]. The PSPs
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information was not used but could be used to &rrilmprove the compensator by setting the
polarization controller based on the PSPs data.

Chou et al. demonstrated a feed-forward PMDC wilulshracterises the PSPs scrambled
input signal [13]. The PSPs are then aligned whih DGD compensator using a calibrated
lookup table [13].

The above mentioned compensators represent siegdiefbrward PMD compensators which
use DOP monitoring to track the PMD parameters.éMmmplex PMDCs with more PMD
parameters and more sophisticated algorithms heee teveloped as well.

In a feedback PMD compensator scheme, the mongfosignal is tapped after the
compensator. In [40] a 40 Gbps signal is transohitteough an emulator with 7.2 ps PMD
and some second-order PMD. The PMDC consisted mélarization controller and 15 ps
PMF. The DOP was tapped after the compensator aed as a feedback signal. BER
measurements showed that the compensator wascabfiettively compensate for PMD in
the link thereby increasing the PMD limit of theKiup to 33 % of the bit period [40].

PMDCs use other feedback signals such as the ieldctpectral width, the total electrical
power and an estimate of the BER [50] as well. iHypiirements of a feedback signal are the
following: it should be sensitive, it must haveighcorrelation with the BER and it should
have a high response time to the PMD [50]. DOP faedback signal stands out, meeting all
the above mentioned criteria. Additionally the D@d#a feedback signal is independent of the
bit rate [38]. All the PMDC mentioned above are mtetor link transmitting only one
wavelength. They also do not factor in XPM. Thereftor WDM links these compensators
would have to be adapted to factor in the effecisifXPM.

5.3 Experimental background to DOP degradation

XPM affects the refractive index that a neighbogroptical beam experiences through the
Kerr nonlinearity, as discussed in chapter 3. Hena WDM system cross talk takes place

between all the optical beams. This section looks ihe effect that XPM has on an optical

signal in a two channel WDM system where the puigpat is modulated.

Chapter 3 showed the propagation equations of ribieepand pump signals in Stokes space,
equation 3.30 (a) and 3.30 (b). These equationzitbesthe evolution of the probe and pump

over distance and time. For a continuous wave pant probe signal, the rotation angle,
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given by guation 3.31, is linearly proportional to the piymwer and the effective length.
[6] another expression is derived for the rotatioglaror a probe signal in the presence of
intensity modulated pump signal. This model is mefg to as the Carousel model. T
Carousel model yields a new expression for thetiootaangle, equation 3.32, which sta
that the rotation angle depends on trtensity modulated pump bits that have walked

the probe signal from the input of the fibre toaatigular distance25].

The experimentadetup to investigate the DOP degradation of a psidpeal caused by XPI

was performed using the scheme shown in figure

pump m EDFA
24 km DSF
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Figure 5.2 Pump signal,1552.12 nm, NRZ modulatelDa3 Gbps is multiplexed with probe signal, ab152
nm, and transmitttover 24.7 km of DSF. The filter central waveldngtas 1551.7 nr

The pump signal was naeturn to zero (NRZ) intensity modulated, with dfeetive bit rate
of 10.3 Gbps and a pseudandom bit sequence (PRBS) c’-1. A radio frequency (RF
signal with a bit rate of 10.Gbps was fed to a MZM. The RF single is transfeostb the
pump signal by the MZM and passed through a p@taarm controller (PC), after which tt
pump signal is amplified by an EDFA. Thereafter themp and probe signals ¢
multiplexed and transmitted over 24.7 km of DSF. -transmission, a «multiplexer
decouples the signals, and directs the pump sign#he scope and the probe signal 1
polarimeter. A coupler was used to tap the pivaim(f the probe and pump signright
before transmission over the D.

The input DOP into the DSF can be determined uiagollowing expressic
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DOP;, = J 1—(1-cosf)((2PR)/(1 + PR)?) (5.1)

where DOR, is the DOP of the multiplexed signals pre-transiois, ¢ the relative angle
between the pump and probe, and PR the power[Btidhis expression is plotted in figure
5.3 for power ratios within the range 10 dB to 2, evhere PR is the power ratio of the

probe and pump signal.
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Figure 5.3 DOP of pivot pre-transmission againstridative angle between pump and probe.

Figure 5.3 shows that the DOP is a minimum at atik&l angle of 180 that is when the
pump and probe signal vectors point in the oppaditection in Stokes space. Figure 5.3
serves as a good indicator to what the relativentektions between the probe and pump
signal are.

An experimental plot of figure 5.3 was generateyl rdiating the pump SOP in a full circle
using the half waveplate housed in the polarizatintroller; the results are plotted in figure
5.4. After optimising the orientation of the probéh respect to the pump, the next step was

to measure the DOP of the pivot using a polarimeter
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Figure 5.4 Experimental results of the DOP of thfvs the relative angle between pump and probe.

Figure 5.4 shows that the pump was initially coatial with the probe signal vector. At a
relative orientation where the pump and probe watran 180 angle, the DOP reached a
minimum, while at the end of the pump rotation e signals were again co-parallel hence
the return to the maximum DOP. The DOP calculatedduation (5.1) differs from the DOP
measured using the polarimeter. This is evidenttifigr power ratio difference of 10 dB,
where the DOP difference between the theoreticdl experimental is 0.05 and 0.1 for
relative angles 0 degrees and 180 degrees resglgctivhis is most likely caused by non
exact SOP alignment between the pump and probelsagrthe O degree starting point. This
slight misalignment increases insignificantly walthange in the relative angle leading to the
shift from a DOP of 0.05 to 0.1. In generally, tmgor misalignment most likely caused the

experimentally found DOP offset from the calculaxdP.

5.4 Impact of XPM on the signal DOP in atwo channel WDM system

A Luceo E-BERT, bit error rate test system, wasdusedrive a Mach-Zehnder modulator at

10.3 Gbps. Figure 5.5 shows an eye diagram of d@ransmitted signal. Before transmission
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the signal is clearly undistorted and has a bitggeof 100 ps. Only the pump signal was
intensity modulated while the probe signal remaia@dntinuous wave laser signal.

The pump and probe signals were multiplexed andsimgted over 24.7 km of DSF.
Whenever the pump signal is turned on the pumppaoloe signal SOPs start to rotate around
a pivot while when the pump is turned off the tvwgnal SOPs stop rotating. An expression
of this rotation angle was given in chapter 3, ¢igna3.32. This equation shows that the
probe SOP rotation angle depends on the pump Hatshiave walked past the probe signal
over a specified distance. The fact that the p®O® undergoes a rotation depending on the

pump bits that have walked past the probe sigritdcta the average DOP of the probe
signal.

10

Intensity (mWatt)

Time (ps)

Figure 5.5 Pre-transmitted pump signal eye diagram.

Equation 3.32 shows that the rotation angle is @rognal to the power of the pump signal.
Hence the more intense the pump power, the grdaentation angle traced out by the SOP
of the probe signal. Equation 3.34 relates the D®iRe rotation angle and the relative angle
between the pivot and probe signal. Two featuraadstout in equation 3.34. Firstly, the

larger the rotation angle, the more the DOP is aidgpl. Secondly, for a relative angle of 90
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and 276, in Stokes space, between the pivot and probeakignyields a minimum DOP

value. Equation 3.34 is plotted for several rotatmgles in figure 5.6.

Rotation angle A(W) (deg.)
o 16
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40
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0 45 90 135 180 225 270 315 360

Relative angle (deg)

Figure 5.6 Probe DOP as a function of the reladivgle between pump and probe for several rotatigfea.

Figure 5.6 shows that there exists maximum intevadietween the pump and probe signals
at orthogonal orientation between the pump and ersignal vectors. For parallel and
anti-parallel relative orientations, the DOP is axamum.

The DOP degradation predicted by the Carousel medslexperimentally verified using the
scheme in figure 5.2. After intensity modulatinge thump signal, it was amplified from
13 dBm to 25 dBm using an EDFA. For each pump paWwerpump signal, the SOP was
rotated 360 with a polarization controller. The pump and probe multiplexed and
transmitted over 24.7 km of DSF, after which thebar signal DOP and SOP were recovered.
The experimental results are plotted in figuresénd 5.8. Figure 5.4 was used as a guide to
the relative alignment between the pump and pradpeak Figures 5.7 and 5.8 confirm the
DOP degradation as a result of XPM. They show thatDOP is degraded to a minimum
when the pump and probe are orthogonal with respeatach other, hence maximum
interaction between the pump and probe takes piaceghese configurations. The DOP
remains 1 for when the pump and probe are origpaeallel and anti-parallel with respect to

each other.
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Figure 5.7 Observed DOP degradation over wavelefogthower ratios within the range 10-19 dB, whire

probe power was fixed at 3 dBm.
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Figure 5.8 Observed probe DOP degradation plonebete: to 22 dB power ratio.
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Pivot SOP
Maximum DOP threshold: 0.98
Minimum DOP threshold: 0.93
® Maximum probe DOP
® Minimum probe DOP
Probe: 3 dBm
Pump: 20 dBm

Figure 5.9 Pivot SOP corresponding to the probe $fiPmaximum and minimum DOP.

The location of the pivot SOP which correlates vtttk probe SOP (which had a maximum
and minimum DOP) is plotted in figure 5.9. Thesan were generated by setting a
minimum threshold of 0.98 for pivot SOP where thehe DOP was maximum, and a
maximum threshold of 0.93 for pivot SOP where thabp DOP was minimum. It can clearly
be seen that there are two SOP regions for whielptbbe DOP will be minimum (blue dots)
and two where the DOP will be maximum (red dots)islalso evident that the relative
orientation of these SOP regions is such that éneyspaced 9Gpart on the Poincaré sphere.
From figure 5.7 and 5.8 it can be seen that foovagu ratio of 10 dB, where the probe power
was 3 dBm, the DOP degradation is much less thaa fmwer ratio of 22 dB. These figures
clearly show that the DOP degradation increasds patver ratio.

We demonstrate this DOP degradation in [24]. DOgraf#ation occurs as a result of the
swing of the rotation angle of the probe signalisT$wing takes place at the bit rate. The
average DOP is determined by the sum of the SOf@ngeaver time. The pump probe power
ratio determines the magnitude of the rotation @ngherefore, the larger the power ratio
between the pump and probe, the larger the rotaighe of the probe SOP, which translates
into a lower DOP [6, 24]. This trend is clearly ibie in figures 5.7 and 5.8 where the
minimum DOP between the power ratios occurs atRfd], yielding a minimum DOP of
0.61.

As mentioned above in section 5.1, PMDC systenenaise DOP monitoring as a feedback

signal because DOP monitoring meets the critidééria for a feedback signal pertaining to
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PMD compensation. The DOP magnitude gives an itidicaf the PMD in the fibre link.
PMDCs do not factor in DOP degradation caused by XRhis fact leaves PMDCs
vulnerable to DOP degradation by XPM. The compeamseaill be unable to distinguish
between DOP degradation from PMD in the fibre ladd DOP degradation as a result of
XPM in a WDM link. For example, if a signal’'s DOB degraded as a result of XPM, the
PMDC will assume the degradation is due to PMD wiildtry to correct the PMD based on
the DOP magnitude. This will most likely worsen tnerall PMD. Additional information
inferred from the DOP are the PSPs as well ase¢bhernsl order PMD. Again both the PSPs
and second order PMD determined in this scenalidoeierroneous.

Figure 5.10 plots the time average probe rotatimgieaagainst the DOP of the probe signal.
Here the angle between the probe and pivot is amdumbe 98 The time average of the

rotation angle differs from the rotation angle.

Orthogonal probe and pump
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0 30 60 90 120 150 180
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Figure 5.10 DOP plotted against the rotation anggere the probe and modulated pump are assumed to b

orthogonal.

The corresponding minimum DOP of the power ratip13 19 and 22 dB is 0.96, 0.92, 0.86
and 0.61. Reading from figure 5.10 these poweosafield time average rotation angles of
27, 29, 54 and 98.
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The minimum DOP at relative angles®9nd 270 will decrease as the pump power is
increased. This rate of decrease is plotted inréigull. Figure 5.11 shows that the DOP
decreases gradually at first for low power ratiosl ahen more rapidly for power ratios
greater than 16 dB.

0.9r

0.8+
y = -0.0004% + 0.0159% -0.2039x + 1.84

0.6r

0.5r

y = DOP
x = Power ratio (dB)

0.4 10 12 14 16 18 20 22 24

Power ratio (dB)

Figure 5.11 Minimum probe DOP corresponding to @gtimal pump and probe orientation.

The DOP is directly related to the probe SOP swanyge. Therefore, figure 5.11 suggests
that the pump and probe interaction through crées@ modulation (XPM), increases more
rapidly after 16 dB power difference. The polynoimtarve fit suggests that the DOP
degrades according to the expression in figure &slthe power ratio increases.

The above results show that the DOP was effectigetyraded for the combination of a low
power probe and a high power pump signal. The éxgeet was repeated where the probe
signal was a continuous wave and the pump signa MEnsity modulated. The pump was
then rotated and locked when the pump and probe B&e orthogonal and a minimum
DOP reached. The minimum probe DOP was monitore@@aminutes at a time. The probe
power was then increased from 3 dBm to 13 dBm wiile DOP was recorded for
20 minutes each. This was repeated for two pumpepavit3 dBm and 20 dBm.

Figure 5.12 (a) shows the measured DOP of the paoblepump combination while figure
5.12 (b) summarizes these results in a single plbere the average DOP of every power

combination was plotted.
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Figure 5.12 (a) Minimum DOP of probe signal oveb@2econds, (b) DOP of probe signal as the probeipo
is increased relative to the pump power.

The DOP remains stable over the 20 minute pericghaw/n in figure 5.12 (a). Reading from
figure 5.12 (b) the DOP is degraded to 0.92 whenpilimp is 20 dBm and the probe power
3 dBm. The trend for the 20 dBm pump power showas &is the probe power is increased the
probe signal is re-polarized as its DOP increadesace the probe SOP starts to swing less as
the probe power increases. Therefore, the pumplsigas less of an effect through XPM on
the probe signal as the probe power is increasada pump power of 13 dBm, the DOP is
almost unity for probe powers 10 dBm and 13 dBmciwhare comparable to the pump
power. XPM is based on the principle that the ctiva index seen by an optical wave is not
only dependent on the intensity of that beam bs® @n the intensity of the neighbouring
signal. Therefore, in the situation where the puangd probe power become comparable in
intensity, the two signals impact each others pleaselly.

It has been clearly demonstrated that the probe BQfegraded for orthogonal probe and
pump orientations. This degradation increases wa#ithincrease in power ratio as the probe
SOP rotation angle becomes larger with an incréagsower. XPM is the cause of this
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degradation. This DOP degradation will definite ledsl a PMDC which relies on DOP as a
feedback signal. The DOP degradation due to XPM beageduced by increasing the pump
power, increasing the walk-off or by managing thebe-pump relative orientation.
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CHAPTER 6

EVALUATION OF PROBE SIGNAL SOP FACTORING IN CROSS
PHASE MODULATION

Intensity modulation of a pump signal leads to S@&dulation of a probe signal in a two
channel WDM system, which further manifests into ®@egradation of the probe signal.
The SOP modulation of the probe signal occurs essalt of XPM which results in cross
polarization modulation (XPolM). The XPolM of thegbe signal raises the question of the
stability of the probe signal. This chapter brielibpks at the SOP drift of a low intensity

probe signal for different scenarios.

6.1 Experimental setup

As in previous schemes the pump and probe signate multiplexed and transmitted over
24.7 km of DSF. The pump signal, at 1552.12 nm, amaglified to higher powers with an
EDFA. The probe signal was recovered with a polatanafter filtering the signal using a
50 GHz multiplexer and a tuneable filter, as iltattd in figure 6.1. The probe SOP was
logged for three scenarios. In the first case piln@p signal was left off and the probe signal
switched on, here the probe signal is left as dicoous wave. In the second case the pump
signal is switched on, modulated and amplified. phabe signal is switched on as well and
left as a continuous wave. In figure 6.1 this imaplreplacing A with 1 and B with 2. The
third scheme involved modulating both the pump @amdbe signal simultaneously and
amplifying both signals before transmission. ThePSsd the probe signal was monitored and

recorded continuously for two days.
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Figure 6.1 Pump and probe signal are multiplexed wansmitted over DSF. The probe signal SOP is

monitored for modulating and continuous wave comatidms of the pump and probe signal.

6.2 Probe SOP migration

6.2.1 Transmission of probe signal

As mentioned previously, the fibre birefringencethe difference between the refractive
indices of the orthogonal polarization modes [@2¢viation from the circular symmetry of
an ideal fibre leads to an anisotropic refractivelex distribution which introduces
birefringence [62]. In practical optical fibresyéfringence is caused by a noncircular core,
asymmetrical lateral stress, bending and twistg, [BR of which bring about asymmetry
within of the fibre core. Hence the two polarizatimodes propagate with different phase
velocities. A change in the birefringence manifestsa change in the SOP and a change in
the differential group delay (DGD). Fibre optic erferometric sensors and coherent
communication systems rely on the polarizationestditthe light [62]. Temperature variation
causes stress on the fibre core, this leads tesshieefringence [62]. Refer to [62] for a plot
of the birefringence against temperature.

Figure 6.2 is a plot of the temperature measurest awperiod of two days. A thermocouple

was used to measure and log the temperature. Enmalcouple was placed directly next to
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the DSF fibre spool in a laboratory with air commhing that is meant to maintain a constant
temperature.
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Figure 6.2 Temperature inside the laboratory nexthé DSF over a two day period.

A periodic temperature fluctuation is evident iguiie 6.2.The temperature measurement was
found to vary between 25.6T and 25.74C, figure 6.2.

Considering scenario one as described above, titee OP for a continuous wave signal
was recorded over a two day period. This was donthe absence of any pump signal.
Figure 6.3 shows the SOP results. As seen on tired&é sphere in figure 6.3, the probe
signal SOP drifts and traces out a path on thedaagnsphere, figure 6.3 (a). It is evident that
the SOP has migrated all the way past its orthdgomanterpart and back within the region
of its original starting position. It should be kap mind that this occurs over a two day
period. This slow migration of the SOP may be lattie¢d to the slow temperature change. As
the temperature varies it causes the fibre to ekmancontract, this process induces stress
birefringence which leads to a change in the SQR. [6
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Figure 6.3 SOP response of probe signal: Continu@we probe signal in the absence of a pump signal.

Figure 6.3 (b) is a histogram plot of the SOP rh@ce the x-axis indicates the SOP rate as
the angle of rotation per second while the y-ariates to the number of occurrences of a
particular SOP rate. The angle was calculated bgidering each SOP as a vector.

The rate is then the angle between the currenpasdous vector divided by the time it took
to move from the previous to the current SOP. Témkpof the histogram in figure 6.3 (b) is
located at approximately 0.32 deg/s indicating thatmajority of SOP movements occurred

at a rate of 0.32 deg/s.
6.2.2 Co-transmission of probe and pump signals
The same experiment was repeated for scenario tveweathe probe signal was multiplexed

with a NRZ modulated pump signal. The bit rate led pump signal was 10.3 Gbps. The

probe signal was kept as a continuous wave.
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Figure 6.4 SOP response of probe signal: Continu@we probe signal in the presence of a modulateapp

signal.

Here the probe and pump signal pre-transmissionepomas 3 dBm for the probe and
25 dBm for the pump. From the Poincaré spheregimréi 6.4 (a), it can be seen that the probe
SOP is more active as compared to singular trassonisof the probe signal only.
Figure 6.4 (b) is again a histogram plot of the S&@Mular rate of change (measured in
degrees per second). The majority SOP rate agqueaap at a peak value, after which the
SOP rate tails off exponentially. The peak in ttese appears at 3.14 deg/s. This is much
faster than the 0.32 deg/s for the lone probe &igaasmission. Therefore the SOP in this
case is much more active. The extra activity iskatted to XPM of the probe signal by the
pump signal. The pump signal is intensity modulateednce the probe signal SOP is

modulated through XPM. The polarimeter can sampla anaximum sampling rate of 1
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MHz. In these experiments the SOPs were sampledrate of 13 Hz, which is an ample

sampling rate to detect all the activity.
The same experiment was again performed for saenlree, where both the pump and

signal were modulated.
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Figure 6.5 SOP response of probe signal: Multipfex@dulated pump and probe signals.

Figure 6.5 shows that the probe SOP becomes evesm ungtable for this last scenario. The
histogram indicates that the majority probe SOB adtchange now increases to 3.15 deg/s.
This does not differ much from scenario two, howebe visibly increased activity on the

Poincaré sphere indicates that the probe SOP cavarger area. The maximum probe SOP
rates for cases on, two and three are: 9.4 de@/§, d@g/s and 1049 deg/s. The last two
scenarios suggests that the probe SOP is moreedntithe presence of a modulated pump

wave whether the probe signal is modulated or not.
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CHAPTER 7

CONCLUSIONS

WDM networks face several challenges. Cross phaséulation (XPM) is one of these
critical challenges. XPM leads to modulation of thiease of co-propagating signals. This
may be problematic to co-propagating wavelengtmehlbs in operational optical networks.
XPM also presents difficulty to polarization modespkrsion compensators as well as to

polarization sensitive receivers.

In this thesis the nature of XPM was investigaf€lde work was limited to observing the
effects of XPM on a probe signal in the presenca @ump signal; hence the study was
limited to a two channel WDM network. This allows the observation of the direct effect a
pump signal has on a co-propagating probe signti vaspect to XPM. The theoretical
background of nonlinear effects was covered in @rap. Theoretical and experimental
work from literature was reviewed for the varioumhnear effects found in optical fibre. A
section in chapter 3 looks into the physics andherattics background of XPM in optical
fibre. Literature shows that in a two wave WDM gyst the intensity of the two signals
causes a phase shift in the neighbouring signahdtalso been proven that the Stokes vectors
of a probe and pump signal rotate with the sanmeaaiund a constant vector. This vector is
known as the pivot and is the resultant sum ofpttode and pump signal. It has been shown
that these polarization changes occur at the tat Researchers have also look into the effect

intensity modulation has on a neighbouring optsighal.

The refractive index experienced by an optical aigis affected by the intensity of a

neighbouring optical signal. This may lead to agghahange which is dependent on the
intensity of the neighbouring signal. The first ekment discussed in chapter 4 investigated
the stability of a probe signal’'s SOP in the pregeaf a pump signal over a short period of
time. A probe and pump signal, 50 GHz apart, wexesimitted over 24.7 km DSF and over
an emulator. The probe signal SOP was recorded @& minute time span. The probe
signal power was fixed at 3 dBm while the pump powas increased to 13 dBm in a 1 dB

interval step.



78

The cumulative angle shows the overall migratiohthe probe SOP over a period of time.
The cumulative angle for different power ratios gptotted against the cumulative angle for
the case of a probe signal transmitted without enpusignal. It was found the SOP is
relatively stable for all cases; however for highamp powers the probe SOP did appear to
migrate more than the single signal transmissiemacdo for both the DSF and emulator. The
relative angle for this experimental data was al@mputed. The relative angle refers to the
displacement between any SOP vector in time to ititeal SOP vector. The relative
angle SOP against time plot revealed a periodi@tfer transmission over the emulator. The
figure plotting the relative trend showed that 8@P vector of the probe signal for cases
when the pump power was high is much less stable fibr single transmission, probe only.
It also showed a periodic signature indicating tiet probe SOP migrates away from the
initial SOP in an oscillating fashion. This is mdg&ely caused by the many mode coupling

sections in the emulator.

The experiments that followed set out to examire rémote control capability of XPM.
Again a pump and probe signal were co-transmittest @4.7 km DSF. The pump and probe
power difference was maintained at 16 dB. A lithinmbate based polarization controller
rotated the pump signal SOP to form a large cioclehe Poincaré sphere. The experimental
results showed that the probe signal SOP mimickedpump signal trajectory, but on a
smaller scale. The same experiment was repeatgdthis time the pump traced out a figure
eight on the Poincaré sphere. The result was alanfejure eight traced out by the probe
signal. The explanation for this effect lies in thepagation equations for XPM. These
equations show that the probe signal SOP is ngtaffécted by a change in the pump signal
intensity but also by the change in the pump si@@P. The pump signal SOP was then
randomly scrambled over 500 SOPs to cover theeeRaincaré sphere. The probe signal
SOP responded in the same fashion; however thee @@ covered a limited area of the

sphere.

The last experiment in chapter 4 sets out to detratesa potential application for the effect
of altering the probe SOP by changing the pump Si2®a was imposed on the pump signal
by a MZM as well as by writing data onto the punmgnal using a polarization controller.
The information is transmitted over 24.7 km of DSFhe pump signal’s polarization
modulated data is transferred to the probe siggaXBM. A de-multiplexer and digital

tuneable filter separated the probe from the pufmolarizer at the end transferred the
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polarization modulated probe signal into an intgnsiodulated signal. Results were shown
for transmission over 24.7 km DSF and 28.8 km lousi@gle mode fibre (SMF). All the bits
are recovered on the probe signal. This is an elamp a wavelength converter. The
dynamic range of the recovered intensity pulses foaad to be constant at 2.85 dB. The
baseline of the bit period was found to fluctuaterotime which is a result of the non
stationary SOP. Hence the probe SOP is changingmyptecause the pump SOP is hanging
but from other effects. This additional activity ynlae attributed to temperature fluctuations,
external mechanical activity and possibly from tefects of XPM by the intensity

modulation of the pump signal.

Polarization mode dispersion has a pulse broadesfiiegt on optical pulses and may lead to
inter-symbol interference. Modern fibres have mimlver PMD coefficients than legacy
fibre, hence bit rate transmission up to 40 Gbpssdwt present a problem. However beyond
40 Gbps PMD is most likely to be problematic. Toidvreplacing legacy fibre and to
counter the problem presented by PMD for high ates, network operators make use of
polarization mode dispersion compensators (PMDEB)DCs are based on the operating
principle of monitoring a feedback signal and cotireg the PMD. The link PMD is
monitored indirectly. The signal's degree of patation (DOP) has been proven to be the
preferred monitoring signal. It tracks the link PMrly well, it has a fast response time and
is independent of the bit rate. XPM may presentleaging information to a polarization
mode dispersion compensator (PMDC). In a two sigh@M network a change in the
intensity of a pump signal will lead to a changethe phase of a probe signal caused by
XPM. This in turn implies a change in the SOP & fnobe signal. Therefore rapid intensity
modulation of a pump signal leads to rapid poldiiramodulation of a neighbouring probe
signal as a result of XPM. This polarization modola of the probe signal, manifests as

DOP degradation of the probe signal.

Experimental results show the DOP degradation pifode signal in the presence of a high
intensity pump signal. A pump signal was intensitgdulated, multiplexed with a probe
signal 50 GHz away and transmitted over 24.7 km .O3¥ pump signal was amplified with
an EDFA. A half waveplate rotated the pump SORr&ce out a circle on the Poincaré
sphere. This process was repeated for several panvprs. The results show that the DOP
degrades to a maximum for two distinct probe andhpuorientations. Maximum DOP

degradation is achieved when the probe and punmals®0OP vectors are 9and 276 apart.
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Therefore maximum XPM interaction occurs betweenghobe and pump signal, when the
signals are positioned orthogonal with respeciatheother. Further, the probe signal DOP at
these pivotal angles decreases with an increapanp power. The probe signal power was
maintained at 3 dBm whereas the pump signal poves wvaried from 13 dBm to 25 dBm.
Maximum DOP degradation of the probe signal, a D&dR®.61, was shown for a pump
power of 25 dBm. We show these result in [24]. TM3P degradation caused by XPM may
be misleading to a PMDC because the DOP degradedioie mistaken for PMD in the link.
Thus the compensator will react by trying to congagea for the PMD which will most likely
worsen the PMD in the link. Theoretical computatagrees with the experimental results in
that the greater the rotation angle the lower th@PDfor orthogonal pump and probe
orientation. It is shown that the decrease in D@fofthogonal probe and signal orientations
for higher pump power levels follows the trend othard degree polynomial. The probe
signal DOP degradation can be minimized by redutiegpump power and operating with
low probe and signal powers. Another method isntogase the walk-off. The walk-off, as
defined in chapter 3, is the product of the chraendispersion and the channel spacing
between signals. The walk-off can be increased daygufibres with some dispersion or by
increasing the channel spacing between signals. rékelts also suggest that the DOP

degradation can be managed by controlling the S@fRtation of the pump and probe.

Polarization sensitive receivers require a stab@P.S Coherent receivers have many
advantages but are sensitive to the phase and SQReoincoming signal. Chapter 6
investigated the stability of a probe signal in #iesence and presence of a continuous and
modulated wave pump signal. The probe SOP was oreditover a two-day period. The
experiment was performed for three scenarios.,Rinst continuous wave probe signal SOP
was monitored in the absence of a pump signal. rf8ec@ 3 dBm continuous wave probe
signal was multiplexed with a 25 dBm pump signalotwas NRZ modulated at a bit rate of
10.3 Gbps. For the third scenario, both the pumg @mbe signal were modulated and
multiplexed. The transmission was over 24.7 km D3Rke histogram plot of all three
scenarios showed the SOP rate of change of the [mighal peaks at a specific rate and then
tails off, similar to a Maxwellian distribution. Fescenario one the SOP rate peaks at
0.321 deg/s, scenario two at 3.142 deg/s and doetfmee at 3.147 deg/s. This clearly
indicates that the probe SOP shows more activitiienpresence of a modulated pump signal.
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Future generation optical networks will implementVDM. Network operators are looking
into solutions such as wavelength switched optetvorks (WSON). It is envisioned that
these networks will be much more dynamic, capabapting to network demands. A good
understanding of XPM will be crucial to make sucktworks feasible. This thesis
investigated the characteristics of XPM using défe scenarios. It is evident that at high
power levels XPM will clearly pose a threat to optinetworks. As mentioned previously the
effects of XPM can be lowered by; operating belbe threshold power for XPM, increasing
the walk-off using larger channel spacing as wall emsuring that the fibre has some
dispersion and by managing the pump-probe SOP weawientation to minimise their
interaction. Future work should look into othergrdtal solutions to minimise the effects of
XPM. These solutions may be applied in the decismaking process in WSON networks,
when needed. Not much is understood regardingttiestecal nature of XPM. Researchers
are now looking into defining degrees of freedomaokystem in order to analyse the
impairments XPolM place on polarization divisionltiplexed (PolDM) systems [73, 74].
Phase modulated signals have a low tolerance to ARPM9] stochastic parameters such as
the variance of the XPM induced phase noise isrohted. This leads to quantification of
the impact of XPM. In addition to extending the arstanding statistical nature of XPM and
XPolM, researchers have also been looking into @msation of XPM. Simple intensity
dependent phase modulation has been shown to iephhevtransmission penalty by 4 dB in
a coherent optical orthogonal frequency divisiontipkexing (CO-OFDM) system [18]. The
effect XPM has on other modulation formats and ipl@tmodulation formats, still needs
further investigation as well. Phase modulatiorgetber with coherent detection has also
been proposed as a viable solution to XPM. Othdutisos such as bit-synchronous
polarization scrambling to suppress nonlinear éffexs well as PMD, are also currently

under investigation.
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APPENDIX 1

Resear ch Outputsduring Doctoral Study

Conference

T. V. Chabata, E. RotichR. R. G. Gamatham, A. W. R. Leitch and T. B. Gibbon,
“Performance comparison of OOK, NRZ and DPSK maiiwha formats in an optical
transmission system”5African Laser Centre workshop, University of NamaijbVindhoek,
Namibia, 14-18 November (2012).

Publicationsin confer ence proceedings

R. Gamatham, T. B. Gibbon and A. W. R. Leitch, “Experimentakemonstration of an

Adaptive Poincaré sphere analysis and the Fixedy&erm Polarization Mode Dispersion
Measurement Techniques”, Proc. of the SoutherncAfiielecommunication Networks and
Applications Conference (SATNAC), Royal Swazi SBajaziland, ISBN: 9780620441063,
pp. 233 — 236, 30 August — 2 September (2009).

T. B. Gibbon, X. YuR. Gamatham, N. G. Gonzalez and I. T. Monroy, “3.125 Gb/s Irigeu
Radio UWB over Fiber Transmission”, ECOC, Viennajs&ia, ISBN 978-1-4244-5096-1,
20-24 September (2009).

R. R. G. Gamatham, T. B. Gibbon and A. W. R. Leitch, “Cross phaseduation induced
depolarization of a probe signal and its impact palarization mode dispersion
compensators”, 36 SAIP conference, University of South Africa, Prép Proc. SAIP,
Section-C, Lasers, Optics and Spectroscopy, pp-48238 ISBN: 978-1-86888-688-3,
12-15 July (2011).

H. Y. S. Kourouma, E. K. Rotich, D. WaswR, Gamatham, T. B. Gibbon and A. W. R.
Leitch, “The Effects of Polarization States on afeRence Signal for Timing and Signal
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modulation on a two channel WDM system”, Opt. CommWol. 285, pp. 4125-4129, July
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