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SUMMARY

In this study, focus is centred on the measureraadt emulation of first-order (FO-) and
second-order (SO-) polarization mode dispersionPNPMD has deleterious effects on the
performance of high speed optical transmission agtveystems from 10 Gb/s and above.
The first step was characterising deployed fibreis PMD and monitoring the state of
polarization (SOP) light experiences as it propagdhrough the fibre. The PMD and SOP
changes in deployed fibres were stochastic duetging intrinsic and extrinsic perturbation
changes. To fully understand the PMD phenomenaerms of measurement accuracy, its

complex behaviour, its implications, mitigation as@mpensation, PMD emulation is crucial.

This thesis presents emulator designs which f&dl different emulator categories. The key to
these designs were the PMD equations and backgraunide PMD phenomenon. The cross
product from the concatenation equation was apphexder to determine the coupling angle
B (between B and 186) that results in the SO-PMD of the emulator desitm be either
adjustable or fixed. The digital delay line (DDL} single polarization maintaining fibre
(PMF) section was used to give a certain amou@PMD but negligible SO-PMD. PMF
sections (birefringent sections) were concatenategther to ensure FO- and SO-PMD
coexist, emulating deployed fibres. FO- and SO-Pb&#d be controlled by altering mode

coupling (coupling angles) and birefringence dusttion.

Emulators with PMD statistics approaching the tk&oal distributions had high random
coupling and several numbers of randomly distridlR®1F sections. In addition, the lengths
of their PMF sections lie within 20% standard d&weia of the mean emulator length. Those
emulators with PMD statistics that did not appro#tod theoretical distributions had limited
numbers of randomly distributed PMF sections andiencoupling. Results also show that
even when an emulator has high random mode coupliagseveral numbers of randomly
distributed PMFs, its PMD statistics deviates adrayn expected theoretical distributions in
the presence of polarization dependent loss (PDl)e emulators showed that the
background autocorrelation function (BACF) apprazclizero with increasing number of
randomly mode coupled fibre sections. A zero BAG@fhiies that an emulator has large
numbers of randomly distributed PMF sections asdpiiesence means the opposite. The

availability of SO-PMD in the emulators made thetoaorrelation function (ACF)



asymmetric. In the absence of SO-PMD the ACF BMD emulator is symmetric. SO-PMD
has no effect on the BACF.

Polarization-optical time domain reflectometry (HIQR) measurements have shown that
certain fibre sections along fibre link lengths @augher FO-PMD (HiFO-PMD) than other
sections. This study investigates the impact ofieCHPMD section on the overall FO- and
SO-PMD, the output state of polarization (SOP) aystem performance on deployed fibres
(through emulation). Results show that when theelemgth-independent FO-PMD vector of
the HIFO-PMD section is greater than the FO-PMDtgbutions from the rest of the fibre
link, the mean FO-PMD of the entire link is biagewvards that of the HIFO-PMD section
and the SO-PMD increasgs# 0° or 180) or remains fixedf{ = 0° or 18F) depending on the
coupling angled between the HIFO-PMD section and the rest of ittre flink. In addition, the
FO-PMD statistics deviates away from the theoretMaxwellian distribution. However,
experimental results show that the HIFO-PMD sectias negligible influence on the SO-
PMD statistical distribution.

An increase in the amount of FO-PMD on a HiFO-PM#at®n reduces the output SOP
spread to a given minimum, in this study the mimmuvas reached when the
HiFO-PMD > 35 ps. However, the outcome of the output SOPaspdepends on the location
of the HiIFO-PMD section along the fibre link lengthwas found that when the HiIFO-PMD
section introduces SO-PMD, the bit error rate (BERmuch higher compared to when it
does not introduce SO-PMD.

Keywords: birefringence, first-order polarization mode dispiem, second-order PMD,

polarization dependent loss, PEtDulation, optical fibre.
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CHAPTER 1

INTRODUCTION

The first and second Industrial Revolution from ke 18" century to the early 19century
revolutionised the way human beings work by int@dg machines and new organisational
forms. According to John Chambers, Chief Execu@iécer (CEO) of Cisco Systems Inc,
we are now in the Information Age — The third Inimhas Revolution (FitzGerald and Dennis
2002). The Third Industrial Revolution is centred @volutionising the way people work
through networking and information (data, voice amio) communication.

A study conducted by the University of Minnesotathe United States of America, reports
that internet traffic has been increasing to thetpaf almost doubling every year since 1990
(Odlysko 2003). Modern telecommunication comparies up to date with the exponential
growth of bandwidth consumption and have turnedliigiher data transmission mechanisms
through exploiting improved semiconductor laserrses (Hayashet al. 1970) together with
advanced low-loss optical fibre networks (Kapmnal. 1970). These optical transmission
system technologies, lasers and fibres, were ifmptemented for telecommunication in the
1970’s although the feasibility of using opticdbrigs had been seriously studied in the mid
1960’s.

Optical fibres revolutionised telecommunicationwatk companies such as Sprint in the mid
1980s because of their advantages as transmissiediam Up to date modern
telecommunication companies are based upon opgcdinologies, with the optical fibre
forming the backbone of their physical layer. kliyf optical telecommunication systems
were severely restrictive due to factors such ah lsignal attenuation (~ 1000 dB/km),
multimodal dispersion, chromatic dispersion andlinearity. To solve these problems, there
have been advances in technologies such as theceapént of traditional single mode fibres
with dispersion-shifted single mode fibres, reph@canalogue transmitting signals with pulse
coded modulation (PCM), advent of erbium dopedefilamplifiers (EDFAs), design of
chromatic dispersion compensators and specialiseshufacturing methods to reduce
attenuation to as low as < 0.2 dB/km. Some of theeevative inventions together with
optical components (e.g. isolators, splitters, podas, multiplexers/demultiplexers and
circulators) paved the way for wavelength divisiomultiplexing (WDM) and dense



wavelength division multiplexing (DWDM) applicatisnThese applications are some of the
high speed data communication technologies thae rewmerged in order to address the
growing bandwidth demand, though they also hadawmeftheir shortcomings such as non-

linear effects.

Having overcome the challenges posed by multimodeedsion, attenuation, chromatic
dispersion and non-linear effects, a phenomenorwknas polarization mode dispersion
(PMD) arose which to date still provides a compitallenge in high speed long-haul data
transmission, 10 Gb/s and above (Nelsbal.2004). PMD effects are linear electromagnetic
propagation phenomena occurring in single-modee$bPMD has been known in the
research community since the late 1970’s (RashlaighUlrich 1978). Much of the world’s
legacy fibre was deployed before PMD became a magacern. PMD is more of a major
issue in old G.652 fibres (< 1996) than in newes52, G.653, G.655 fibres (Gregory 2006).
With the evolution of specialised manufacturing hteiques, PMD in present day

manufactured telecommunication grade fibre is kepy low at< 0.1 ps/knY2.

Legacy fibres provide more serious challengesefioee there is a need to strategise for PMD
mitigation and/or compensation as well as accuPi® monitoring. In order to achieve the
former and latter, there is a need for accurate Riviilation under a controlled laboratory
environment. The PMD emulator should be able to imithe stochastic PMD behaviour
experience in deployed fibres. PMD emulators cosgpa number of concatenated delay (or
birefringent) sections since an optical fibre liskmodelled using hundreds to thousands of
briefringent fibre sections. PMD is classified astforder and higher-order (second-order
PMD upwards).

Initially at low bit rates, first-order PMD (FO-PMDwas of concern (Rashleigh and Ulrich
1978) and this led to the design of FO-PMD emuat{®Williams 1999a, Limaet al. 2001,
Raja and Arabasi 2003, Mugs al. 2005). A continued increase in data transmisspmeds
led to higher-order PMD making a significant camttion. This has also led to the design of
second-order PMD (SO-PMD) and other higher-ordeDR&hulators (Phua and Haus 2002,
Bogoniet al. 2002, Leeet al. 2003). The coexistence of FO- and SO-PMD in optietwork
systems led to emulator designs mimicking the twiDPregimes (Dal Forneet al. 2000,
Mimura et al. 2003, Zeng 2003, Hauest al. 2004). A PMD emulator with a single
birefringent section provides FO-PMD only, thatlwitvo concatenated birefringent sections



emulates for FO- and SO-PMD only, and when thesenaore than two concatenated sections
the emulator is able to emulate for FO-, SO- aheotypes of higher-order PMD.

The PMD in deployed fibres is known to evolve istachastic pattern due to unpredictable
extrinsic perturbations (i.e. environmental changdésrations and human interactions) with
time and non uniform intrinsic perturbations (i®@re asymmetry and internal stress)
experienced along the fibre length. Therefore, teuPMD emulation (like compensation) is
easier in stable secured buried fibres than inalstexposed aerial fibres. Emulation (like
compensation) should occur within the picosecontktscale; although in practise it can be
difficult to realise due to limitations in the eteanic speed of its components. A tuneable
PMD emulator (Yaret al. 2003) can be able to emulate the PMD of diffefdmre links or
fibre plants. The purpose of this thesis is theeefim bring about an understanding of the
complex nature and effects of PMD to the telecomuation industry and research groups
through novel PMD emulator designs. This would dbnte to future adaptive PMD

compensation designs which are expected to be eff@etive.

The work presented in this thesis is organisedodsewis: Chapter 2 gives an overview of
polarization mode dispersion (PMD) and polarizatidependent loss (PDL). Chapter 3
focuses on the principles behind PMD emulation, drstusses various PMD emulation
techniques proposed and demonstrated in literain@pter 4 pays particular attention to
PMD measurement techniques; both the frequencyiameddomain measurement techniques
are discussed. Chapter 5 contains experimental fiesults of this study from deployed
buried and aerial fibres in Port Elizabeth, Soutinica; this also involves PMD statistical
analysis. Chapter 6 will focus on several experitmlerPMD emulator designs and
implementations produced in this study. ChapterillFimvolve looking into the impacts of a
high first-order PMD (HIFO-PMD) section in opticaétwork systems through the use of the
Virtual Photonics Inc. (VPI) simulation softwaredksion 8). Chapter 8 then wraps up with

conclusions of the vital findings of this study.



CHAPTER 2

POLARIZATION EFFECTS IN LIGHTWAVE SYSTEMS

This chapter gives an overview of polarization matispersion (PMD) to enable an
understanding into its measurement, statisticatagteristics, implications and the effective
design of PMD emulators. Polarization dependerg (L) is also briefly discussed due to
its effects on the performance of PMD emulatorse Téader is referred to Appendix | with

regard to information on the state of polarizadtight.

2.1 Polarization mode dispersion

This section will focus on the various aspects idtforder and second-order polarization
mode dispersion (PMD). It includes the PMD defuoniis, its mathematical expressions within
the frequency and time domain, factors causingaifetting PMD, PMD statistics and the
autocorrelation function (ACF) as a tool to quant#MD. Furthermore, insight will be given

into PMD compensation and mitigation, and systerpamments due to PMD. Lastly, insight
will also be given into understanding polarizatidependent loss (PDL) and its interaction

with PMD in optical network systems.

2.1.1 Definition of PMD

In this study, PMD will be addressed for first-ardg-O) and second-order (SO) only,
although it extends to other higher orders (thirdeo and above). PMD is defined to first-
order as the relative disparity in arrival timevee¢n the two polarization modes, pointing
along the unit Stokes vector (Poole and Wagner 1@8& will be shown in Eq. (2.1)). The
propagation time difference between the fastest slogvest polarization is called the
differential group delay (DGD); it is the magnitudethe FO-PMD vector. In this study, the
DGD will be referred to as FO-PMD. To second-ord®v|D is defined as the variation of the
FO-PMD (DGD) and principal states of polarizati®?5fs) with optical frequency (Zalevsky
and Eckhouse 2004) (this will be shown in Eq. (R.8prresponding to the two components
of the SO-PMD vector: the polarization-dependemotatic dispersion (PCD) and PSP-
depolarization, respectively. PCD causes pulse cesspn or broadening (Poole and Giles
1988) and PSP-depolarization results in the rednah the degree of polarization (DOP) of
propagating signals (Nelsat al. 1999). The next subsection looks at the factdteencing
PMD.



2.1.2 Factors influencing PMD

The main cause of PMD is birefringence, which isnpbcated by mode coupling. A
multitude of factors affect birefringence and maaeipling over time and with wavelength
resulting in PMD being a statistical phenomenonhaghlighted in Section 2.1.4. These
factors are classified either as intrinsic or edic perturbations. Therefore, to improve the
measurement accuracy of PMD, PMD should be momitoker a prolonged time frame and
wide wavelength range. An understanding of the Rd@baviour due to the influence of these
factors acts as a guide in the design of PMD erordgiresented in Chapter 6 and 7. Some of
the factors promote the state of polarization (SCG#Jnge for propagating light. Deployed
fibres and emulators in this study will be alsoreleterised using SOPs.

. Intrinsic perturbations
Intrinsic factors are those that are present infitve right from the manufacturing stage.
These are: the asymmetric nature of the core, itgairand internal stress due to

manufacturing imperfections.

a. Geometric asymmetry (imperfection) of the core

Assuming the fibre has a core that is perfectlgwar (symmetric) throughout its entire
length, the resulting PMD would be null. Howeven ieality due to manufacturing
imperfections during the fibre drawing process ¢bee is asymmetric in nature, resulting in
two orthogonal principal states of polarization fBpaxes to be shown in Fig. 2.2 (a). This
means if a single pulse of light is launched irdte input of the fibre, it is decomposed into
two distinct modes. The PSP axes have independéactive indices, thus each of the two
modes experiences a unique group velocity. Thiglteesn differences in arrival time of the
pulses at the fibre end, best known as DGD (or MR The difference between the
refractive indices possessed by the two orthogaxes is known as birefringence. In addition
to this delay, each pulse is subject to chromaispeatsion during propagation. Due to
improvements in the manufacturing techniques, nmodBbres typically have PMD
coefficients of< 0.1 ps/kn? or less as compared to legacy fibres that posseRstD
coefficients around 0.5 ps/Rffior greater.

b. Internal stress
The inhomogeneous structure of the core regiomused by impurities and dopants. Such a

core structure results in asymmetrical transvetsess to be frozen into the fibre during



manufacturing due to different thermal contractiohslifferent materials present in the fibre.
This internal stress also introduces birefringgfiR@shleigh 1983).

[I. Extrinsic perturbations
Extrinsic factors are those which induce birefrimgee and mode coupling in a fibre after it
has been manufactured. These factors may includpet@ture, wind, humidity, strain and

stress, movement, cabling and installation (seeZig.

lo

Internal Stress Geometric

= =

/"l/\ External Stress A‘//

Heat m Wind

Fig. 2.1: Some of the internal and external peratitin causing and affecting PMD.

a. Temperature

Temperature enhances thermal expansion or commaatid internal stress of the fibre, as
well as of the buffer or coating (De Lignie 1998gveral researchers (Hakki 1996, Cameron
et al. 1998, Willneret al. 2004) have cited temperature as the major fadtectang PMD,
leading to the design of temperature controlled Péflulators (Hauegt al.2004). However
Gouronnecet al. (1995) suggested through experiments that temperaias little influence.
Previous work by Poolet al. (1991) showed greater FO-PMD variation occurringirch
sunset and sunrise when temperature changes &eThig degree of FO-PMD change during
the night is much less. This was experimentallywproby Camerort al. (1998) who placed
bare fibre on shipping spools in a climate chanavet cycled the temperature. They observed
that the FO-PMD fluctuation rate is correlated e rate of change of temperature. This
explains why temperature fluctuations are of man8uence in exposed aerial fibres

(Cameronet al. 1998) than secured buried fibres (Allehal. 2003). Van Antwerpeset al.



(2002) of the NMMU Fibre Optics Research Unit aldmwed that the FO-PMD of a bare
fibre exhibits greater fluctuations when tempermtanhange is sharp and the opposite when
temperature gradient approaches null. The labgraavironment in which PMD emulator

designs in this study were implemented had a faidyle room temperature.

b. Wind and fibre movements

Temperature fluctuations cannot exist in isolationexposed aerial fibres; this coexist with
wind which enhances fibre galloping movements (Tari al. 1988) or oscillations (Wuttke
et al. 2003), bends and strain on the optical fibre.iGtaad bends affect the birefringence of
the fibre, while fibore movements or oscillationgeat the SOP of the propagating light signal.
When the fibre moves out of its original plane, 8@P can change significantly due to either
the geometric phase effect, fibre birefringenceboth (Schinn 2003). Tomita and Chiao
(1986) also agree that the SOP change is causedchgnge in Berry phase (known as the
geometric phase effect). The geometric phase effectirs when the elliptical SOP of light
rotates without a change in the geometry of theefdnd on the DOP of the light (Schinn
2003). Lefevre (1980) equates effects on the SGPtduhe pendulum motion of the fibre
cable to be similar to a twist in a mechanical pa&ion controller. In this study polarization
rotators (half waveplates (HWPSs)) are used to ef&P changes in PMD emulators.

c. Stressand strain

External forces such as pressure and weight iftedtem the fibre result in fibre stress, which
induces birefringence (Mabroulet al. 1998). Twisting the fibre induces birefringence
directly proportional to the twist rate (Rashleiyp83). Bending of the fibre puts the outer
part of the fibre cross section under strain, whiohn exerts lateral pressure on the inner

compressed part of the fibre resulting again iugsdi birefringence.

d. Cabling and spooling effects

In order to protect and secure optical fibres fasyehandling, transportation and installation,
quite a number of fibre links are bundled to malgengle fibre cable and then spooled. Gisin
et al. (1991) showed through the use of the interferamé&tchnique that there are significant
increases in the FO-PMD after cabling. This alsorgjly agrees to findings by De Ligne

al. (1994), who used the fixed analyser technique I@Paad Favin 1994) to measure FO-
PMD. The increase in FO-PMD is attributed to insexhcoupling lengths found in the cabled
fibre compared to bare fibre. However, Gallaghieal. (1995) showed that the FO-PMD of a



spooled bare fibre is higher than that of a relasadaled fibre. They believed that the relaxed
cabled fibre has nominal winding tension as conghéoethe bare fibre wound under tension
on a shipping spool. The higher tension in the Eabbare fibre induces more birefringence
which increases the FO-PMD.

Gaillard et al. (1995) showed that bare fibres with high FO-PMbréased FO-PMD values
after cabling. The bare fibres were loosely spooledensure nominal tension during
measurement. Therefore cabling was assumed talirdeoextra strain on the fibre generating
birefringence thus increasing the FO-PMD. By castirdan Antwerpen (2004) showed that a
well designed cabling process has negligible eftecthe PMD of loose tube design cables.
Li et al. (2000) also showed that few cabled fibres incréasePMD after installation.
Therefore spooling can potentially induce PMD dejdeg on the tightness and the size of the
diameter of the drum. Ulrickt al. (1980) found that bending or spooling the fibrduoes
birefringence, which is inversely proportional teetsquare of the bend radius. The emulator
design to be presented in Section 6.3 consistparled PMFs although their spooling radius
(> 6.75 cm) is large and does not affect the PMhefRMFs.

[ll. Mode coupling

The variation of the factors stated in Section2ILover time and distance can also result in
mode coupling. Mode coupling sites enhance opdoargy exchange; thus some energy can
be transferred from one orthogonal polarization enta the other. During propagation, the
PSP frequency rotation couples the two input ortinad) modes, therefore energy can always
be found on both output PSPs even when only otleeafivo orthogonal axes is excited at the
input end (Franciaet al. 1998). The mode coupling phenomenon is known toptcate
PMD according to Gisin (1994) where it introducegltiple polarization modes, where each
fibore segment splits the input signal into two silgn If the axes of one fibre segment are
directly aligned to the opposite axis of the nelatd segment, the fast mode would be slowed
and the slow mode would have increased group wgloklode coupling is also known at
times to reduce the overall FO-PMD of a fibre lifkhat is why in modern single mode
fibres, mode coupling is intentionally introduceldraugh fibre twisting and during the
manufacturing process through bidirectional fipeneing (Rashleigh 1983).
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Fig. 2.2: Schematic illustration of (a) birefringe® and (b) mode coupling in a fibre. PSP
stands for the principal state of polarization.

The fibre itself is modelled to constitute hundre@s not thousands) of concatenated
birefringence fibre segments as illustrated in Rig. (b). In order to mimic the optical fibre,

PMD emulators comprising several PMFs segments esigned (Chapter 6). The sites
where the segments concatenate are called the congiding sites and the distance between
adjacent sites is known as the coupling length. Wite fibre length is far less than the
coupling length, mode coupling is negligible andewlhe fibre length is far greater than the
coupling length there is random mode coupling. magrt subsection gives insight into PMD

representations.

2.1.3 PMD equations

The PMD phenomenon is best understood from PMDovesjuations. This subsection gives
emphasis to equations that act as vital guideshirdesign of PMD emulators presented in
this study. Since PMD measurements fall into theetand frequency domain (see Chapter 4),
the PMD vector equations presented in this sulbmeatiill also fall into these domains.
However, PMD varies with the fibre length leadimgan additional category for the PMD
called the spatial domain. Therefore the PMD eguatipresented in terms of this subsection
are classified as frequency, time and spatial dogsai



10

I. The frequency domain PMD vector equations

a. The Principal States model

The Principal States Model, originally developed Bgole and Wagner (1986) is still
commonly used today for the frequency domain charesation of PMD. This model can
also be used for PMD time domain characterisati¢ggsing the Principal States Model, FO-
PMD can be characterised by the reduced three-coempdStokes vector (Kogelnigt al.
2002):

T ()= [7|@ =Ac [ (2.1)

where o is the angular frequencyyt is the magnitude of the FO-PMD vector otherwise
known as the DGD (or FO-PMDB) and g is the unit Stokes vector pointing in the direatio
of the principle state of polrization (PSP) of laré system. Since the FO-PMD vector varies
with angular frequency, this means if the signaldvadth increases, higher-order terms of
PMD have to be taken into account. Thus a Tayldesesxpansion of the FO-PMD vector

Eqg. (2.1) with Ao about the carrier frequenay, allows an interpretation of higher-order

PMD (Gleesoret al. 1997):

(0, +A0) =i (w,) +7, (0,)Aa+=T,, (0,)Aw’ + ... (2.2)

N -

The second term on the right-hand side of Eq. (Za2{lerivative, describes the SO-PMD

vector and is given by:

%m:ﬁ = %Eﬁ +At[—% =At, [G +Atlq, =7 1 +7T,, (2.3)
0o 0o 0o ¢

The first term in Eq. (2.3)%ﬂ g, is parallel tot and describes polarization-dependent
®

chromatic dispersion (PCD)t, . The second term in Eq. (2.3)r g—q is orthogonal tot
@

and describes PSP-depolarizatip of the transmitted signal. Becauséd], = 0, the SO-

PMD vector is naturally expressed as a sum of mra([)” and perpendiculat,, vector
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components relative to the FO-PMD vector as ilktsd in Fig. 2.3. For a detailed geometric
interpretation of second-order PMD the readerfisrred to Karlsson (2006).

PSP-depolarization

q(u

Fig. 2.3: Vector illustration of the effect of firarder (FO) and second-order (SO)-PMD on
the output-state of polarization.

b. PMD equation (Gisin and Pellaux 1992)

Consider a concatenation of N fibre sections a&im 2.4. The delayt, and direction
€,(denoting a unit vector) in each fibre section assumed to be wavelength-independent.

Chromatic dispersion is also not taken into accobmbrder to compute the principal states

corresponding to this concatenation, the evolubperatorU! through the N sections is
Ul = exp( -ty ®&c)...exp( -t,wé,c)xexp( -twéo) (2.4)
IS

where the incoming SORM, is such that the corresponding outgoing S@P

out

independent of the angular frequensyto first- order ands represents Pauli matrices.

T1 T2 13 TN

S

m:
—inyl 1 2 3 N —out_

Fig. 2.4: A model, as a block diagram, of an ogitiiare with N number of concatenated
fibre sections.
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The directions ofm,, and m,, define the incoming and outgoing principal statesthe

out

Poincaré  sphere.  Since m 0 =+iU) (0/dw)U)" and wusing the fact that
Ul = exp( -t we,c) UM (as from Eg. (2.4)), a recursion formula for thegwing principal

states after N sections is:

M\ G =1,80 + exp( irNcoéNG) mis exp( -it N(DéNG) (2.5)

Through the application of the Pauli matric 01 0 1 10
o, = 0, = ,
’ PP BT 0)YT(1 o) 0 -

equation (2.5) reduces to:

Mo, 0 =T8O + (m';'u%xq\‘) & * CO@ 1QN("))[ out ( NOlixéN)éN]
- Silﬁ QNoa)éN x

(2.6)

When N = 1, Eq. (2.6) gived., c =18, and the principal states are the eigenmodes. This

(m;,c =1,8,) compares well to equation (2.1), thiig 6 is the FO-PMD vectoWhen N = 2,

out

Eq. (2.6) becomes:

mgutc =18, +T1(é1Eé2) e + CO@ QQJ)T 1(é f(ﬁe&)ﬁe)

2.7)
- sim, (2t,0) &, ¥,

For two fibre sections the principal states depemdhe frequencyn, but the delay between
the principal modes is independentf When N > 3 the delay between the principal modes

depends on the frequensyand so too does the PSPs.

The standard deviatio&(r) of the delays the light experiences after propagaiver N fibre

sections is equal to the magnitude of the FO-PM&oreof that link, given as:

(2.8)

(8(x))" =(x)" =My M

(0]
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where ({..)), denotes the average over and| | the magnitudeTherefore the derivative of

the FO-PMD vector i)}, ) with respect to frequency gives the SO-PMD vecitre PMD

out
vector equations in this section were used by Wdigmat al. (2002) and Zeng (2003) to
guide them through their emulator designs, andémee applies for this study.

[I. The time domain PMD vector equation

a. Time evolution PMD vector

The variation of ambient parameters, such as haynitemperature and stress, affect the
distribution of birefringence along optical fibréBhus the SOP at a fixed frequency and a
fixed point in the fibre may change with time. Thesults in the time evolution of the FO-
PMD vectort equation which is equivalent to that of the FO-PBiDIution equation (Huet

al. 2004):

ot

X1, + T 2.9)

where 'T'w represents the time evolution of the FO-PMD (or@M@nd Tx% describes the

time evolution of the PSP in a short time intervialis the time evolution vector.

[ll. The spatial domain PMD vector equations

a. Concatenation rulesfor PMD

Deployed optic fibre links are modelled to congg&tuhundreds if not thousands of
birefringence elements concatenated to each ofhés.is the basis on which PMD emulators
are built (see Chapters 6 and 7), wherein birefmgections are joined to each other. In
order to track the PMD vectors as more and moréosecare added, there is need to gain
more insight into the concatenation rules (Gordoml. 2000, Pooleet al. 1991, Galtarossa
and Menyuk 2005). The concatenation rules can bésased in analysing how the PMD
vectors grow with fibre length and for statisti€@¥D modelling (Nelson and Jopson 2004).
These rules can be used as a guide to designing-saeation PMD compensators. The
concatenation rule was first derived by Gisin aptldx (1992).
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Fig. 2.5: Representation of the concatenation af wectors (see Eq. (2.10)).

The geometrical interpretation of the concatenatigdes for two concatenated birefringent
fibre sections is shown in Fig. 2.5. The FO-PMD alative vector is expressed as:

=7, + R, (2.10)

where 7, and 1, are the FO-PMD vectors of the first and secomdfbngent sections and

R, is the rotational matrix of the second sectione BO-PMD expression comes from the
frequency derivative of Eq. (2.10):

i, =%, + R, +R,T (2.11)

()

But since?, = R}(% -7,) from Eq. (2.10), Eqg. (2.11) simplifies to:

—

i, =1, +RT, +1,X7 (2.12)

®

where R} is the transpose of the rotational matrix of theosel birefringent sectiorhese

concatenation equations, equations (2.10) and Y, 2caR be extensively applied to fibres with
more than two sections. For more information webard to the former, the reader is referred
to Nelson and Jopson (2004) and Damask (2005).
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b. The PMD evolution or dynamic equations

There are two main ways to derive the PMD dynamigagions, one by Gisiat al. (1992)
and Gordoret al. (2000), and the other by Poaeal. (1991). In this section focus is on the
work of Pooleet al. (1991). The established precession rules in leagthfrequency for an

arbitrary state are (Pooét al. 1991):

? =px3 (2.13a)

yA

g_s —ixs (2.13b)
®

where 3 is a 3-D Stokes vector andl is the cumulative FO-PMD vector up to [z, is the
local birefringence vector (the local birefringermer unit length i3 = wAn/c). Taking the
frequency derivative of Eqg. (2.13a) and the lengktrivative of Eqg. (2.13b) vyields
0%
020w

under the assumption of continuity of the functié@zm). By using the vector identity

=p,x3 +fx3, and =1,%xS +7%S,. The left hand sides of the derivatives are equal

(Bx%)X§ =px(7x3) -%X(BX§) , this results in the FO-PMD vectarevolution equation:
ot B, +pxi (2.14)
0z

The SO-PMD vectoft, evolution equation is derived from Eq. (2.14) as:

o,

" Boo +BXT, + B, xT (2.15)

The frequency-dependent evolution of the statepadérization in optical fibores can be

described by the vector equation (2.13b).

2.1.4 PMD statistics
The unpredictable variation of extrinsic and insimperturbations (Section 2.1.2) with time
and fibre length makes PMD statistics stochastioualsome average value, either with



16

wavelength or time. This means that the PMD ofagtsystems with time and wavelength is
unpredictable; therefore one must resort to siedilshnalysis. The statistical property of PMD
that attracted initial interest was the mean FO-P{Bdrescianiet al. 1987). Thus all PMD

measurement techniques currently in use in thecdatenunication industry require an

averaging procedure in order to determine the diveMD of a fibre link (Gisinet al. 1996).

Most if not all work done has been focused maimyr®- and SO-PMD statistics, which is
likely due to the FO- and SO-PMD vectors being kndw be statistically dependent on each
other (Damask 2005, Galtarossa and Menyuk 2005weder, Phua and Haus (2002)
concluded that FO-PMD can be more accurately cheniaed than SO-PMD. Understanding
the nature and characteristics of PMD is a key &igfards the construction of effective PMD
emulators and compensation techniques. The PSPI iamiléated the investigation into the
statistical properties of PMD. The statistical @werisation of PMD include the probability
densities of FO- and SO-PMD, the scaling of the Ppii2nomena with changes in the mean
FO-PMD, various correlation functions, and chanasties associated with the accuracy of
PMD measurements (Giset al. 1996). The probability densities for both FO- &@-PMD

in most situations have asymptotic tails extendimginacceptable large impairments best
known as outage probability events. This subedboks into the FO- and SO-PMD statistics

only.

I. The FO-PMD statistics

The FO-PMD vector comprises of three vector comptsehich have independent Gaussian
distributions with zero mean and identical variaf€eschini and Poole 1991). This means
generating three independent Gaussian random \esiand taking their root square sum
(RSS) results in a Maxwellian distributed varialllarough implementing the PSP model the
probability density function (PDF) of FO-PMD hasebeproven to be Maxwellian. The SOPs
represented on the Poincaré sphere denote PSR\ihdion as a Brownian motion (Cuet

al. 1990).

The probability density function of the FO-PMD ionly fibres has been proven to be
Maxwellian over time and wavelength (Dal Fortaoal. 2000, Karlssoret al.2000), whilst its
vector components show a Gaussian distribution Abgelis et al. 1992, Brodskyet al.
2004). The probability density of the FO-PMD was first PMD density to draw attention
(Pooleet al. 1991). Field measurements have proved the relgvainthe FO-PMD PDF for a
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very large number of fibre sections, random modgbtog under certain conditions. This has
led researchers to design and simulate PMD emaslatbich reproduce FO-PMD statistics
approximating the Maxwellian distribution (Dal For2000, Lizéet al. 2004, Khosravanet
al. 2001, Yanet al. 2003). However, Elber®t al. (1997) argues using Monte-Carlo
simulations that FO-PMD statistics approximate dyetd the Rayleigh distribution than the
Maxwellian distribution even though they possegbedsame mean value.

Mathematical proof by Gisin and Pellaux (1992) shdwhat, for an ideal fibre with infinite
random mode coupling and no polarization depentiest (PDL), the mean FO-PMD at one
wavelength measured over a sufficiently long pewddime will provide the same result as
the mean FO-PMD at a fixed time measured over &cairitly large wavelength range.
Studies however have shown that not all fibore FOEPWlues approximate to the idealised
Maxwellian distribution (Sunneruek al. 2002, Musarat al. 2009).

The Maxwellian PDF of the FO-PML, (Gisinet al. 1993, Curtiet al. 1990) is given by:

PDF = §n2(1)(2r, /(7)) exp{ & /(x))’/n 1,20,i=1,2,3,. (2.16)

Using the Maxwellian PDF, the probability af exceeding a particular value can be found

using:
X
P(r 2X) =1-[p(t) de (2.17)
0
The Rayleigh PDF of the FO-PMD according to Elledral. (1997) is given by:
PDFE =(1)/a*exp{(1)’/20%)  where o = 8N/’ (2.18)

Elberset al. (1997) made some confusion which were laiter fiectiby Galtarossa and
Palmieri (1998). Galtarossa and Palmieri (1998)vedothat the FO-PMD (or DGD) is
Maxwellian while the PDF of pulse broadening is Regh distributed. The Rayleigh and
Maxwellian distributions are fitted on FO-PMD megsuents and compared in Fig. 2.6.
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Fig. 2.6: Comparison of the Maxwellian and Rayleidistribution fits on the FO-PMD
statistics of a 28 km ITU-T G.652 deployed buridulef link at the Telkom South Africa
Sidwell exchange in Port Elizabeth.

The FO-PMD statistics obtained from the field andP¥mulators when the random mode
coupling is large approaches the Maxwellian distidtn best as compared to the Rayleigh
distribution, for example see Fig. 2.6. Thereforis thakes the Maxwellian distribution the

only used theoretical PDF fit on PMD measuremeihis study.

[I. The SO-PMD statistics

Among all higher orders, SO-PMD has drawn signiftcatention; this is evident through the
vast amount of literature on it (Nelsehal. 1999, Foschinet al. 1999, Phua and Haus 2002,
Zalevsky and Eckhouse 2004, Musaga al. 2009b). SO-PMD is caused by random
birefringence changes over the fibre length. The P3@D statistics are described by a
probability density function first proposed by Fbst et al. (1999). For more information on
the statistics of SO-PMD components, namely PCD R8& depolarization, the reader is
referred to Foschiret al. (2000), Foschinet al. (2001) and Forestieri (2003).

The PDF of the magnitude of the SO-PMD vedtg} is (Foschiniet al. 1999):

PDF, =(3%,| /n(x)" tanh( 43,| /n(x)")secH{ 4,| /n(x)°), 2] 20 (2.19)

whereiisequalto 1, 2, 3, ...
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Fig. 2.7: The statistical distribution of SO-PMDrfa 42 km deployed buried fibre in Port
Elizabeth owned by Telkom South Africa. The soielik the theoretical PDF fit proposed by
Foschini et al. (1999).

The SO-PMD statistics in this study have been coatpén the theoretical distribution by
Foschiniet al. (1999). Fig. 2.7 illustrates how the SO-PMD statssiof a 42 km deployed
fibre link is close to the SO-PMD theoretical fithe SO-PMD statistics of the fibre is
evidence of the presence of numerous mode coupiiag, random mode coupled, along the

fibre length.

2.1.5 The autocorrelation function

In order to quantify PMD measurements acquired faeployed fibres and PMD emulators
in this study, the autocorrelation function (ACFK) @& useful tool. ACF describes how
correlated the PMD is to neighbouring channelsh& frequency domain and how correlated
PMD is at a single channel in the time domain (Waeldal. 2005). There are four properties
that ACFs should satisfy (Damask 2005):

i.  The ACF connects ensemble averages with frequerenages
ii.  The PMD-vector correlation bandwidth depends onlyrenmean DGD
iii. The variance of an estimated mean DGD derived froeasurements depends
inversely on the total measurement bandwidth
iv.  All moments of the PMD vector depend only on theam®GD and the moment

order.

FO-PMD statistics acquired using PMD frequency dionmaeasurement techniques need to

be quantified using the frequency ACF and thoseliaed using time domain measurement
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techniques should be quantified using the time AE®t. more information regarding PMD
measurement techniques the reader is referredapté@d.

I. The frequency ACF

The ACF gives an indication of how large a frequesegaration should be for two FO-PMD
vectors to be statistically independent (Damask5200°his means the ACF gives the
bandwidth over which a FO-PMD vector is applicalilee frequency ACF is more applicable
to buried fibres and PMD emulators than aeriale#rSince the research work is centred on

PMD emulation, this subsection is focused towangsACF for emulators and buried fibres.

Since? (o)= |7 @ (Eq. (2.1)), the ACF is generally expressed as {&efpal. 2007):

o (03,030) = K? ((o) T (wo)>/<? (030) T (wo)>‘ (2.20)

where o is the angular frequency ang, is the carrier frequency. The former and lattepal

apply to Eq. (2.23). Eq. (2.20) is applicable touétors with random mode coupling and
varying birefringence. In the presence of limitadnbers of birefringent segments, the ACF
exhibits a significant background autocorrelati@A\C) outside the central bandwidth. The
BACF level should be close to zero in the presasfamany fibre segments. To characterise
this property, the normalised BACF is used (Lietal. 2001):

1

1 & |<T:(o)i).%(coo)>
PN o -woz>n/<r> (T (00) T (w0))

% (2.21)

where o, are N, angular frequencies equally spaced outside thevidtfof high correlation
centered aty,. Karlsson and Brentel (1999), derived an analytogdression of the ACF for

practical transmission fibres:

0. (000) = -2 {yex;{'@%ﬂ 2.22)
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The above equation is also applicable in PMD emrtdatehere polarization scramblers
connect fibre sections. Marlkd al. (2002) also derived ACF equations that are moriess
similar to that derived by Karlsson and Brentel9@P By using the two equations below, one
can observe the polarization ACF (Magksal.2002):

<f” (w).7 (wo)> =12+0. 5|: cogt,Aw) +1:|<””1(w " (coo)>

N ({5 C@%A(D -l]<T21 OJ)TZl (’30)> (2.23a)
(2 (@)% (00)) = 0.2 cogr,Am)-cos(c 0) (27 (@) (0 (2.23b)
+0.25 dagAw)+3coqt, 03)]< (@) (o )>

where t, is the FO-PMD in then-th section,Ao =o - ®, and T, corresponds to the z

component of the FO-PMDB vector in Stokes space.

II. The time ACF

Time drift ACF is of more interest in aerial fibre&erial fibres are known to decorrelate
faster than buried fibres (Waddst al. 2001). The directional time drift is expressed
empirically as (Waddet al. 2001, Karlssort al.2000):

E(S( 1) § tat)) = expl| Atl/t,) (2.24)

where é( t) is the output unitary Stokes vector as a functbriime t andt, is a fitting

parameter. The experimental directional drift AGEh @lso be calculated as (Wadelyal.
2001):

R(At) :% g 9 g tat) (2.25)
where é( t) is the output normalized Stokes vector as a funatibtime, andN is the total

number of data points over the measurement pehiodrder to measure how fast an ACF
decorrelates, use (Waddy. al.2001):
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1. tos (2.26)

decorelate =
tmax_ t min

D

where t, is defined when the ACF drops below 0.5 dpgd- t..., is the length of time over

which the ACF is performed.

2.1.6 PMD compensation and mitigation

Several solutions have been developed to mitigatéghk PMD effects on transmission links.
These are: transmission over short distances,nvige®n at lower bit rates per wavelength,
improved cabling, using low chirp lasers, usingpdision-managed return to zero optical
soliton transmission, or forward error correctiofrFER) transmission, specialised
manufacturing, intentional introduction of mode pbog and/or incorporating PMD
compensators into the fibre network. Specialisednufecturing involves minimising
asymmetry in the index profile and stress proffléhe fibre, and spinning the fibre during the
manufacturing process (Barlogt al. 1981). Other researchers (Huttretral. 1999, Rogers
1981, Galtarossa and Palmieri 2004) including thdMWU Fibre Optics Research Unit
(Sibaya 2004, Conibeat al. 2005) identified dominant high birefringent (HiBsections
using a P-OTDR and replaced them with low PMD fibre

There are several compensation techniques useditee PMD effects, which employ either
optical domain (passive) structures of automatimpensation (Brinkmeyer 2002, Sunnerud
et al. 2000) or electronic signal processing (activehtégues (Winters and Santoro 1990).
As highlighted in Section 2.1.2 1l due to extrinsiariations, such as temperature changes,
vibrations, wind, and movements along the fibreg #0-PMD and the PSPs also drift
randomly with time. This makes PMD compensation llehging since compensation
schemes then have to dynamically adapt to thesgonarnvariations. Active compensation
techniques have limitations in response time duthéolimitation of the speed of electronic

devices, giving the passive techniques the upped.ha

Optical PMD compensation can be broadly classiigtier as pre-transmission or post-
transmission. In pre-transmission compensationfraresmitted light is exclusively launched
into either of the PSPs. Any change in the orieéomabf the PSPs monitored at the receiver

end is fed into the polarization controller at trensmitter end to adjust to changes in input
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PSPs (Oneet al. 1994). Post-transmission compensation confinesémepensation process
entirely to the fibre output end/receiver. Thushtigexiting the fibre enters a PMD
compensation device which is used to cancel the PBliminating the need to feedback
information to the transmitter end during each cengation step. The compensation device
either has the magnitude of PMD equal but oppasitBrection to that of the link. This is the
concept Winters and Santoro (1990) used to dewaiogictive analogue delay line equaliser.

First-order PMD compensation is less of a challetiggn second-order and higher-order
PMD. That is why most experimental optical PMD camgation techniques under
investigation are based on first-order approximmailerkeret al. 2001) and most of high-
order PMD compensation are still theoretical inunat(Yuet. al. 2000, Shtaikt al. 2000).
However, Merkeret al. (2001) built an experimental compensator up twoseéorder by
tracking the PSPs using a two-section compensZtenget al. (2002) proposed a three-
stage compensator comprising of two fixed delays @me variable delay line that is capable
of compensating PSP-depolarization and PCD, as a®llFO-PMD. Gibbon (2007), a
member of our group, used the degree of polarizatidOP) as a PMD monitoring and
control technique for FO- and SO-PMD compensatibrshould be noted that FO-PMD
compensators can induce detrimental levels of @epaltion (Foschinet al. 2001). For more

information on compensation schemes and their pagoe refer to Sunnerw al. (2002).

2.1.7 Systems impairment due to PMD

As highlighted in Chapter 1, the PMD phenomenondrasvn considerable attention due to
its limitation on optical multigigabit long-haulgintwave systems. This section focuses on the
complications PMD (FO- and SO-PMD) introduces oopagating light pulses. Some of the
signal impairments reported in this section will beed in Chapter 7 to give a detailed

analysis of how a high FO-PMD section (HIFO-PMDieats optical system performance.

. First order PMD

a. Pulse broadening and signal degradation

The two orthogonal modes that propagate alongiltine PSPs are subject to pulse broadening
due to dispersion. The amount of broadening dependse FO-PMD and the relationship
between the SOP of the signal and fibre PSPs. $@arlq1998) derived an analytical
expression for FO-PMD induced pulse broadening.létigg input chirp, nonlinearity and
chromatic dispersion, the FO-PMD induced broadersr{garlsson 1998):
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Boyo = (7-(37)°) /4 (2.27)

where T is the input FO-PMD vector angl is the pulse input Stokes vector which is taken to
be constant across the pulse. Galtarossa and Palfh#98) showed pulse broadening

increases with increasing FO-PMD in long single mbldres.

< PMD Emulator <> > .,

Fig 2.8: Signal depolarization of a scrambled patation input due to FO-PMD. The PMD
emulator had a FO-PMD = 8 ps. The emulator comise10 coupled PMF sections.

If the polarized signal has components along b@&PRS; it means impulse broadening will
occur in the time domain, and the signal becomesldeazed in the frequency domain (Noé
et al. 1999). According to Choat al. (2001), FO-PMD depolarizes a scrambled polaripatio
input so as to form an ellipsoid in Stokes spadg. (£8). This results in changes in the SOP,
DOP and pulse broadening, which become stochaséida FO-PMD being environmentally
dependent. The light signal gets depolarized wittrdasing propagation distances, thereby

limiting the total distance over which light caavel.

b. Intersymbol interference

Intersymbol interference (ISI) is caused by FO-PMBromatic dispersion and multiple-path
propagation. Intersymbol interference is when tigut polarization of the signal does not
match the PSPs of the fibre (Nelson and Jopson)2@&sides the pulse splitting into two
orthogonal modes, each of the modes broadengaspidgates. When pulses are sent close to
each other, there is a high probability of an emeithus making it difficult to distinguish the
1s and Os (Fig. 2.9), resulting in data loss. Zhetrag. (2005), through an experiment showed
that although chromatic dispersion and initial philo not affect the spectrum of each PSP

component, they change the overlap between two &fBkponents compared to the case
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when FO-PMD occurs alone. The broadening of the@adigs complicated over the fibre
length due to intrinsic and extrinsic factors, ¢agshe signal to become distorted.

valo 1

Fibre 1 0 1 Fibre

1707 1%

Z(transmissiot
DGD Direction

Fig. 2.9: PMD within fibres degrade the signal makiit difficult to distinguish between 0s
and 1s.

c. Power penalty
The impairments caused by the splitting of the @uhso two modes and being delayed by an

arrival time can be expressed as a power penattyi¢Rand Nagel, 1997):

(2.28)

where, ¢ is the power penalty in dBr is the FO-PMD,y is the power splitting ratio
between the two componen{®< y<1) and T is the full-width at half-maximum (FWHM)

of the lightwave pulse. The factor A is a dimen&ss parameter obtained by the pulse shape
and receiver characteristics. Simulation and expanis are used to determine A. The power

penalty changes with FO-PMD and with the launch grofactor g, given by (Nelson and
Jopson, 2004):

9=|1-(p§’| =(p¥ (2.29)

This factor depends on the alignment between thkeStvectorss of the input polarization
and the instantaneous PPP y and g in equations (2.28) and (2.29) describe the sémneg.t
As an example, if we have 14 ps FO-PMD for a 10s@Gkdnsmission, the power penalty is
3-dB.
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d. Bit error rate and Q-factor

The bit error rate (BER) is the ratio of the numbémit errors to the total number of bits
transmitted in an optical system. A figure of mearlated to the BER is derived from
computed noise and signal power at the receiveel IéBruyére and Audouin 1994).
Determining the BER facilitates the analysis ofaggatical communication system to predict
its performance. Huttneet al. (2000) refers to the BER as the most important matear
characterising the network, making it the prefernedrameter for measuring system
performance in Chapter 7. The quality (Q)-factonifies the calculation of the BER due to

random noise.

The Q-factor represents the optical signal-to-no&éde® (OSNR) for binary communication

systems. The Q-factor can be determined from thee diggram. An eye diagram is an

oscilloscope display of a digital signal that ipestively sampled to offer insight into the

nature of channel imperfections. The system perdmce can be estimated in terms of the
quantity Q which is directly related to the BER $&h 1989) by:

_1 Q
BER = > erfc(ﬁJ (2.30)

where erfc is the complementary error function.thietet al. (2000) investigated the BER
induced in a 600 km long fibre as a function of B@PMD and clearly found that distortions
are higher (larger BER) for higher FO-PMD. Pela@008) found out that the BER increases
further without changes in the amount of FO-PMD whelarization dependent loss (PDL) is
present. Bruyere and Audouin (1994) discovered fthatuations in the BER result mainly
from the subtle interplay of PDL and FO-PMD withlgrmzation dependent gain (PDG)
acting as a dramatic enhancer of BER fluctuations.

e. Bit rate and span limitation

As stated before, FO-PMD results in increased syrparticularly a higher bit error rate
(BER) in long-haul systems. The ITU G.691 Standét@97), recommends that in the
absence of modal and chromatic dispersion, a marira@-PMD delay of 10% of the bit

period is permissible. A relationship that gives estimation of the FO-PMD induced

limitation on the bit rate and the span of the tdigfibre-optics system is (Poole and Nagel
1997):
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0.02

BL =~ —————
(FO-PMD)

(2.31)

where, Band L are the bit-rate (Gb/s) and the link length (kegpectively, and FO-PMD
has the units ps/kt. The relation in Eq. (2.31) was arrived at by édesng that FO-PMD
induced delay is less than 14% of the bit-periodoider to avoid incurring a FO-PMD
induced penalty of 1 dB or greater for a perio@@fmin per year. Using Eqg. (2.31), Fig. 2.10
illustrates the maximum permissible value for PMDai fibre of given length, for specific

transmission bit rates.
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Fig. 2.10: The limit set by PMD on a maximum liekgth, for three different transmission
rates (Leitch et al. 2001).

f. Outage probability

Signal quality may be intolerable due to the ocenices of high instantaneous FO-PMD,
resulting in FO-PMD induced outage. These are dhe probability events (with a probability
of 10° or less, as illustrated in Fig. 2.6) that usudie/ on the tail of the Maxwellian
distribution and usually occur less than a minugr pear (Kaminow 2002). Outage

specifications depend on the application. Outagebatvility P, can be defined as the

ut

probability for the penalty to exceed N dB (Nelsord Jopson 2004),

P = exp {%} T= N/in(1p,) 232)
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where the penalty limitN is usually expressed as 1 or 2 dB, ahds the mean penalty

associated with the specification of an outage aiodity P,

ut *

Il. Second-order PMD

From the standard well known SO-PMD expressiongn(E.3), it suggests that its effects on
system performance increases with the reductiofraquency (channel) spacing. System
impacts of SO-PMD have been studied. These arelyn@{@D which is a minor component
of SO-PMD and PSP-depolarization which is a magortigbutor to SO-PMD. Bilow (1998)
and Gleesonret al. (1997) experimentally proved that second-order Pldéhalties are
negligible as long as the first-order PMD outagecdpation is met. This led to an
investigation into the impacts of SO-PMD on progagalight signals with comparison to
FO-PMD in this study.

With increasing demand for high transmission spe8@sPMD and other higher-order PMD
are seen to possess major deleterious complicafienssuch as high system penalty, BER
and signal distortions) as compared to FO-PMD (Kewi 2002). However Franciet al.
(1998) proved that FO-PMD turns out to have the tmogportant contribution in the
statistical analysis of PMD-induced system pensiltdelsonet al. (2000) showed that SO-
PMD impairments due to PSP depolarization can teasignificant penalties in parts of the

spectrum where FO-PMD of the fibre is low.

Experimental and theoretical work found that seeorder PMD induced power overshoots
on long sequences of “1's” and “0’s” (Fran&@aal. 1998). They also gave an expression to
allow a fast estimation of the time pulse deforwmration long bit sequences through
understanding different impacts of frequency depengks of the FO-PMD and those of the
PSP’s. Furthermore, SO-PMD is known to affect tefggmance of FO-PMD emulators by
making the central ACF peak asymmetric (Gupta 208 to distort the depolarization
ellipsoid formed only in the presence of FO-PMDHKBn 2007).

2.2 Polarization dependent loss

PMD cannot exist in isolation in an optical netwa¥stem, polarization dependent loss
(PDL) is also present. This section is aimed tadpan insight into understanding PDL, its
behaviour and its implications on propagating ligighals.



29

2.2.1 Definition of PDL and its origins

PDL is found in linear optical components and agtftbres. PDL is defined as the maximum
peak to peak difference in transmitted power toS&8)IPs. This occurs as a result of energy
loss from one of the PSPs in the optical matefRDL can be defined either using
transmission intensity (TIA/EIA-455-157 1995) ortput power (Derickson 1998) as:

PDL = 10Log, (%) = 10L09{%) (2.33)

min min

where T, and T_.. are the maximum and minimum transmission integsithrough the
system andP,_, and P, are the maximum and minimum output powers, respelgti PDL

is defined in decibels (dB) and is a positive qugnfAs in the case with PMD, PDL also
evolves along the network since network systemstatate several optical components. The

cumulative PDL vectod’ evolution equation describes how the PDL evollesugh the

optical network system as (Damask 2005):

QD
e

=d- (ar)r (2.34)

wherea is the PDL vector.

Most of the optical devices are known to be PDImadsts due the difference in the attenuated
polarization modes of transmitted signals (see Rid2). This means that linear optical

components have one input polarization state thadyzes the maximum transmission loss
relative to the other orthogonal input polarizatstate which gives minimum transmission.

Factors causing PDL include angle interfaces, aeligflections, dichroism of molecules like

in polymer waveguides, macro and micro opticaldilmends (see Fig. 2.11). Such optical
devices include optical filters, splitters, fusexliplers, polarization controllers etc.
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Fig 2.11: Factors known to cause PDL.

2.2.2 Implications of PDL and its mitigation

Yamamotoet al. (1989) stated that the primary effect of PDL inamnplified system is to
cause slow fluctuating changes in signal-to-no&¥R) levels at the receiver and increase the
bit error rate (BER). Such fluctuations occur iangoceanic systems and minimise control of
the PDL in system components. PDL results in tlgallsignal power to fluctuate in response
to slowly varying changes in the incident polaiizat state. This deteriorates system
performance complicates power management. Bedidedemerits mentioned above, optical
components with high PDL values tend to polarizesdially or unpolarized signal. A partial
PDL element is known to continuously change theapmdtion state of the input light and
reduce the overall intensity (Pelaelo 2008). Ineoitd reduce PDL impacts, Ya al. (2002)
proposed a PDL compensation scheme which redueegdaiver penalty tail to less than 2 %.
Improving the quality of optical components durimgnufacturing also reduces the PDL of

an optical network system.

2.3 PMD and PDL interaction

PMD and PDL coexist within an optical network systelhis section gives an overview of
the combined effects of PMD and PDL, and their etioh along the fibre length. The impact
of PDL on PMD emulators will be investigated in @tex 6.

2.3.1 Combined effects of PMD and PDL

A combination of birefringent elements and panpialarizers along an optical network yields
deleterious polarization effects that are more demthan PDL or PMD in isolation. In such
a case the FO-PMD can be greater than the suntiwidnal delays (Huttner and Gisin 1997)
and a propagating pulse can suffer distortion ewvith negligible FO-PMD (Huttneet al.
1999). There are abrupt interchanges of the PSRiseirpresence of PDL (Steinkamp and
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Voges 2007), thus complicating SO-PMD. Therefote toexistence of PDL and PMD
proves to be a major challenge for their joint cemgation.

The principal results from combined PMD and PDL artanmarised as (Damask 2005,
Willner et al. 2004, Gisin and Huttner 1997, Yaagal.2005):

i. The PSPs are not orthogonal to one another (se Hig); this is due to the complex
PMD vector operator.

ii.  Abrupt interchange of the PSPs occurs with wavele(fgteinlamp and Voges 2007).

lii.  The output polarization state does not follow sinptocessional motion as a function
of frequency.

iv.  The FO-PMD probability distribution degeneratesirits Maxwellian shape.

v. The PDL becomes wavelength dependent in the presg#neMD. In optical network
systems forward PDL statistics follows the Maxwaeilidistribution when expressed in
decibels (Mecozzi and Shtaif 2002). The round-tRPL statistics follows the
Rayleigh distribution (Galtarossa and Palmieri 2003

Fibre with
Y APSP PMD
Z (Transmission
Direction
PSP | — |

DGD

PDL R /

Component Z (Transmission Non-orthogonal
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Fig. 2.12: Interaction of PMD and PDL results irethon-orthogonality of the two PSPs.

2.3.2 PMD and PDL interaction evolution equations

In the presence of PDL, the resultant equationation for FO-PMD is (Damask 2005):
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%=, + (B +ia(2)< (2.35)

Comparing equation (2.35) with the pure FO-PMD atioh equation Eq. (2.14), PDL adds

to the curl of¥ and makes the vector a complex quantitfz) is the PDL per-length. The

equation of motion for the cumulative PDL vecioris (Damask 2005):

=P+ - (F)F (2.36)

Q|
N|’_Jl

The cumulative PDL equation when compared to Eq34{2has the ternBxI’ which

generates a rotation far about the local birefringence vectpr

The background on PMD characteristics and its equatare vital in the design of
PMD emulators to be presented in Chapters 3 and'tee PDL of these PMD
emulators was maintained as low as possible bec&Be influences the PMD

statistics.
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CHAPTER 3

ASPECTS OF POLARIZATION MODE DISPERSION EMULATION

This chapter will focus on the need for polarizatimode dispersion (PMD) emulation and
define the conditions PMD emulators should satisfgrder for them to accurately mimick
deployed fibres. Furthermore, descriptions of sahthe tools and devices commonly used
to construct PMD emulators are presented. Emulétpes are classified into various
categories with each type having at least twoditee reviewed emulator designs. Lastly, the

limitations of PMD emulators will be highlighted.

3.1 The need for PMD emulation

PMD emulation is the first vital step to undertakeorder to analytically understand the
complex behaviour of PMD under the laboratory emvinent over a short time frame.
Emulation is also known to be the key to the effectiesign of adaptive PMD compensators.
PMD emulators can be further used in testing fosteay tolerance, diagnosing system
impairments, as calibrators in instruments use@éourate characterisation and measurement
of PMD, and as models for deployed fibre links. fHfere, PMD emulation is a novel
approach essential in the move towards a costtaffeoptical network upgrade through
system analysis within the laboratory before figddting. Some of the merits of PMD

emulation will be highlighted in the sections amcjters that follow.

3.2 Requirements for a PMD emulator
There are certain conditions emulators should nmeetder to accurately reproduce PMD in
deployed networks. Below is an overview of thesedaons. These vary depending on the

expected outcome and properties of the emulatogmnles

3.2.1 Autocorrelation function (ACF)

When the ACF is averaged over an ensemble of fiw&isations, the background
autocorrelation (BAC) should tend towards zero idetghe limited frequency range. The
presence of SO-PMD has been seen to affect the symyof the FO-PMD ACF central peak
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(Guptaet al. 2007). For a good PMD emulator the ACF peak shdudldcentred at zero,
however, in a combined FO- and higher-order PMD latouthis might not be achievable.

3.2.2 FO-PMD statistics

The FO-PMD should be Maxwellian-distributed overeansemble of fibre realisations at any
fixed optical wavelength and over a wide wavelengplectrum (Willner and Hauer 2004).
However, some fibre links do not approach the Mdkaredistribution (Musaraet al. 2009).
Emulators constructed to mimic the PMD behaviouthiese fibres do not need to have FO-
PMD distributions which are Maxwellian. Therefor@, PMD emulator should accurately
reproduce the FO-PMD statistics of a particulagisen deployed fibre link or fibre plant.

3.2.3 Higher-order PMD statistics

The emulator should be able to produce accurateehigrder PMD (i.e. SO-PMD and above)
statistics and should be able to reach any conibmai first and higher-order PMD values
(Willner and Hauer 2004). Just as for FO-PMD, SOBP&Mmulators should accurately mimic
the SO-PMD statistics of the fibre link under intigation. Some researchers have maintained
either FO-PMD fixed and varied SO-PMD or vice ve(gang 2003, Musarat al. 2009a).
Other emulators can have either FO- or SO-PMD asllbne parameter is investigated (Phua
and Haus 2002).

3.2.4 Stability

Stability should be achievable over a measuremenbg, which may last from minutes to

hours (Willner and Hauer 2004). This solely depeodshow the properties of the emulator
components behave under certain laboratory envieotsni.e. stable temperature, high
tolerance to vibrations or movements during expental measurements. Stability ensures
emulator repeatability or reproducibility (Yat al. 2003), which ensures the emulator is

applicable for important sampling (IS).

3.2.5 Low loss
The emulator should have low insertion loss andi@ixhegligible polarization dependent
loss. The presence of PDL distorts PMD statistigayafrom theoretical distributions even in

the presence of infinite random mode coupling (Méitlet al. 2004).



35

3.2.6 Simplicity
Implementation of the emulator should be easilytadiable from one emulator state to the
other (Willner and Hauer 2004). This can be achdesither through programming or manual

control. Simplicity makes the emulator user frigndhd marketable.

3.3 PMD emulator components and tools

A PMD emulator is designed from a combination dfedlent components. These components
are configured to ensure a desired PMD statistaédome is achieved. This section covers
some of the components used to design PMD emujataits more emphasis on components
used for this study. These components are grougiedwo groups namely: optical delay and
polarization orientation control components. Las#ymulation will be addressed as it is a

vital design tool for this study (Chapter 7).

3.3.1 Optical delay components

I. Polarization maintaining fibres (PMFs)

There are high and low birefringent polarizationimteining fibres available (Okoshi and
Kikuchi 1986). Of interest to this study is the Imgirefringent (HiBi) fibre, which is what
will be focused on. A polarization maintaining #(PMF) maintains the launched linearly-
polarized light wave with little or no cross-coumiof optical power between the polarization
modes when light is launched along one of its bingént axes. The polarization state of light
will still be maintained even if the fibre is benthis makes it more stable than the single
mode fibre. If the input light is aligned at %4 the fast or slow axes, the output will vary

between linear and circular polarization otherviiszoutput is elliptically polarized.

Panda-style . .
¥ Bow-tie Elliptical clad

A
\ Stress rod

Core
Fig. 3.1: The cross-Sections of Panda, Bow-tie &ltigtical clad PMFs.

PMFs are designed by deliberately inducing highsstiin the fibre core or cladding. This is
achieved either by having an asymmetry on the ooreladding or using rods (Nod# al.
1986). These rods are made of modified glass commmose.g. consists of boron oxide
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(B20O3)-doped silica (Rashleigh 1983), which can be stiapt different PMF types such as
panda (stands for polarization-maintaining and giigm reducing), bow-tie or elliptical
clad, as shown in Fig. 3.1. The FO-PMD (or DGD)tled PMF is proportional to the fibre

length in the absence of mode coupling.

PMFs are commonly used for telecommunication appba, fibre-optic sensing and
interferometry (Nodaet al. 1986). However they are rarely used for long-dista
transmission because they are expensive and hgherhattenuation than the single mode
fibre. PMFs were used to build PMD emulators irs ttasearch and to study the impacts of a
high FO-PMD (or HiBi) section on PMD statistics @fter 6). The PMFs used for this
research have PMD coefficients of ~ 1.5 ps/m a®dps/m. For more details on PMFs the
reader is referred to Nod# al. (1986).

[I. Birefringent crystals

A birefringent crystal (BC) constitutes a matestlicture that is anisotropic and directionally
dependent (Kasap 2001). These materials for examamgecalcite (CaCg§) crystals, rutile
(TiOy), boron nitride, silicon carbide, yttrium orthonadate (YVQ) and liquid crystals.
Most of these birefringent materials are used teebig waveplates, polarization prisms, Lyot
filters and birefringent crystals. Among these mate, undoped YVQ is the best
birefringent optical crystal implemented for opteetronic research due to its properties: a
very high transmission in a wide wavelength rangenfvisible to infrared, large refractive
index and birefringence difference. A birefringemystal decomposes an input ray of light
into two polarized rays orthogonal to each othiee B PMF. This is because the birefringent
crystal has two different refractive indices cop@msding to two orthogonal polarization

states. This is known as birefringence and its rntade is expressed as (Kasap 2001):

An=ng -nNg (3.1)

where ng and ng are refractive indices for polarizations paral(ektraordinary) and

perpendicular (ordinary) to the axis of anisotropgspectively. As discussed in Section
2.1.2 | manufacturing imperfections in optical &brcause birefringence, which can cause
distortions with fibre length in fibre optics syste due to PMD. To mimic PMD accurately,

stable PMD emulators and compensators have bedinftmm birefringent crystals. PMD
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emulators built using birefringent crystals haveoabeen used for importance sampling (1S)
due to their stability (Yaet al.2004).

[ll. Delay Line

Delay lines are modules that are meant to indudelay time in one of the two orthogonal
polarization modes of light. This results in thegdirity in arrival times of the two orthogonal
modes at the receiver end. These two orthogonakembdlong to the same pulse. The delay
represents the FO-PMD in optical networks, whichansea delay line is a PMD emulator
module. There are different types of delay linethwiifferent control mechanisms which are
all designed to induce an adjustable FO-PMD. Sorhéhese variable delay lines are
manufactured by Oz Optics Limited, ThorLabs and é&ahPhotonics Corp. This section
gives emphasis to the delay line manufactured byOptics Limited (Fig. 3.2) since it was
used in this study. This delay line is referrecasothe variable polarization differential delay
line (DDL).

Fig. 3.2: Photograph of the DDL from OZ Optics ImetNMMU Fibre Optics laboratory.

The DDL by Oz Optics is an electrically controlledflector-style, variable device. It consists
of an input fibre collimator, output fibre couplaend polarization beam splitting optics. The
optics are mounted and aligned to produce a fixagdlgetween collimators for one orthogonal
polarization and a variable gap for the other agtmal polarization. The collimator projects
light into free space and the coupler collectsibithe output fibre. The difference in path
travelled by the two orthogonal polarizations is #0-PMD. The difference in the optical

paths is precisely controlled by reflecting thehtigff a moveable reflector. Most if not all

delay lines are equipped with a microprocessomg@bke remote communication through an

electrical device or personal computer. The DDLdusethis study covers over + 65 ps delay
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range with a resolution of 0.0017 ps. For more #igatons on this DDL refer to

Appendix 1.

3.3.2 Polarization orientation control components

I. Acrobat™ polarization rotator (Boston Applied Technologies 2008)

This polarization rotator rotates up to &My input SOP by the application of voltage to the
rotation plate. For any arbitrary input SOP theapiahtion rotator, a half waveplate (HWP),
covers the full Poincaré sphere. The PRM utili$es®@ptoCeramic’ electro-optic materials
developed by Boston Applied Technologies Incl. (BAWhen the HWP has no applied
voltage, they are isotropic, resulting in null deviPMD. Application of voltage to the plate
induces birefringence whose magnitude increasds tivit square of the voltage, thus making
the retardation angle in each plate a quadratictioim of the applied voltage. The voltage
supply range is from 0 to 4 V under an operatimgperature between 0 - 7G. The HWP is
connected to a PCB430 board powered by a 5 V peweply that enables a step response
time of < 10 ms (Fig. 3.3). The HWP has a pairingle mode fibres at either ends (input and
output). In the construction of the adjustable PBMBulator in Section 6.3, this type of HWP
was used. This type of HWP has applications forapohtion switching, polarization
management, instrumentation and variable digitalgrdelay. For a detailed specification of
the PCB430 and HWP, refer to Appendix 1.

PCB430
Fig 3.3: Photograph of the HWP and PCB430 board.

Il. Faraday Rotator (FR)

A Faraday rotator (FR) is an optical device thdates the polarization of light due to the
Faraday effect, discovered by Michael Faraday #b18 he Faraday effect is a magneto-optic
effect. The FR has one polarization of the inpghtliin ferromagnetic resonance with the
material, causing its phase velocity to be highwantthe other. To rotate the plane of
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polarization of polarized light, a magnetic field applied parallel to the propagation
direction. The empirical angle for rotation is giMey:

@=VBd (3.2)

where ¢ is the angle of rotation, B is the magnetic flugndity in the direction of the

propagation, V is the Verdect constant for the miatevhich is wavelength and temperature
dependent (e. g. terbium gallium garnet ~ - 40 Tdch™®) and d is the length of the path

where the light and magnetic field interact. Alesemand Thomas (2007) showed that the FR
can be enhanced by the Zeeman Effect. Faradayretate suitable for most applications
such as optical isolators, variable PMD emulatibtinfura 2003, Mimuraet al. 2003) and

compensation (Mimurat al. 2003).

[l. Lithium Niobate (LINbO 3) polarization controller (Adaptif Photonics 2004)

The LiINbG; polarization controller (PC), integrated with teaptif Photonics A3200
family, will be discussed in this subsection beeaiiss used extensively in this study. This
PC is comparable to a cascade of five endlessatdéatvaveplates, comprising four quarter
waveplates and a single half waveplate (see Ft). Ihe state of the PC is given by the
position of the waveplates which is expressed imseof five angles ranging from 0 to 360
The angle of each LiNbfvaveplate is proportional to the supplied voltagetardation may
slightly differ from nominal values depending ore thperating wavelength and temperature.
Due to the adaptive nature of the PC, these dewistare not much of an issue in most
applications. The angles can either be statisyicalldynamically set by means of a look-up-
table stored in the memory of the instrument or wadly adjusted using the
polarizationNAVIGATOR software settings. By rotaginhe waveplates at different speeds,
the PC can act as a mode scrambler which can peptlia whole or a greater part of the
Poincaré sphere. A many-segment PMD emulator usingombination of polarization

scramblers has been constructed (Phua and Ippé:).200

.z
PC PC

Input
SIEJ/IF M4 M4 A2 M4 M4 Output
Plate Plate Plate Plate Plate SMF

Fig. 3.4: The Lithium Niobate (LiIN{pAdaptif Photonics polarization controller.
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IV. Fibre-squeezer polarization controller

This polarization controller comprises at least atack of nematic liquid crystal cells
arranged such that radiation incident on the swatikpass through each cell in the stack in
sequence. Phase retardation of the transmittedatiawali is changed by applying a
synchronised electric or magnetic field throughheaell. The optical axes of the cells are
oriented relative to each other such that the paton of incident radiation on the controller
changes from first to second state onwards. Thie tgf polarization controller, a fibre
squeezer, was used by Yanh al. (2006) to emulate slow polarization state changean
investigation on the Hinge model in PMD statistiecsough a variable DGD based emulation

design.

V. Polarization switch

Polarization switching enables the quick convergiban incoming linear SOP aligned to the
input PMF axis to be switched between the two @tmal output axes. Switches usually
have low losses and virtually zero back reflectidhis device is easy to operate and flexible
by requiring only a controlled current source, totample switches from companies like
Phoenix Photonics and General Photonics. Someipatian switches are made from solid
state materials; for example the magneto-optic (NdOlarization switch that can generate
controlled FO-PMD (Yanet al. 2003a). Polarization switches are applicable féfDP
monitoring, polarization modulation, polarizatioatection and polarization metrology. They
have also beeunsed for PMD emulation and importance sampling (¥&al. 2004). In 1994,
Yao and Maleki proposed a photonic true time dddaged on polarization switching that

generated precise controlled FO-PMD.

3.3.3 Simulation

Emphasis will be given to computer simulation siitces of application in this research to
assist in investigating the implications of polatinn effects in optical networks (Chapter 7).
The commonly available simulation programs inclubliatlab Simulink, Monte Carlo
simulations and the VPItransmission marker softwémethis study, PMD emulators were
virtually built using VPItransmission marker (Vessi8). Fig. 3.5 shows a simple simulation
diagram used to mimic birefringence or FO-PMD. Patarizarion beam splitter (PBS) and
polarization beam combiner (PBC) are used to #ipditlight into two orthogonal modes and

recombine it later. The delay element applies aydel the pico-second (ps) range.
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Fig. 3.5: Simulation diagram for generating a delay

3.4 Types of PMD emulators available

This section will consider first-order and secomdes PMD emulators only, although there
are also other higher-order PMD emulators availabie emulators discussed in this section
(shown in Fig. 3.6) are classified into six categer Emulator designs presented in Chapter 6

will fall into any of these categories.

—»| B-E B-E B-E B-E B-E [— (b)

— (d)

~w

m S

\UJ

BE [— (f)

—»| B-E @ B-E B-E @ B-E

Fig 3.6: Schematic representation of the six typeemulators. Emulators with (a) fixed
orientations, (b) uniform rotatable sections or gtation states, (c) uniform scattering of
polarization states, (d) tuneable birefringence), 48 elements tuneable and (f) both fixed
and rotatable orientations. B-E stands for bireframt element or section.

O T ©
O O ©
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3.4.1 Fixed birefringent sections and polarizatiororientations

These types of emulators are constructed from dasgatwo or more PMF sections
(Fig 3.6 (a)). The equal or unequal PMF sectiomsj@ned together through fusion splicing.
The mode coupling angles are fixed. Some of thel&imudesigns in this study, Chapter 6,
fall within this class. Highlights of some of theadlable emulators falling into this category

are presented below.

Guptaet al. (2007) analysed the performance of a multi-secfibore FO-PMD emulator
based on random fibre sections and ordered sectionis the inclusion of SO-PMD in
individual sections. The authors found that thespnee of SO-PMD affects the accuracy of
the FO-PMD emulator by causing an asymmetry irAi@ but has negligible influence on
the background autocorrelation (BAC). The presafc8O-PMD also causes the probability
distribution function (PDF) of the FO-PMD to shtft the right, hence giving undesirable
mean FO-PMD values. Of interest is the discovemlt thrdered sections lower the BAC
considerably as compared to the randomly distribuféore sections, despite the

recommendation by most researchers that good eonsiladive random varying elements.

Dal Fornoet al. (2000) came up with an experimental and theoretazdel for PMD in a
8.7 km-long single mode fibre. The emulator modatwuilt out of 20 sections of HiBi fibre
with random lengths varying within 20% standard idgon of the mean length, similar to
their simulation. The author showed that a single of randomly coupled fibre lengths,
coupling angles and phases account for the Maxavefitatistics and non-periodical FO-PMD
spectral dependence. A comparison between the ieyxgr@al and numerical results showed
that the random coupled lengths mathematical sitionlanodel and the emulator device are
powerful tools for either FO- or SO-PMD statistieahulation of a deployed fibre. Results
show that different PMD values converge within 484the desired PMD depending on the

number of fibre sections, distribution of couplieggths and mode coupling angles.

Lizé et al. (2004) used a low-cost easy to control customssegle polarization controller as

part of a PMD emulator design instead of multipl@apzation scrambling stages. The
emulator consists of a number of HiBi PMFs split@degments of single mode fibres (SMF)
spooled independently on three paddles of a custotorised Lefévre polarization controller
(PC). The diameter of the paddles is such thatadive phase retardation af6, is induced

per turn at 1550 nm. There is no correlation irapahtion rotation between successive fibre
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sections. This is achieved by changing the nhumbémes the fibre is spooled on a paddle,
which changes the transfer function of the corgrplfrom one section to the next even
though the coupling angles are the same. MonteoGamulations were also performed to
confirm the validity of the emulator design. PMRtsitics from simulation and experimental
results were in good agreement with the known F@-%0-PMD theoretical distributions for
an emulator with 25 PMF sections which are Gaugdistnbuted in length.

Williams (1999) proposed an alternative design he spliced PMF emulator. The PMD
emulator consisted of a stack of quartz plates witigle mode fibre pigtails at its extreme
ends. Each plate is ~ 2 mm thick and possesseday €e63 fs (with a birefringence of
0.009403). Since the target range of the emulats w0.5 ps, thirty-five randomly oriented
quartz plates yield a PMD of ~ 0.37 ps, close ® tdrget PMD value. It would have been
difficult to achieve such compactness with PMF isest and get such an overall low PMD
value. For the emulator to achieve random mode loaugimilar to a 25-km deployed fibre,
the 35 quartz plates were cemented to each othistwtiey were randomly oriented enabling
a stochastic FO-PMD versus wavelength spectrum. tiddl quartz plates had matching
refractive indices in order to reduce reflectiorenf within the stack. Continuous increase in
the number of wave plates (or quartz plates) irsgeahe insertion loss and makes the
emulator costly. Computer simulations were theeefperformed to determine the required

number of quartz plates.

3.4.2 Rotatable birefringent sections or polarizatn orientations

The birefringence sections are randomly rotateaticed to one another to obtain different FO-
PMD states. Such emulators consist of either hirgénce elements mounted on rotatable
stages, PMFs interlinked via rotatable connectora tong PMF strand with fibre-twisters
placed along its length to vary the polarizatioruging between sections. Fig. 3.6 (b)
illustrates this example schematically. Below aesadiptions of some of the PMD emulator

designs within this classification.

Khosravaniet al. (2001) came up with a technique, experimentally #reoretically, for real

PMD emulation. The emulator constitutes of 15 ua¢tgngth PMF sections with an average
length of ~ 7 m and a 20% Gaussian deviation, atatable connectors between the PMFs.
Randomly rotating the connectors enables the eprulatgenerate an ensemble of high PMD

fibre realisations. These 15 unequal sections med#O- and SO-PMD statistics close to the
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ideal theoretical distributions whilst the ACF had average level of 10% correlation
between well spaced wavelengths. This investigadisa showed that the use of polarization
controllers instead of rotators slightly reduces thesidual correlation. Monte Carlo
simulation based on the coarse step method gaveMD-density functions converging to a

Maxwellian pdf for PMD emulators with more than teNF sections.

Yan et al. (2003a) designed and fabricated a novel prograrfenddday module using six
birefringence crystals (a six bit module) that gated tuneable FO-PMD values between -45
to +45 ps with a resolution of 1.4 ps. The emula@rice comprised of multiple switch/delay
sections. Each switch/delay section consisted birefringent crystal to generate a fixed
amount of delay and a magneo-optic (MO) polarizaswitch to generate different delays at
a speed < 1 ms. The lengths of the birefringenstaty were arranged in a binary power
series, increasing by a factor of two in each sacfrhis particular emulator emulated pure or
statistical all-order PMD distributions, which peowpowerful in evaluating the dynamic
performance of PMD emulators. The delay range aldydresolutions of this device was
designed for 10 Gb/s networks but is easily modifie suit 40 Gb/s networks. This emulator
is known to be of high speed, stable and repeathbkyielding tuneable PMD statistics. Due
to its reproducibility, it is also applicable to portance sampling in order to independently
investigate high PMD values lying on the tail o tlaxwellian PDF.

Bogoniet al. (2002) proposed a multisection deterministic etauléive- and eight-sections)
for statistical reproduction of a deployed fibrettwaccurate statistics up to third-order PMD
through simulations. This emulator consisted oédixdelay sections coupled by rotators. The
rotators were exhaustively scanned in steps of’~td@reate a map of rotational angles and
PMD emulator parameters. For each order of PMDQQ® different combinations of angles
were deterministically imposed on the emulator. nffréthe map, any combination of
parameters is chosen to give desired “determifli®tMD realisations. The proper selection
of rotational angles resulted in the emulator aamly reproducing the statistics of PMD
parameters up to third order with reduced numbesections, although the best PDF results
were obtained for the eight section PMD emulatdne Third-order PMD parameter was
calculated in the eight-section case in correspocglef each fibre realisation satisfied by the

emulator.



45

Palmeret al. (2005) designed a standard concatenated sectiaatmin which a finite
number of fixed uniform length birefringent secsoare cascaded. The birefringence length
of each section imparts on the FO-PMD between wedolarization modes and the mode
coupling in between the sections is dynamicallyiegirby independently rotating each
section. The 15-section emulator (with a mean FPM 37 ps) comprised of uniform
random fibre section orientations and arbitrarysamosection lengths. This resulted in a BAC
of approximately 10% outside the ACF peak, as aglsome periodicity. Contrary to known
findings that the BAC gradually decreases with eéased number of birefringent fibre
sections, these findings show that the order dfibiging birefringent sections is important
for minimising the emulator BAC even when there ardew number of fibre sections.
Through geometrical explanations and derivations aof algebraic model the authors
accurately predicted the BAC. Interestingly, thedeloshows that those emulators with low

BAC can be designed by minimising the FO-PMD ofehé sections.

Mimura (2003) developed a programmable emulatoriceebased on variable Faraday
rotators (VFRSs) that are capable of emulating FOBPand the two components of SO-PMD.
The emulator consisted of four delay sections cemeded by three VFRs, each with a
response time less than 60 ms for & @ftation. The VFRs were used as polarization
controllers, in front of them were polarizers tantol the input SOP. All the delay sections
had the same delay value of about 7.5 ps to gifudl apectrum range (FSR) of 133.3 GHz.
The FSR of a device was determined by the lengtleaafh delay section. Due to the
correlation among FO-PMD, PCD, PSP-depolarizationd &0-PMD, they cannot be
individually set to any arbitrary value. Therefobg simultaneous non-linear fitting of
numerous target profiles, rotational angles cacdleulated and assigned to the VFRs on the
emulator. The emulator FO-PMD is tuneable from B@Qgs and the variable SO-PMD range
is from 0 to 260 s although it has an insertion loss of 1.7 dB. Traulator also
demonstrates that for a fixed SO-PMD value, difiereCD and PSP-depolarization profiles
can be achieved by changing the number of delatjosscon the emulator. By setting the
VFR angles to zero the number of delay sectionsbheaneduced. The programmable VFR
enables the emulator to be stable hence exhibre@pgatability. Results observed for this
emulator agreed with theoretical calculations atgdiusing the concatenation rules.
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3.4.3 Uniform scattering of polarization orientatins
These PMD emulators have polarization scrambleexeol between PMF sections to
uniformly scatter the polarization state over tt@nBaré sphere (Fig. 3.6 (c)). Below are

highlights of some of the designs falling withinsticlass.

Phua and Ippen (2005) invented a PMD emulator witbmbinatorial” polarization
scramblers for many fibre segments. The combirgt@pproach significantly reduced the
number of phase plates without reducing the nundbdsirefringent segments in a many
segment PMD emulator. These phase plates, in #sis six, effectively scramble light into
hundreds of different polarization states thus mgkihe emulator achieve the various key
properties of a good emulator as highlighted inti8ac3.2. The retardation angles of the six
phase plates were randomly tuned for the differealisations of the fibres, resulting in FO-
PMD (with mean value ~ 5 ps) and SO-PMD (with meatue ~ 10 p§ behaviour that is
close to theoretical distributions. The combinatbrapproach can also be adopted for
emulators using thermal tuning, waveplates andrgalgon controllers. The emulator is built
from unequal birefringence length segments whiah @aussian distributed with a mean
value of 1.2 ps and standard deviation of 20% ablwatmean value. Numerical simulations
were performed and the outcome was in good agreiemgmexperimental results.

Lima et al. (2001) investigated and attempted optimising aewarof emulators. These
emulators were made up of PMF sections intercoedegia polarization scramblers. The
uniform scattering is easy to model in a computer fard to realise in practise where
polarization scramblers are used. The authors adedl through simulation that ten or more
PMF sections are required for the PDF of the FO-PMDapproach the Maxwellian
distribution. It was also found that the 15 sec&omulator with rotatable sections represented
a good design compromise compared to emulators fmegd PMF sections and those
emulators compromising of three sections were fotmdbe clearly inadequate. Since the
polarization states of communication fibres are stamtly changing in the real world,
controlling mode coupling (uniform scattering) imelators is vital to enable emulation of the

whole ensemble of the fibre.
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3.4.4 Tuneable birefringence and fixed polarizatiororientations

For this type of emulator the birefringence in theefringent fibre sections is varied whilst
the polarization controllers are fixed (Fig. 3.9)(dn this study, a tuneable delay line was
implemented (Chapter 6). Descriptions of some efémulator models within this class are

given below.

In 2004, Haueet al. constructed a 30 section all-fibore PMD emulata@t thsed an integrated
series of 2.5-cm-long micro-heaters to thermallyettihe birefringence of each PMF section
and accurately reproduce FO- and SO-PMD statiffiics 3.7). The micro-heaters consisted
of a 15 nm titanium layer for good adhesion to fibee and a 120 nm gold layer for good
conductivity; these layers of metal were appliedotigh deposition. The 30-sections of
FibreCore HiBi PMF (PANDA fibre) were fusion split¢ogether at fixed 45angles. The
micro-heaters were mounted close to the centreach éMF. The emulator accurately
reproduced the FO-PMD statistics, with the SO-PMibedng slightly only in the low
probability tail from theoretical distributions. &rautocorrelation function (ACF) had a high
residual correlation value of 20%. By increasing tlumber of fibre sections, the difference
in the low probability events tail and residualredation value can be reduced. This emulator
has advantages over other emulators in that itahlasv loss, electrically controllable, static

parts, negligible PDL and no internal reflections.
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Fig. 3.7: Schematic diagram of the PMD emulatomgsevaporated micro-heaters on PMF
section spliced at £5Hauer et al. 2004).

Lee et al. (2003) reported a PMD emulator which can genef@®PMD with exact
Maxwellian statistics and SO-PMD approximating theoretical distribution proposed by
Foschini et al. (1999). In addition to the former, the emulatorowk that reasonable

autocorrelation characteristics less than 30% eaadhieved with at least four variable delay
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elements. This emulator was built using only fivariable delay elements, polarization
controllers in between delay elements producedtrarlyi polarization states and the
microprocessor controlled the variable delay elemsenhus this technique generates various
PMD statistics through the change in control sigrtal delay elements without changing its
physical configuration. One delay element can eeemulate FO-PMD with an exact
Maxwellian distribution; however, for the generatiof higher-order PMD five elements were

used.

Raja and Arabasi (2003) built a virtual FO-PMD eatat (Fig 3.8) used in system
simulation. To simulate the behaviour of PMD in eplkbyed fibre they ensured the
polarization controller had ellipticity = 0 and the azimuth angle= 45’. These settings were
introduced in order to rotate the polarization mfédme light by 4% The polarization beam
splitter divided the two polarization componentsia@ty. A delay was introduced in one of
the polarization components using the delay tdulstcreating a disparity in arrival time
(delay) between the two components. In order togedom delays, several emulators such
as the one shown in Fig. 3.8 have to be coupledtheg. This coupling also results in the
emulation of SO-PMD. Raja and Arabasi (2003) udad type of PMD emulator to also
design an effective virtual PMD compensator.

PC PBS tl PBC
Azimuth angle = 45 5 @ —
mc o/pX i/pX
o/pY ilpY

}olp v

({0

Fig. 3.8: FO-PMD emulator used for system simulatiovhere o/p and i/p stand for
output and input respectively (after Raja and Arsiba003). PBC and PBS stand for
polarization beam combiner and polarization beariittep, respectively.
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3.4.5 All elements tuneable
These are emulators in which there can be simuwtahadjustments of the birefringence and
polarization orientations as illustrated by Fig6 3e). Insights into some of the already

existing PMD emulators falling within this clasegrovided below.

Yan et al. (2006) constructed a PMD emulator to emulate thH¥ Fstatistics based on the
Hinge model. The emulator consisted of three végiakelay elements and three fibre-
squeezer-based polarization controllers. Each barigelay element generated FO-PMD
statistics approaching the Maxwellian distributidime polarization controllers varied slowly
through a sinusoidal drive of the different fibigpisezers. Thus polarization coverage of the
whole Poincaré sphere was not sacrificed. The tvgeaerated FO-PMD also followed the
Maxwellian distribution with an average value of 8 while the dynamics of the FO-PMD
statistics was slow, thus meeting the requiremehtthe Hinge model. The SO-PMD also
varies slowly although its statistics was limitgdthe number of delay elements and coupling
angles. The SO-PMD statistics of the emulator feid the theoretical distribution with a

mean value of 255 ps

In 2003, Zeng reported the first PMD emulator withable SO-PMD and a constant mean

FO-PMD. The emulator was based on a variable dihey (variable fromt and

variable/max

T ), a polarization controller, and a HiBi fibre segmh with a fixed FO-PMD value of

variable/min.

Teq- The equations by Gisin and Pellaux (1992) in i8act2.1.3 Ib were used to
theoretically predict the PMD of the emulator, t8©-PMD value ranged fromd to
0.5(t4eq)” +@ (where® ~ 10.0 p is the constant residual SO-PMD in the HiBi segtnen

and the mean FO-PMD was kept constant at a valug, ;. Experimentally the mean SO-

PMD value was varied from 37.0 to 522.¢ pghen the variable DGD line was tuned from
0.68 to 45.18 ps and the mean FO-PMD was maintaioadtant at 32.5 £ 1.0 ps. The PMD
statistics of the emulator however did not followpected theoretical distributions as that of
an infinitely mode coupled fibre. An applicationggiested for such an emulator in high bit
rate (> 10 Gb/s) systems is to test for the SO-Piniduced fluctuations around the mean
penalties caused by FO-PMD and to evaluate theopedance of FO- and SO-PMD

compensators.
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3.4.6 Both fixed birefringent sections and rotatal# polarization orientations
These are types of emulators that contain bothofuspliced birefringence elements and
coupled sections via rotatable polarization cotgrsl(Fig. 3.6 (f)). An overview of some of

the existing PMD emulators of this class are presidelow.

Phua and Haus (2002) proposed a module that gede&D-PMD without producing any
FO-PMD. The emulator constituted of two fixed delggments and one variable DGD
element concatenated via two tuneable polarizatontrollers (PCs) (Fig. 3.9). The
concatenation of the two fixed delay segments g#edrthe required SO-PMD, and the
variable delay segment cancelled the unwanted FO-Bbherated by these two fixed delay
segments. Due to the two sets of concatenated segngenerating SO-PMD, a smaller
amount of third-order PMD was observed. A matheoahtproof of the behaviour of this
emulator was derived using the concatenation eguati Section 2.1.3 llla. A Monte Carlo
simulation of over 100 000 independent repetitisinswed that this module can be controlled
to produce any desired PDF of the SO-PMD statidioslar to that of real transmission

fibres. The same module was used for determinisiintrolled PMD emulation.

/ PC PC
Variable Fixed Fixed
—> >
DGD ‘—' DGD " "| peD
/
Fig. 3.9: Schematic of the variable SO-PMD modutheut FO-PMD.

Wegmuller et al. (2002) simulated a PMD emulator using two delagnmaints, with a
coupling angle in between their birefringent ax&ach of these delay elements was
represented by a delay block, polarization beanitesp(PBS), polarization beam combiner
(PBC). The FO-PMD adjustments were achieved byingrthe delay blocks, in this case
from 0 — 300 ps. Contrary to most approaches, nkiention of this emulator (like Zeng's
(2003) emulator) was not to mimic a deployed fibfae authors maintained the FO-PMD
and SO-PMD wavelength independent. In one caseFtéMD was varied whilst the
coupling ratio remained fixed i.e. at 0.3 and ie tither case the coupling ratio was varied
while the FO-PMD remained fixed i.e. at 15.75 pke Bimulation values for the FO-PMD
and instantaneous SO-PMD agreed to expectatioresaldquation 2.7 and its frequency

derivative were used to theoretically calculate BMD expectation values. The unique
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properties of this emulator enable investigations the low-probability events of large FO-
PMD and SO-PMD, which are crucial causes for sysiatage.

Yan et al. (2008) developed a low cost all-fibore PMD emulatath limited number of
electrically driven polarization controllers (PC¥he emulator consisted of six fibre squeezer
based PCs which generate uniform SOP scatteringeket seven PMF sections, each
consisting of four sub-sections with unequal leegthd fusion spliced at 4&elative to each
other. The lengths of the PMFs were Gaussian bigtd and the correct choice of the FO-
PMD values of the four sub-sections was done throotimisation. The FO-PMD (with
mean ~ 25 ps) and SO-PMD (with mean ~ 379 patistical distributions generated using
only six polarization controllers were close to ttmeoretical distributions. This emulator

design resulted in a low BAC.

3.5 Limitations of PMD emulators

Emulators based on rotating coupling angles offtirgence crystals, rotating or heating
sections of PMFs and those that split input ligid delay one component by free space optics
suffer from a slow response time (in the orderemfomids) and poor repeatability. This makes
them less effective in evaluating PMD compensafges et al. 2003a). Emulators also have
a threshold minimum and maximum PMD value dependmghe configuration and number
of fibre sections whilst in the real situation, t@ember of sections extends to hundreds if not
thousands. Thus the statistics is limited by thenler of birefringent sections in some
emulators; an increase in the number of PMF sestimakes the emulator more costly

depending on the length and type of PMF used.

The other drawback with some emulators is thatsthéstics are fixed at a point in time to
mimic a particular manufactured fibre and are radilg reconfigurable to emulate different
fibre plants and fibres as they age. However, adawlators overcome some of these above
mentioned limitations. For example Yah al. (2003) developed a delay module capable of
generating repeatable FO-PMD variations as fag08s.s, which was used to evaluate the
impulse response of a PMD compensator with a spééte order 1 ms. This emulator also
enables tuneable PMD statistics which can suiecfit deployed fibres or fibre plants.
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The different classes of emulators used in thigtarawill be used to categorise the emulators
designed in this study (see Chapter 6). The PMih@fmulators can be measured using any

of the measurement techniques mentioned in Chdpter
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CHAPTER 4

MEASUREMENT TECHNIQUES

This Chapter aims to highlight only those specgiperimental techniques used to measure
PMD in this research, although there are many rtemeniques available. PMD measurement
methods are classified as either in the time doneaifrequency domain. The frequency
domain techniques: namely Jones matrix eigenasafif@ffner 1992, Forestieri and Vincetti
2001), Fixed analyser (Poole and Favin 1994), Roésphere arc (Pooket al. 1988,
Galtarossaet al. 1996, Cyret al. 1999), Attractor-Precessor (Eyal and Tur 1997) lskidler
matrix (Jopsoret al. 1999), measure PMD by detecting output SOP chaagesfunction of
frequency. The time domain methods: namely interfaatric method (Gisiret al. 1991,
TIA/EIA 455-124-A 2004), time-of-flight (Williams @04), polarization-optical time domain
reflectometry (Rogers 1981, Galtarossa and Paln@@f@i4b) and modulation phase shift
method (Williams 1999a), determine PMD by measutirgtime delay between the fast and
slow orthogonal polarization modes of the transdittight pulse. The polarization-optical
time domain reflectometry (P-OTDR) technique measi®MD with fibre distance based on
back-reflected light. More information on the P-CR@echnique can be found in Appendix
1.

4.1 The Frequency Domain Technique

In this domain, the Jones matrix eigenanalysis (JMéEchnique for PMD and PDL
measurement will be considered. The JME was founglse for this study although there
are several other frequency domain techniquesablailas listed above. The transmission of
fully polarized coherent light through a linear med such as an optical fibre can be
described in Jones space. This method needs assopted algorithm for computative
derivatives and stable measurement conditions @uts sensitivity to vibrations. In order to
determine the Jones matrix of an optical mediuntarers are oriented af,045" and 96
from a tuneable narrowband source to give threetiB®Ps (Fig 4.1 (a)). The PMD and PDL
vectors are then obtained by differentiating th@e3o matrix (Gisin and Pellaux 1992).
Forestieri and Vincetti (2001) showed how the Jonedrix of a fibre can be exactly

evaluated in the presence of PMD of any order thinaigorous derivations.
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Fig . 4.1(a) The experimental setup to measure Rvi@or PDL using the JME method as
three linear input polarization states,%5’ and 90 are set. The variation of (b) FO-PMD
with wavelength and (c) SO-PMD and its componeniith wavelength. The PMD
measurements in (b) and (c) were obtained from.4 R& buried fibre link (FUT) in Port
Elizabeth South Africa, owned by Telkom South &fric

The setup shown in Fig. 4.1 (a) was used duringrigbry and field measurements of PMD
(Fig. 4.1 (b — ¢)). The same setup was used fahalPDL measurements obtained in this

study.

4.1.1 JME for PMD measurement

The three input SOPs, as referred above, gener&tex @2 matrix at each wavelength or
frequency. In the absence of PDL, the Jones matrtke n’th birefringent section of a fibre
link or emulator can be expressed as (Gupta 2007):

) o)
1 I

Aot

sind
cod

cod,
-sinf,

cod,

sire, (4.1)

-sinenj exp(

cos | nj

0
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where6, is the orientation of the fast axis of the n’tletsan with respect to a fixed axis (say,
X axis), Ao = o - o, is the angular frequency difference with respedhe central frequency
o, and 1, is the FO-PMD (or DGD) of the n'th section. Thegkn0, lies between Dand
36C, and for random mode coupling, is assumed to be uniformly random distributed

between this range.

The frequency dependent Jones transfer matrixh@entire fibre link or emulatoT(co) is a

product overT, for all the N fibre sections:

Aor,
. exp | 0
(cos@n -sm@nj>< ( 2 j
N | sing, cod, A
T(m):n|':|l 0 exp( -i ?“j (4.2)
y cod, sind,
-sinf,, co9

By measuring the transfer matrii(oo) of an entire optical medium, it is possible to
determine the total FO-PMD and the PSPs using thedard JME. Heffner (1992) and
Derickson (1998) showed that the FO-PMD at the kEmguequency midway between two

closely spaced angular frequencies,and o,, is given by:

| Pl/pz| | Pl/Pz|
| do | ] oo, |

(4.3)

Ttot

wherep, andp, are the eigenvalues of the matrix prodli¢in,) T*(w,) andarg( ) is the
argument function. The fast and slow PSPs of thee fare given by the two eigenvectors of
T(o0,)T*(0,) (Heffner 1992). Poole and Wagner (1986) obtainedegpression for the

corresponding output PSP for each random conca@nséction. When the PSPs are
converted to their corresponding Stokes repredentathe PMD vector in Stokes space is as

given in Eq. 2.1.
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When there is presence of PDL in the network sysiePMD emulator, Eq. 4.1 modifies to:

n

Ao o
_ exp| i L+ 0
cod), -sing, N ( 2 2]
sinb, cod, Aot, o
0 exg -i > . —?” (4.4)

cod, sind,
-sinf,, co9

where a,, is the PDL present in the n’th fibre section. Ascdssed in Section 2.3 the two

PSPs then become non-orthogonal. The applicatidbqof4.1 in this case compromises the

accuracy of PMD measurements.

4.1.2 JME for PDL measurement

As mentioned in the previous subsection, the tréasson properties of an optical medium or

component are represented by the complex transmrian(w). PDL can be determined

from (Huttneret al. 2000, Cheret al. 2005):
T"(0)T(0) =A* 2 0 (4.5)

where T (w) denotes the complex transpose conjugate matrix Ang the Hermitian
matrix representing the effective PDL. Finding theaximum and minimum intensity
transmission coefficients is equivalent to finditilge highest and lowest values (extrema
values) of T (w)T(w). Therefore, using the eigenvalués,and,, of T (0)T(w) in

Eq. (4.5), PDL is expressed as (Yai@l. 2005):

>\‘2

T(0) T(o
PDL = 10log ( ))
A

(
(T(0)" T (o))

(4.6)
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Equation 4.6 compares well with Eqg. 2.33, thereféldd can also be represented as:

T P
PDL = 10lo = 10logm™ = 10logm 4.7
gx %2; 4.7)

min

h(T(0) " T(0))
(T(0) T (o))

Thus using the same configurations in Fig. 4.1,Xkk& method can be used to measure the

PDL resulting from polarization sensitive comporgent

4.2 The time domain interferometry method

The commercially available time domain interferomeiechniques include EXFO’s FTB-
5500B generalized interferometry technique (GINTYYnd FTB-5500 traditional
interferometry techniques (TINTY). These interfeeing PMD measurement techniques are
very popular for field work since they facilitatepid and accurate determination of FO-PMD
even in the presence of fibore movement and vibmationaking them conducive for aerial
fibore FO-PMD measurements. The two were comparettidyNMMU Optical Fibre Research
Unit (Musara 2006, Wu 2006) and by others (Cyr J0@INTY was found to be more
accurate than TINTY making it our preferred measwet technique in this study. For more
insight into TINTY, refer to TIA/EIA 455-124-A (200). Both interferometric techniques,
TINTY and GINTY, are based on the Michelson intesfaeter (MI). The other time domain
technique to be considered is the polarizationticaptime domain reflectometry (P-OTDR)
and is addressed in Appendix Il.

4.2.1 Michelson interferometer (MI)

This subsection introduces the Michelson interfextan related to light interference with
respect to the nature of the light source. The divand LED light source entering the
interferometer passes through a 50/50 polarizabeam splitter (PBS), with one beam
directed to the fixed mirror and the other to theveable mirror (Fig. 4.2). Each of the
mirrors reflects the light beam back to the PBS nehtbey interfere before travelling to the
detector where an interference pattern is detected.
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Fig 4.2: The Michelson interferometer setup locatethe interferometry techniques, used
for PMD measurements.

The degree of interference depends on the optiEalydime relative to the coherence time

(time interval over which the phase of the sousseains constant). The coherence timeis

expressed as (TIA/EIA 455-124-A 2004):
o, = A2/(Ak.C) (4.8)

where A is the source central wavelength,s the velocity of light in free space amnd. is

the full-width at half-maximum (FWHM) of the sourdaterference occurs for optical delay
times that are less than the coherence time. Gmtiste interference occurs when the
moveable mirror is at the balance mirror positiDestructive interference is observed when
the moveable mirror moves away from the balancentpdiVvhen the delay times and
coherence times become increasingly similar, ttensity of the interference diminishes. The
observed central peak, for example on the TINT¥érfierogram, arises from the interference
of light from different arms of the Ml that follothe same path through the fibre. The peak
will be at zero position since light follows thensa path through the fibre with a zero time
delay.
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Interference peaks result when the path differemd¢be two arms of the MI compensates the
difference in the propagation speeds of the fibwd@s. The interference of light from the
same source may be dealt with using the Fouriestoam theory. The Fourier transform of
the narrow spectral source in the frequency domgai@es a broad interference envelope in the

time domain andice versdor a broad spectrum source.

4.2.2 The General interferometry technique (GINTY:FTB-5500B)

The generalized interferometric technique (GINT¥yeloped by EXFO has a modified setup
and incorporates different analysis of the interfgams from the one used by TINTY. The
main key modification is that GINTY, unlike TINTYs designed with an algorithm meant to
remove the effect of the central auto correlatiaakp (ACP), leaving only the cross
correlation peaks (CCP) used to calculate the FOBR&lue. The ACP contains no FO-PMD
information and is known to affect the accuracytlté FO-PMD measurement in TINTY.
GINTY removes all the assumptions made when usiNg'Y for determining FO-PMD (Cyr
2004). For a detailed comparison between TINTY @NTY, the reader is referred to Cyr
(2004) and Musara (2006). In this section, we hgttl how GINTY operates with the

support of mathematical equations.

Fig. 4.3 (a) shows a FO-PMD measurement setup, gsimgp of GINTY. The setup consists
of a polarized broadband source, fibre under te&iT], the Michelson interferometer,
polarization beam splitters (PBS), analysers aerdwlo detectors. The additional polarization
beam splitter (PBS) splits the beam and directs ttvo detectors for analysis. This setup is
used to measure the FO-PMD of a mode coupled figsalting in an interferogram with
interference fringes, as shown in Fig. 4.3 (c). Tdmt mean square (rms)-FO-PMD value is
then determined from the Gaussian curve fit toittterferogram. The interferogram for a
PMF or PMD emulator with negligible mode couplingshlimited peaks (Fig. 4.3 (b)); the
FO-PMD is then the distance from the centre ofddatral peak to the centre of the satellite

peak.
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Fig. 4.3 (a) Schematic setup of GINTY, (b) intex¢gam from a weak mode coupled fibre
and (c) interferogram from strong mode coupleddiffUT stands for fibre under test, this

Considering the general mathematics and referromdg-ig. 4.3 (a), it can be seen that
(TIA/EIA 455-124-A 2004):

Detector 1: Intensity =1 +1 + 2Ll cés (4.93)

Detector 2: Intensity =1 +1 - 2L,I c6s (4.9b)

where I? is the auto correlation (AC) from the first armtbé& interferometer,|; is the AC
from the second arm of the interferometer amdl, is the cross correlation (CC). GINTY

utilises only the CC for accurate FO-PMD measurdmen
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The auto correlation and cross correlation enveddpe a single input/output (I/O) SOP pair

are:
AC:E,(1) = I5X(r)+~y(r)‘ = Detector 1 + Detector 2 2( 7 - Iﬁ) (4.10a)
CC:E,(r) =|R () - B (r)| = Detector 1 - Detector 2 52,2} | @s (4.10b)

where B, (1) and B, (1) represent the respective raw interferograms obsealong the two

orthogonal analyser axes.

The exact mathematical analysis gives measured MD-&s (Cyr 2004):

Measured FO-PMD 3/ /3 (22 -o?) (4.11)

where g, is the root mean square (rms) width of the meaais(MS) CC envelope ard,

is the rms width of the MS AC envelope. Both MS @opes are obtained simultaneously but
separately without interfering as shown by equatibriOa and 4.10b.

GINTY is not sensitive to the source shape spectamu interferogram shape. The only
condition to be satisfied for Eq. 4.11 to applythat the FUT should exhibit linearity, be
stable (although difficult to attain during expeemts) and should have zero polarization
dependent loss (PDL). GINTY has an averaging winaoa remains mathematically exact.
Subtraction of the offset, as in Eq. 4.11, elim@sathe systematic bias induced by a narrow or
ill shaped spectrum, thereby allowing measuremémisugh a network with EDFAs and

optical components. In principle, FO-PMD = 0 camieasured whew, = o, (Eq. 4.11).

These techniques will be used in Chapters 5-7 whegeexperimental results for this
study will be presented.
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CHAPTER 5

CHARACTERISING DEPLOYED FIBRES FOR PMD

Polarization mode dispersion (PMD) has already dbaighlighted as a major impediment
towards high speed data transmission in opticalvort systems (Chapter 2). Therefore,
accurate PMD measurement techniques can provigbleldata for statistical analysis. This
chapter focuses on the measurement of PMD in degldipres and its analysis. In order to
understand the PMD phenomenon in depth, novel PktDlaion is critical. In this study,
Chapter 6, PMD emulators falling in different caiggs have been designed. The JME and
GINTY methods referred to in Chapter 4, will be dise measure PMD. The SOPs will be
used to monitor the behaviour of light as it pragaag through deployed fibres.

5.1 PMD measurements

First-order PMD, second-order PMD and SOP measurenmesented in this section were
obtained from ITU-T G.652 28.4 km buried fibres drd2 km aerial fibres. These fibres are
deployed in South Africa in the city of Port Elizb, and are owned by Telkom South
Africa. All the buried fibre links, each made frawoping two 14.2 km fibre links using a
single mode patchchord to allow end to end ac@sssecured in a single cable. Buried fibre
PMD measurements carried out using the JME methek wonducted over the 1520 to
1570 nm wavelength range at an optimal resolutio®.® nm to avoid noisy spectra. Aerial
fiore PMD measurements were carried out using GINSIte it is not sensitive to fibre
movement compared to JME which will introduce measient errors. The reader should
take note that GINTY can also be used for buribdefimeasurements. The output SOP of
light from an Agilent 8164A laser source was mortb using the A1000 polarization
analyser. Single mode fibre (SMF) patchcords wafligible PMD were used to connect the
fibre links under test and measurement devices.this section, firstly, FO-PMD
measurements obtained using the JME will be usedetermine whether the buried fibre
links under test can accommodate high transmidsibrates £ 2.5 Gb/s). Secondly, PMD
measurements acquired over wavelength and time hellstatistically analysed. In the

following section, the focus will be on SOP moningrwith time.
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Fig. 5.1: FO- and SO-PMD measurements from 28.4' KT G.652 buried fibre links. At
each transmission bit-rate (2.5 Gb/s, 10Gb/s and>#0s), the maximum tolerable amount of
FO-PMD corresponds to 10% of the bit period.

The histogram in Fig 5.1 shows the mean PMD vabl#ained when two 14.2 km buried
fibre links were looped. The maximum tolerable amtoof FO-PMD when transmitting at
2.5 Gb/s is 40 ps, 10 Gb/s is 10 ps and 40 GKbips. This therefore means Telkom South
Africa can transmit at 2.5 Gb/s over all the tedfibdes without major impediments from
PMD. However, an increase in the transmission speé&® Gb/s makes fibre links 69-70, 73-
75, 75-76 and 78-80 inappropriate for data transimmsdue to signal impairments (Section
2.1.7). A further increase in transmission speeflX&b/s is not practically feasible for all the
fibre links due to all the fibre links having FO-BMvalues above 2.5 ps, the maximum
tolerable value. Thus to transmit at high speedd4q Gb/s), Telkom South Africa should
replace these fibre links or high birefringent (ljiBections along the fibre length with those
having low PMD. PMD can also be mitigated by theleation of PMD compensators; for
more information refer to Section 2.1.6. To bettederstand how HiBi or high FO-PMD
(HIFO-PMD) sections affect the PMD statistics angtpoit SOPs of a fibre link, PMD
emulators designed and implemented in this studlybeiapplied (see Sections 6.1.3, 6.4 and
Chapter 7). In the following subsection focus wlle on the statistics of PMD with

wavelength and time in buried and aerial fibres.
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5.1.1 PMD variation with wavelength and time in bured fibres

In this subsection we characterise deployed buiile@ links for both FO- and SO-PMD
using the JMEThe PMD emulators designed in this study will haireilar statistical PMD
distributions as those of the tested deployed $ibfée experimental setup is similar to that in
Fig. 4. 1 (a). The reader should take note thaeduibres are secured in ducts and installed
underground. Firstly, PMD variations with waveldmgtill be analysed and followed by an
analysis into their variation with time. The resuthown in this subsection are from only

some of the buried fibre links, though all fibrelds given in Fig. 5.1 were analysed.

FO- and SO-PMD spectra similar to those in figutels (b - ¢) were obtained for each fibre
link. The results were found to be stochastic irturea and so were their SO-PMD
components, namely PCD and PSP-depolarization. ré&igai2 shows the statistical
distribution of FO- and SO-PMD obtained from filkriek 61-62 and Link 81-82. These two
highlighted links in general represent the PMD istiaal behaviour obtained from all the
tested fibre links. Figures 5.2 (a') and (b") pdevinformation (not shown) showing that PSP-
depolarization is the dominant SO-PMD contributompared to PCD. This agrees with
findings by Foschinet al. (1999), where 8/9 is the expected ratio of PSRedejzation to
SO-PMD. The PSP-depolarization to SO-PMD ratio ioleih from Link 61-62 deviates
slightly by 3.4% from the expected value and tHdtiok 81-82 deviates by 9.7% (Fig. 5.2).
The SO-PMD statistics generated by PMD emulatossgded in this study will also be used
to verify this finding.
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solid line mapped to the FO-PMD histogram is theattetical Maxwellian distribution and
that mapped to the SO-PMD histogram is the thecaktistribution proposed by Foschini et
al. (1999).

Figures 5.2 (b - b') show that the FO-PMD or DGHtistical distribution of Link 81-82
approaches the theoretical Maxwellian distributaord that of the SO-PMD approaches the
theoretical distribution proposed by Foschahial. (1999). The PMD distribution from Link
61-62 (see figure 5.2 (a - a')) does not approaehtheoretical distributions to the same
extent. This is likely due to limited random modeupling that does not promote the
significant variation of the FO-PMD and PSPs witawelength. The former comes from the
assumption used by Foschini and Poole (1991) &aeélO-PMD statistics to the Maxwellian
distribution. The assumption states that, FO-PMIo¥es a Maxwellian distribution when
there is infinite random mode couple. By compatimg histograms of FO-PMD data obtained
from all the fibre links, it can be deduced that thagnitude of the FO-PMD is independent
of whether the FO-PMD statistics approach the Mdbkave distribution or not. This means
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the key factor is sufficient random mode couplifg.justify this, PMD emulators in Chapter
6 will be implemented.

SO-PMD measurements show that links with high SCBP(e. see Fig 5.2 (b)) approach
the theoretical distribution. This is due to thegance of high random mode coupling which
promotes the increased variation of the FO-PMD RB8&s with wavelength. The FO-PMD
variation with wavelength is equivalent to PCD atidit of PSPs with wavelength is
equivalent to PSP-depolarization. Limited mode diogp results in low SO-PMD, for
example see Fig. 5.2 (a'). A detailed look into BKD behaviour will be addressed through
PMD emulation in Chapter 6 where mode coupling bdlaltered. Take note that there is not
always a linear relationship between FO- and SO-RidWas observed with the tested fibres.
The PMD emulator designs in Chapter 6 will showt tilasome cases; FO-PMD and SO-
PMD are inversely proportional, FO-PMD is fixed &®-PMD varies and vice versa, and
negligible SO-PMD can yield varying FO-PMD.

In order to monitor PMD (both FO- and SO-PMD) wiilme over a fibre link, the computer
was programmed to continuously sample PMD versug&leagth statistics similar to those in
Fig. 4.1 (b — ¢) at 1 minute intervals over a 98uhperiod. Measurements were taken from
fibre Link 63-64, the results of which are presenie Fig. 5.3. It can be deduced from
Fig. 5.3 that the PMD changes with time at a fixea/elength were gradual and had limited
variations. These gradual and limited PMD variatiane probably due to limited temperature
changes on the fibre links. This results in limitgthnges in fibre birefringence and mode
coupling. These findings agree with the work by Klogk et al. (2005) who found limited
PMD changes with time. However, slight temperattlranges or movement that may occur
on the looped SMF patchcord can affect the SORybt &nd the coupling angle between the
two 14.2 km fibre links. This coupling angle carfeat the total PMD of the link per
wavelength. This SMF patchcord can be referredst@ alinge with respect to studies by
Galtarosseet al. (2008) and Antonelli and Mecozzi (2006). To monitee behaviour of the
Hinge with time, a Hinge model has been developaddnelli et al. 2008). A Hinge site is a
discrete location along a fibre link which is expdgo environmental pertubations usually
where buried fibres lead to optical devices aldmg network sytem. The variation of PMD
with wavelength at a fixed time in this study waschastic. This is due to the presence of

random mode coupled along the length of the filmie |
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Fig. 5.3: (a) FO-PMD and (b) SO-PMD versus wavelingnd time density maps for a
coupled fibre link. This coupled link is a resultooupling Links 63 and 64. An illustration of
(@) FO-PMD and (b") SO-PMD behaviour with time #te 1526.32 and 1555.50 nm

wavelengths.

Each wavelength has independent PMD vectors (FO-S-PMD vectors) as illustrated in

Fig. 4.1 (b — c). Therefore, regions where the 3@MPmagnitude increases (Fig. 5.3 (b)),

e.g. between 40 - 63 hrs at 1526.32 nm and 63 k8@t 1555.50 nm, indicates a reduction
in the angle separating these two vectors (onamkfd3 and the other of link 64). In this case
the SMF patchcord region which can be referred gothe Hinge, determines the angle
between the two vectors. When there is a decreasnd in the SO-PMD (e.g. between 63 -
83 hrs at 1526.32 nm and 40 — 63 hrs at 1555.50 t@)everse is true. A large separation

angle ¢ 180°) between two SO-PMD vectors of almost similar magle will give a
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decreasing resultant SO-PMD approaching zero. Alsmaector separation angle (°) will
give a resultant SO-PMD vector which is almost egl@nt to the sum of the two vectors. A
similar argument as above could be used to destitdoé&rend observed in the FO-PMD with
time in Fig 5.3 (a"). If one of the vectors domamthe other, the resultant vector will be close
to the dominant vector even if the separation abgleveen these vectors ranges from 0 to
180 (Musaraet al. 2009a). The former will be verified experimentailly Chapters 6 and 7
through PMD emulation.

Fig. 5.3 (@' - b’) shows a distinctive behaviourtled two PMD phenomena (FO- and SO-
PMD), they do not necessarily follow the same trendlirection at particular wavelengths
with time. This difference likely emanates from itheéefinitions, by definition FO-PMD is
considered wavelength-independent and SO-PMD issidered frequency-dependent
(Section 2.1.3 la). The unevenness in SO-PMD clangih time as in Fig. 5.3 (b") is most
likely due to the measurement error of the JME. B@-PMD vector at any particular
wavelength is also affected by rotating vectoradjacent neighbouring wavelengtishe
gradual and limited FO- and SO-PMD between the dubei time over the 98-hour period
results in non-stochastic FO- and SO-PMD distrimgj which do not approach the PMD
theoretical distributions. A non-stochastic PMDtdlmition will still be maintained over a

long period of time if these external perturbatiogrmain limited or vary gradually.

5.1.2 PMD variation with time in aerial fibres

In this study, the amount of FO-PMD in an aeriérdi was measured using GINTY only
since it is less sensitive to movements. Polanpasicrambling of the signal at the input and
output of the fibre during measurement is knowmnetduce the measurement error of GINTY
(Wu et al. 2006, Musara 2006 and Mudau 2008). Polarizatioansbling enables all possible
polarization states to be sampled thus giving aenamcurate FO-PMD value. Input/output
scrambling was performed using the Adaptif A320@appation controllers (Section 3.3.2
[1I) whilst FO-PMD measurements were sampled ovédaay period (from 06/08/2007 to
21/08/2007) at 5 minute intervals. Wind speed amiperature were also monitored. The FO-
PMD statistical changes of the aerial fibre willrnemicked in Section 6.3 using an adjustable

PMD emulator.
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Fig. 5.4: (@) FO-PMD variation with tinfeand (b) Statistical distribution of FO-PMD. The
solid line in (b) is the Gaussian distribution fit.

The FO-PMD behaviour in Fig. 5.4 and the prevailiegvironmental changes seemed
correlated to each other. This suggests that thePMO changes are due to external
perturbation changes (wind speed, wind directiod temperature). However, intentional
input/output scrambling also results in the FO-PMdlochastic changes, as was
experimentally found by Wuwet al. (2006) and Musara (2006). Input/out polarization
scrambling changes the input and output polarinattate of light while the wind speed, wind
direction and temperature change affect the filmefringence, SOP of propagating light and
possibly fibore mode coupling. The emulator in Satt6.3 will be used to change the FO-
PMD by randomly altering mode coupling using sevwlf waveplates (HWPs). The

stochastic FO-PMD changes of the aerial fibre wiithe resulted in a statistical distribution

that approaches the Gaussian distribution (Fig(b))y This distribution will be compared to

that generated by the PMD emulator in Section 6.3.

5.2 Monitoring the state of polarization of light n optical fibres

In this section, the Adaptif A1000 polarization bisar was used to monitor the SOPs of
propagating light over a buried and aerial fibr&kliThe SOP measurements were collected
over a 24 hour period at 30 ms intervals. Aeriatdimeasurements were from 6 pm (10 June
2009) to 6 pm (11 June 2009). SOP measurementsagsist in monitoring polarization

changes that light experiences mainly due to esttriperturbations. The polarization analyser

' The author would like to thank Eric Mudau, a 2008stérs graduate at the Nelson Mandela Metropolitan
University, for providing the measurements presgimerFig. 5.4 (a).
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is used to collect the output SOPs. The variatmfrthese SOPs are mapped to the Poincaré

sphere for polarization analysis and also for stigil analysis.

(@) (b)

Midday (12:00-12:30pm)

30
1
El
2
S, T
T T T T
5000 g
20 6000
4000 E 5000
Midnight - Midd
€ 00:00 am - 00:30 am 5 4000 laday
3 . 12:00 -12:30 PM
3 3000 e 00 300 § pm 01200 " 1600
ean = eg/s

& 9 ' 3000 Mean = 83 deg/s .
& 2000 Max = 350 ded/ 1 g
=] ax = egls
g 9 g 2000 Max = 1200 deg/s
hut w
w

1000 g

(c) 1000 (d)
0 o Y T T T 0 T T T T T T T
0 50 100 150 200 250 300 350 0 200 400 600 800 1000 1200 1400 1600 1800
Relative SOP angle (deg/s) Relative SOP angles (deg/s)

Fig. 5.5: (a) Variation of SOPs over a 24-hour petiin an aerial and buried fibre, (b) SOP
variation during midday and midnight on an aeridré, (c) Statistical distribution over an

aerial fibre during the night and (d) Statisticaisttibution over an aerial fibre during the
2

day:

Fig. 5.5 (a) shows the evolution of the SOPs oaearal fibre and a buried fibre. The SOPs of
the buried fibre evolves over only a few polariaatistates; this is likely due to limited

temperature variations. Since buried fibres areirgecin ducts and buried underground, they
are not exposed directly to external perturbatiariations i.e. wind. However, the SOPs of
aerial fibres cover many polarization states du¢h®r exposure to varying environmental

changes. The emulator in Section 6.3 will be useaditmic the SOP behaviour of aerial fibres

2 The author extends his thanks to Winston IreeBh& candidate at Nelson Mandela Metropolitan Ursiigy
for assisting with aerial fibore SOP measurements.
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by varying the half waveplates (HWPs) in order tiver as many polarization states as
possible. Fixing the HWPs and keeping the emulatoler a stable laboratory environment as
in Section 6.3, results in SOPs remaining fairke@l at the same polarization state. This is

how a buried fibre would behave when it is not sabjo extrinsic perturbation changes.

Fig. 5.5 (b) shows that there are only slight clesngp SOPs for the aerial fibre during the
night (00:00 am — 00:30 am) as compared to dutegday (12:00 pm — 12:30 pm). During
midnight, the temperature was 21.7+0G wind speed was 2.9+0.3 m/s and wind direction
was 346.4+0 deg. Midday had a temperature of 2553&0 wind speed of 3.7+0.5m/s and
wind direction of 19+16.4 deg. The slight changeSOP around midnight are evidenced by
a low relative average rate of SOP changed@f's) compared to around midday (83 deg/s)
(Fig. 5.5 (c - d)). Therefore, there is more SORecage over a short time span around
midday. Drastic changes in the polarization anglgserienced per second are evidenced by a
relative maximum SOP change of as high as 120Gakging midday (Fig. 5.5 (d)). At night

a maximum relative rate of SOP change equal to &&§)s is experienced (Fig. 5.5 (c)),
which is far less than that experienced during myddue to the difference in environmental
conditions highlighted above. The relative rateS&@P changes obtained in this study, fall
within ranges found by Waddst al. (2001), Gibbon (2007), and Mudau (2008). The ACF

(Section 2.1.5 11) is a vital tool to measure tlegke of SOP change with time.

1.2 T T T T T T T T T T

1.0+ .

] — Aerial fibre
0.8 Buried fibre

0.6+

0.4+

ACF

0.2+

0.0 50% decorreldtion
1 1 At=107.2s
-0.2 . 1 . 1 R 1 . 1 . 1 .
0 60 120 180 240 300 360
At=t, -t (Seconds)

Fig. 5.6: The ACF for an aerial and buried fiboreDB measurements that were used to come
up with this ACF were collected from 12:00 pm —0B2pm. Equation 2.24 was used to
calculate the ACF.
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Fig. 5.6 shows that the SOP decorrelates fastaniaerial fibre compared to a buried fibre
over 360 seconds time span. The SOP data used.ib.Biwere collected during midday. The
ACF of the buried fibre changes insignificantly,cderelation is likely to occur over a very
long time span (of the order of days). The decati@h time is an important parameter
showing how rapidly SOPs change with time. Fig. Si®ws that the aerial fibre had a
decorrelation time of 107.2 s which is in agreemeith results by Waddet al. (2001).
Waddyet al. (2001) found decorrelation times for aerial fibletween 13.62 s and 600 s.
Within our research study group using the sameakfiiore on different days, Gibbon (2007)
obtained a decorrelation time of 218.6 s and Mu(@08) obtained 597 s. The ACF can
change in direction with time, depending on therdegof impact the prevailing extrinsic
perturbations have on the SOPs of propagating. lifmt ACF of the emulator used to mimic
the behaviour of the aerial fibre was 126.3 s (8add.3). Waddyet al. (2001) referred to the
ACF as a parameter that shows whether propagatihg feturns to a similar phase space

after a certain time interval.
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CHAPTER 6

PMD EMULATOR DESIGN AND IMPLEMENTATION

This Chapter focuses on the design and implementati different types of PMD emulators
in order to further understand the PMD phenomefitvese PMD emulators are grouped into
four classes as highlighted in Section 3.4. An estaulis considered optimal only when it
reproduces the same statistical output as that gifen fibre link or plant. The emulators
presented in this chapter generate stochastic PigiDhditions that are similar in behaviour
to what is observed in deployed fibres (e.g. seap@r 5) though some do not necessarily
follow the known PMD theoretical distributions digetheir desired mechanism. The PDL of
the PMD emulators was maintained as low as posside08 dB, so that it does not have any
influence on the PMD statistics. The insertion lo§gshe emulators designed in this study
ranged from 0.7 to 12.85 dB. The JME was used tasome the FO- and SO-PMD of the
emulators. GINTY was used to measure FO-PMD off§DRneasurements carried out using
JME were conducted over the 1520 — 1569 nm waviélermnge at an optimal 0.3 nm

wavelength resolution.

6.1 PMD emulators with fixed birefringent sectionsand polarization orientations

As highlighted in Section 3.4.1, these types of kamaus are built from cascading polarization
maintaining fibores (PMFs). These PMFs are joinedetber through fusion splicing or
through the use of midcouplers to create fixed jmdéion orientations or mode coupling.
Fusion splicing was done using the Sumitomo 36ofusplicing machine, which gave low
losses (< 0.01 dB) after splicing. The insertiossks for the emualtors designed in this
section range from 0.7 to 2.1 dB. All the PMFs usethis study have uniform birefringence,;
the induced time delay is proportional to the léngf the PMF. Birefringence is the
difference between the refractive indices of th& fand slow orthogonal axes of a fibre. In

this study, this class of emulators was chara@&eénising the JME method.

This section firstly focuses on an emulator witlhyuag FO- and SO-PMD, and then followed
by an emulator with inverse trend in FO- and SO-PNiBstly, an emulator with constant
FO-PMD and varying SO-PMD is considered.



74

6.1.1. Emulator with an increase in both FO- and S&®MD

The emulator comprises up to 30 concatenated PMEoas (Fig. 6.1). This was made
possible by concatenating smaller fusion-splicedilators together using midcouplers. The
PMF used has a PMD coefficient of 1.3 ps/m. The latouwas designed to ensure that, at
any point in time, the length of the fibre segmdmswithin 20% standard deviation of the
mean emulator length (Dal Formt al. 2000, Khosravani et al. 2001, Phua and Ippen 2005)
The lengths of the PMFs were Gaussian distributed.

FSJ FSJ FSJ MC FSJ

{_L‘ FH FH _________________ Output
(X [j (= =
Fig. 6.1: Schematic PMD emulator design made byeiasing the number of concatenated

PMF sections. Mode coupling and fibre length aredamly distributed. FSJ stands for
fusion splice joint and MC for midcoupler. The eatol had insertion losses from 0.7 -1.1dB.

Input

The FO-PMD of the emulator increased linearly withreasing number of PMF sections
from 1 to 30. This is depicted in Fig. 6.2 where tbot mean square (RMS) FO-PMD values
of the emulator increases from 4 to 13.2 ps. Hawmethe increase in the RMS FO-PMD is
not a direct sum of the FO-PMD contributions froacle PMF section. This is due to random
mode coupling enhancing FO-PMD vector cancellatitiesice the overall RMS FO-PMD is

less than the direct sum of all FO-PMD contribusiomhis therefore means the effective FO-
PMD of the emulator is the root-mean-square-sunthefFO-PMD values provided by the

individual PMF sections. It should be noted tha ®MS FO-PMD is equivalent to 1.085

times the mean FO-PMD (Poole and Favin 1994).

The accompanying SO-PMD also increased linearljnffo5 to 42.3 gswith an increase in
the number of PMF sections and mode coupling silesg with its two components, namely
PCD and PSP-depolarization. The increase in SO-RMB mainly due to increased random
mode coupling since each PMF section possesseaaemmount of residual SO-PMD of
around 0.31 s Mode coupling enhances PSP rotations and FO-PMED) variations with
wavelength, which correspond to PSP-depolarizatemmd PCD respectively. PSP-
depolarization unlike PCD was the major SO-PMD gbator. The former is in agreement
with findings in the field (Section 5.1.1).
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Fig. 6.2: The RMS FO-PMD and mean SO-PMD variatdrthe emulator for increasing of
PMF sections (1 to 30).

Besides measuring the mean PMD values (FO- and iD}Pthe PMD statistics were also
investigated. Results show that when there aretddnnumber of randomly concatenated
PMF sections, PMD statistics fall short of the PKMhioretical distributions (see Fig. 6.3 (a -
a') when the emulator has 4 PMF sections). Figét8s(b) and (b') show that when the
number of PMFs are 30 the FO-PMD approaches thewdldian distribution and the SO-
PMD follows the theoretical distribution describleg Foschiniet al. (1999). This is due to
the increase in random mode coupling sites whiompted the PMD spectra to become more
stochastic in nature. An increase in the numbeanfilomly distributed PMF sections made
the PMD statistics of the emulator approach thémktdistributions. The former helps
support the findings in Section 5.1.1, that fibmeké with PMD approaching theoretical
distributions have a large number of fibre sectiand random mode coupling as opposed to
those which do not approach theoretical distrimgioTherefore the optimal configurations
for an emulator that mimics fibre links approachihgoretical distributions are large random
mode coupling and birefringent distribution. Furtirereases in the number of PMF sections

above 30 will result in PMD distributions that appimate theoretical distributions.
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Fig. 6.3: The histograms for FO- and SO-PMD forettson ((a) and (a')) and 30 section ((b)
and (b)) emulators. The solid fitted lines on #®-PMD histograms are the Maxwellian
distribution fits and that on the SO-PMD histogramase the SO-PMD theoretical
distributions proposed by Foschini et al. (199B)e number of bins used for each histogram
is 18.

In order to quantify the FO-PMD statistics of theawtator acquired using the JME, the
frequency ACF given in Section 2.1.5 | is applidthe ACFs for the 4 and 30 section
emulators are depicted in Fig. 6.4 (a). The regiotside the central bandwidth of the ACF is
known as the background autocorrelation functioA@B) and has been previously discussed
in Section 2.1.5 I. Fig. 6.4 (b) shows that the BA& the ACF decreases towards 0.13 (close
to null) with increasing number of PMF sectionsisThgrees with the BACF provided by
Eq. 2.21 and findings by Yaat al. (2008). This is in contrast to theoretical findsrgy Gupta

et al. (2007), in which it was found that a low BACF (8)1s obtained when the length of the
PMFs are distributed in sequential order (from highow lengths). Lack of symmetry (see
Fig. 6.4 (a)) of the ACF is likely due to the prese of SO-PMD as suggested by Gugttal.
(2007). SO-PMD has no effect on the BACF.
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Fig. 6.4: (a) The ACF for the 4 and 30 section PMBulators and (b) The relationship
between the BACF and the number of PMFs on the BMDIator. The centre wavelength is
1550 nm.

The emulator shows that increased random mode ioguphd PMF sections gives FO-PMD
statistics approaching the Maxwellian distributiand SO-PMD statistics approaching the
theoretical distribution. These are only valid wlikee length of each of the PMF segments lie
within 20% standard deviation of the mean sub-etoulangth. Increased number of random
mode coupled PMF sections reduces the BACF towautls with the introduced SO-PMD
making the ACF asymmetric.

6.1.2. Emulator with inverse trend in FO- and SO-PND

Some emulator designs and buried fibre measurenmer@sction 5.1.1 show an increase in
SO-PMD as FO-PMD is increased (Yeial. 2003, Lizéet al. 2004, Younskt al. 2007). It is
found that this is not always true. This subsectoesents an emulator design exhibiting
decreasing FO-PMD but increasing SO-PMD. This etoulavas built from polarization
maintaining fibres (PMFs), of which a 22 metre PM&s subdivided from 2 to 31 random
lengths. The 31 random PMF lengths are Gaussiarbdited. All the fibre lengths fall within
20% standard deviation of the mean emulator lerfgtl®. 7 m). The PMF sections were

concatenated through fusion splicing. The emula#ar insertion losses from 0.7 -1.2dB.
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Fig. 6.5: (a) Mean FO- and SO-PMD with increasingnmber of subdivisions on the 22 metre
long PMF and (b) the variation of the PMD range lwitumber of sections or subdivisions.
The lines in (b) act as guides to the eye.

The emulator FO-PMD was decreased from 31 ps 6 gs?(Fig. 6.5 (a)) by maintaining a
constant fibre length (22 m) whilst subdividing thiere into different random distributed
lengths and having random mode coupling. This igcantrast to the FO-PMD trend in
Section 6.1.1 above. The decrease in FO-PMD wastdueontinuous FO-PMD vector
cancellation, this agrees with our previous expental findings (Younsiet al. 2007).

However, the continuous increase in random modelswuincreased SO-PMD since mode
coupling promotes FO-PMD variation and PSP rotatieith wavelength as found in
Section 6.1.1. This therefore means SO-PMD is malaok to mode coupling and FO-PMD is
due to birefringence, although these fibre propsr@affect both FO- and SO-PMD. The
emulator design justifies the argument that FO-PisDot always proportional to SO-PMD.

Besides the increase in the mean SO-PMD, Fig. I).5ljows that the FO- and SO-PMD

range also increased. The PMD range is the diféerdretween the maximum and minimum

PMD values on the PMD statistics. The minimum arakimum PMD values are as depicted

in Fig. 6.6. This means simultaneous increase®th the number of PMF sections and mode
coupling widens the spread of the PMD statisticdlastrated in Fig. 6.6.
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Fig. 6.6: ((a) and (a')) The PMD variation with walength as mode coupling and the number
of PMF sections increase. ((b) and (b)) The PMatistical distributions when there are 31
coupled PMF sections. The solid line in (b) is Maxwellian PDF fit and that in (b') is the
PDF fit of the SO-PMD theoretical distribution firgsroposed by Foschini et al. (1999).

An investigation into the PMD (FO- and SO-PMD) isttits shows an increase in the
stochastic nature of the PMD spectra as the nuoitleMF sections increase (Fig 6.6 (a - a")).
These distributions resemble the PMD behaviour eplayed fibres. Higher number of

randomly mode coupled PMF sections (i.e. 31 sestion this case) result in PMD

distributions approaching theoretical distributiomisich agrees to findings in Section 6.1.1.
However, some regions of the SO-PMD distributioa aot populated. This emulator design
agrees with findings in Section 5.1.1, that theugabf mean FO-PMD does not determine
whether a FO-PMD distribution approaches the Makareldistribution or not. The absence
of (or negligible) mode coupling gave a wavelenigithependent FO-PMD distribution at

31 ps whilst generating a very low SO-PMD of 1.26 p
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Fig 6.7: (a) The ACF when the emulator has 5 andPBIF sections. (b) The behaviour of the
BACF with increasing numbers of PMF sections. Té@re wavelength is 1550 nm.

A similar BACF trend to Fig. 6.4 is observed in F&7 when the number of fibre sections
increase (in this case the miximum BACF value redcis 0.06). This trend again complies
with equation 2.21. Thus this emulator clearly skdhat for high number of PMF sections
the BACF is independent of the FO-PMD value buelotiepends on the nature of the fibre
link. The ACF is asymmetric due to the presenc8@fPMD as was also observed in Section
6.1.1.

6.1.3. Emulator with fixed FO-PMD but varying SO-PMD

It has been observed that SO-PMD introduces flaichas: around the mean penalty induced
by FO-PMD (Bruyére 1996, Nelsat al. 2000). To emulate this, Zeng (2003) designed an
emulator of fixed mean FO-PMD and varying SO-PMDnir an optical delay line, a
polarization controller (PC) and a single high FRIBP (HIFO-PMD) fibre segment (refer to
Section 3.4.5). Presented in this subsection iswacbst emulator with similar behaviour
designed from combining a variable sub-emulatongiing of PMF Sections), a PC and a
high FO-PMD (HiIFO-PMD) PMF segment. Other design@&gmulleret al. 2002, Zeng
2003) have paid particular attention only to aitgrthe mean FO-PMD and SO-PMD values
but our design has been extended to allow for obofrthe extreme FO- and SO-PMD values
(maximum and minimum values) of its PMD statistithis is because our design allows us
to alter the number of mode coupling sites, untillesigns by Wegmulleet al. (2002) and
Zeng (2003), which have only a single mode coupsitg. However, it should be noted that

the PMD control mechanism of the emulator is nomnpletely in real time. Firstly, the
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operation principle of the emulator is addressedydafter the PMD characteristics of the
emulator and lastly the impact of the HIFO-PMD seghon PMD statistics.

I. Operational principle of the PMD emulator

The emulator comprises a variable sub-emulator émafrom cascading PMF sections), a
PC and a 23 m long PMF segment (fixed length) asvehn Fig. 6.8. The 23 m long PMF
segment possesses high FO-PMD (HiFO-PMD) approeinaqual to 31 ps; from here
onwards it will be referred to as the HIFO-PMD PMEgment. The sub-emulator is the
emulator previously described in Section 6.1.1which 1 to 30 PMF sections were joined
together. The variable sub-emulator is tuned byipg or removing PMF fibre sections. The
sub-emulator is assumed to be random mode coupled the exact coupling angles could
not be determined during fusion splicing of the Pk#¢ttions and through the use of mid
couplers. The PC provides a coupling arigl@rbitrary set at 4% between the sub-emulator
and the HiIFO-PMD PMF segment, which we assume iscooelated to any other mode
coupling angle on the sub-emulator. The lengthhefHiBi fibore segment was chosen in such
a way that it lies outside the 20% standard demiatif the mean length of the sub-emulator,
unlike conditions used to construct the emulatorSéctions 6.1.1 and 6.1.3ince different
coupling angles result in different amounts of S@ER the exact amount of SO-PMD the
emulator possesses at each configuration coulddheally be calculated from the modulus
of Eq. (2.6) if the mode coupling angles were knd&ang 2003). The same is possible for
FO-PMD by simply using Eq. (2.6).

Fixed 23 m long HiFO-PMD
PMF segment
PC

Variable ( ( ( ( )
—> —> @\ >

Input Sub-emulator Output

Fig. 6.8: Schematic for a fixed RMS FO-PMD and wagymean SO-PMD emulator. The PC
is set at a fixed angle. The emulator had insertomses from 1.5-2.1 dB.

The 23 m HIFO-PMD PMF segment alone has a FO-PMidovendependent of wavelength.
The residual SO-PMD in the HiIFO-PMD segment is31($; although low, this contributes
slightly (by an amount ~ 0.31 Psto the SO-PMD of the emulator. The stochastic

wavelength-dependent FO- and SO-PMD changes okthigator is more comparable with
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deployed fibres than designs by Wegmuéeal. (2002) and Zeng (2003) in which only two
birefringent elements were used. Firstly, the proge of the emulator comprising the sub-
emulator coupled to the HiIFO-PMD segment (Fig. Gu@) investigated. The properties of the
sub-emulator were discussed in Section 6.1.1. ya$té impact of the HIFO-PMD (or high
birefringent (HiBi)) segment on FO- and SO-PMD istatal distributions are investigated.

[I. PMD emulator characteristics

This section will look at the vertical (PMD rangahd horizontal (PMD changes with
wavelength) characteristics of the PMD emulatore Tibrizontal characteristics will assist in
the analysis of PMD statistics when the HIFO-PMDrsent is absent or present.
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Fig. 6.9: (@) The FO-PMD and (b) SO-PMD verticahla@iour of the emulator as the number
of PMF sections on the sub-emulator were variece Z8 m long HiFO-PMD PMF segment
was connected to the sub-emulator via a polarizationtroller (PC).

The vertical PMD characteristics of the emulat@r idustrated in Fig. 6.9. A dominant HiFO-
PMD segment was coupled to the sub-emulator sottieaRMS FO-PMD remained fairly
fixed at ~ 31 ps, as shown in Fig. 6.9 (a), desfiiere being both mode coupling and
birefringent increase similar to that of Fig. 6llike the sub-emulator conditions where
each PMF section is expected to contribute to tlezadl RMS FO-PMD of the emulator, the
HIFO-PMD PMF segment on the emulator provided a idamt FO-PMD vector which
biased the emulator RMS FO-PMD towards its RMS RBbPvalue. The RMS FO-PMD of
the HIFO-PMD segment lies between 2.35 to 7.754gilmgher than that of the sub-emulator.
The mean SO-PMD of the emulator increased as tmebau of coupled PMF sections
increased, although the RMS FO-PMD was uniform a8t ps (Fig. 6.9). This is because SO-
PMD is strongly mode coupling dependent.
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Figures 6.9 and 6.10 show the emulator FO-PMD adP$1D statistical information as well
as its wavelength dependence, respectively. Fig.sbows the FO- and SO-PMD vertical
behaviour (range) of the emulator as the numbePMi sections on the sub-emulator
increased from 1 to 30. The FO- and SO-PMD rangein@eased by simultaneously adding
birefringence (PMF sections) and mode coupling len dub-emulator. The FO-PMD range
extended from close to null for a single PMF segmer24.5 ps for 30 PMF segments. The
simultaneous changes in the maximum and minimumPMD are opposite in trend. A
further increase in the number of random PMF sastiwill likely result in a FO-PMD range
from zero to the maximum FO-PMD. The correspond@PMD range, from close to null
for a single PMF section to 2862p®r 30 sections, was always approximately equahe

max SO-PMD value since the minimum SO-PMD was asv@gse to null.

(a) sub-emulator (1 section) - HIFO-PMD segment (a) sub-emulator(1 section) - HIFO-PMD segment
T T T T f T T T T T T T T

300

401 200
30 100
20 0
& (b) sub-em:ulator (14 séctions) - HiIFO-PMD se:gment Né 300-) s:'ub—en:1ulato'r(14 sfection's) - HiFO—P[\/ID seigmen't
= 407 1 2 200
O ] =
g aod AN\ AAN M E S
& 20 ] 3 o
= (c) sub-emulator (30 séctions) - HIFO-PMD segment 300-(C) sub-emulator (30 sections) - HIFO-PMD segment
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30-_ 1004
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Fig. 6.10: The FO-PMD spectra for the emulator taj 1 section (b) 14 sections and (c) 30
sections on the sub-emulator. The correspondind®$1D- behaviour for (a') 1 section (b') 14

sections and (c') 30 sections on the sub-emulafbe arrows indicate the max and min
values on the PMD spectra.

Fig. 6.10 also shows that besides controlling theulator vertically (FO- and SO-PMD
range), it was also controlled horizontally (FO-daBO-PMD changes with wavelength).
Fig 6.10 (a) shows the FO-PMD spectrum of a sifi section coupled to the HIFO-PMD
PMF segment. The accompanying SO-PMD spectrum @) (a)) is close to null. This
was due to the limited PSP rotations that did mbta@ce significant PSP-depolarization and
FO-PMD variations with wavelength (PCD). The admitiof random mode coupled PMF
sections to the sub-emulator resulted in randowgtidktions of the FO-PMD (Fig. 6.10 (b - ¢))
about a fixed RMS value (~ 31 ps), with SO-PMD des becoming more stochastic
(Fig 6.10 (b' - ¢")). This is the equivalent ofegular wavelength-dependent PMD changes in
deployed fibres. Thus the irregular fluctuation®wahbthe RMS FO-PMD were likely due to
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SO-PMD and or other higher-order PMD. In orderigmgicantly influence the shape of the
FO-PMD spectra but have minimal effect on the RM3-FMD value, the sub-emulator
mode coupling angles should be adjusted. The acanyimy SO-PMD would change both its

spectrum and mean value due to its sensitivity@dercoupling changes.

[ll. The impact of the high first-order PMD segment on PMD statistics
This subsection seeks to investigate the impacergéed by high first-order PMD (HiFO-

PMD) segments on the nature of the FO- and SO-PMiistcs through the use of a PMD
emulator. Further investigations on the impact adFG+tPMD segments on PMD and the
output state of polarization (SOP) of light in ladifibres will be presented in Chapter 7. In
this subsection, the FO- and SO-PMD statisticshef sub-emulator (presented in Section
6.1.1) alone are first looked into and thereaftee PMD statistics of the emulator is
considered (Fig. 6.8).

As the number of random PMF lengths and mode cogpdites were increased, the sub-
emulator generated more stochastic FO- and SO-Phéidges. This resulted in the FO-PMD
statistical behaviour approaching the theoreticalxMellian distribution and the generated
SO-PMD approaching the SO-PMD theoretical distidou{Fig. 6.11 (a — b)). Thus a closer
agreement to the theoretical distributions waseaa in this case when there were 30 PMF

sections, as discussed in Section 6.1.1.
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Fig. 6.11: The histograms for (a) the FO-PMD and ®O-PMD of a 30 section sub-
emulator. The histogram for (a') the FO-PMD and @O-PMD of the emulator comprising a
30 section sub-emulator. The solid line indicatgstiie Maxwellian distribution, (a") Weibull
distribution, and for (b) and (b") a SO-PMD theacal distribution described by Foschini et
al. (1999).

Fig. 6.11 (a') shows the FO-PMD statistical digttibn of the emulator when there were 30
PMF sections coupled to each other on the sub-eéatuléhe FO-PMD distribution in this
instance approaches a Weibull distribution instefathe Maxwellian distribution, having the
appearance of a reversed Maxwellian distributiomh & low probability events tail lying to
the left (with low FO-PMD). However, Karlsson (2QCbund out that the PMD distribution
becomes Gaussian. The minimum FO-PMD value in &l (a) is greater than that in Fig.
6.11 (a’), indicating that a shift in the FO-PMDatstics occurs towards the dominant
wavelength-independent FO-PMD vector when a HiFCBPMegment is added. This
interpretation is supported by Fig. 6.9 (a) whittows a constant RMS FO-PMD equal to
31.9£1.0 ps regardless of the number of PMF sextionhe sub-emulator. For PMF sections
numbering less than 30 on the sub-emulator, thelagoruresults in various (different

unpredictable) statistical distributions which pess high FO-PMD values. This means that
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there are more possibilities of high system impaimta due to the higher likelihood of high
FO-PMD values occurring, e.g. see the right harndfaFig. 6.11 (a’). This also shows that
the presence of such a HiIFO-PMD segment in a deglfire link would bias the FO-PMD
outcome closer to the RMS FO-PMD value of the HIFRAD segment. Such a RMS FO-

PMD does not give an accurate representation ofitkiee FO-PMD in an optical fibre link.

The SO-PMD statistical distribution of the emulateith the 30 section sub-emulator
(Fig. 6.11 (b")), retains a similar shape to thfathe sub-emulator alone (Fig. 6.11 (b)) and
approaches the ideal theoretical distributidfhe addition of a mode coupling site
concatenating the sub-emulator and the HiFO-PMD Pddgment together, and the low
residual SO-PMD of 0.31 pin the HiIFO-PMD PMF segment results in negligit@nges in
the SO-PMD statistical distribution. The major ches occur on the mean SO-PMD (from
42.3 pé to 84.9 pd and max SO-PMD (from 182 bt 286 p$) values. Due to the shift in
the FO-PMD variation with wavelength towards the KNFO-PMD of the HIFO-PMD
segment as discussed before, there is likely tanbienpact on the PCD, a component of SO-
PMD. This PCD change has little effect (~ 1/9) tie SO-PMD distribution compared to
contributions by PSP-depolarization (~ 8/9). OJetale presence of a HIFO-PMD segment
thus has little impact on the nature of the SO-Patdistics but has significant impact on FO-
PMD statistics.

6.2 Tuneable delay element

This type of emulator adjusts the PMD without chagghe number of fibre sections. This is
achieved by changing the birefringence of the nmlier.e. a fibre can be subjected to
temperature changes which change the birefringheoee changing the PMD (Hauetr al.
2004). In this section a digital delay line (DDLpim the company Oz Optics is used. Unlike
the delay induction used by Hauwtral. (2004), the DDL introduces a delay in optical gath
between the fast and slow orthogonal polarizatipnadjusting the relative travel distance of
the two orthogonal modes. The insertion loss of@Bd. is 1.5 dB. For more information on
the internal mechanism, function and specificatiohghe DDL the reader is referred to
Section 3.3.1 Il and Appendix III.
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Fig. 6.12: ((a) and (b)) FO- and SO-PMD at diffeteDDL FO-PMD settings tfetop)-
(c) DDL characteristics in terms of the observed-PMD (zopsoo) and the mean SO-PMD
(<) When zsetop, IS adjusted. The averagesx (<z,>avg) over 20 P tseton < 60 ps is 0.24 +
0.07 pé. The JME was used to measure both FO- and SO-PMB.SO-PMD spectra in (b)
were offset for clarity.

A Labview programme was used to write and read ftoexDDL. The DDL was adjusted
from 0 to 60 ps and the observed FO-PMD was medsiite set FO-PMDrt{epp.) Of the
DDL was compared to the observed FO-PMBs6o) and is shown in Fig. 6.12 (c). The
gradient of the slope is 0.99 and y-intercept 9Qclose to zero) which shows there is a
negligible difference betweenetppr aNdtopsoor- ThUS,Tseton. @NdTopspp. @re equivalent and
will be referred to as the DDL FO-PMDx ). The observed FO-PMD is wavelength-
independent (Fig. 6.12 (a)) due to finite mode diogp while SO-PMD is stochastic (Fig.
6.12 (b)) over a small range which is likely due R8P rotations enhanced by internal

mechanical changes occurring in the DDL.
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Figure 6.12 (c) shows that the DDL has low residd@PMD (residuat;,) present. This is
similar to what would be obtained in a single PMfEteon of arbitrary FO-PMD magnitude.
The low SO-PMD is ascribed due to finite mode couplThough low, the behaviour of the
SO-PMD of the DDL is important in this study dudtsapplication in the design of the PMD
emulator in Section 6.4. The residual mean SO-PWH3idual-t,>) was non-uniform for
oo < 18 ps, while the residuatze remains fairly constant at 0.24 + 0.07 fir 20 ps< Too.

< 60 ps. This non-uniformity in SO-PMD is likely di the manufacturing imperfections of
the DDL. It should be noted that the behaviouresidual SO-PMD in other delay lines does

not necessarily follow this trend.
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Fig. 6.13: The statistical distribution of the DDbbserved FO-PMD after randomly
generating 1018 DDL set FO-PMDs:.op) values. The solid line in (b) is the Maxwellian
distribution fit. GINTY was used to measure the FH@D.

In this study, 1018 values between 0 and 60 ps waerdomly generated using Labview to
give a variation similar to that in Fig. 6.13 (d)éBe 1018 random values were written to the
DDL to adjust it and the resulting FO-PMD values #rose shown in Fig 6.13 (a). These FO-
PMD values were measured using GINTY. The FO-PMBbDatian in Fig. 6.13 (a) gives a
histogram approaching Maxwellian (Fig. 6.13 (b)jh@augh not well populated on the tail.
This therefore means the DDL alone can be conttolte generate a distribution
approximating the Maxwellian distribution over aga sample size. Take note that the FO-
PMD values generated by the DDL are independentwafelength as illustrated in
Fig. 6. 12 (a).
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6.3 Emulator with fixed birefringent sections and otatable polarization orientations
Polarization state and PMD changes in aerial filaresdue to varying environmental effects
such as temperature, wind speed and direction esaag highlighted in sections 5.1.2 and
5.2. Polarization state and PMD changes experieatm®t) a buried fibre length are due to
birefringence and mode coupling changes (Musdral. 2009). The emulator presented in
this section, controls mode coupling through eteciptic polarization rotators, which act as
half waveplates. These half waveplates (HWPs) en&llP and PMD adjustments. For more
information and specifications on the HWPs the eead referred to Section 3.3.2 | and
Appendix lll. The insertion loss for the emulater 3.87 dB. The disadvantage of some
emulators like those described in Section 6.1 & they give a fixed PMD statistics which
can mimic only a particular fibre link or plant. tever, this emulator seeks to address this
limitation. The aim of the emulator design is ta¢uhe PMD statistics with wavelength and
time. SOPs will also be adjusted and then measusaty the Adaptif A1000 polarization
analyser with time as the emulator is varied imalar way to the aerial fibre in Section 5.2.

6.3.1. Emulator design and its operation

This subsection focuses on the principle operatibthe emulator and its components. The
discussion will make it easier for one to rebuildimilar type of emulator. The emulator
design is shown as a schematic diagram and thenpdm®tograph (Fig. 6.14). Of the eight
HWPs shown on Fig. 6.14 (b), only seven will bedudee to a high loss from one of the
HWPs. In order to get a mean FO-PMD equal to 18.amd stochastic PMD spectra, PMFs
of different FO-PMD magnitudes were randomly dimited as shown in Fig. 6.14 (a). The
PMFs and HWPs are interconnected using single nid@e (SMF) patchcords with
negligible PMD (Fig. 6.14 (b)). Each PMF sectiors I80-PMD approximately 0.31p& he
loop diameter of each PMF sections wa$3.5 cm to minimise the introduction of insertion
loss and PDL (Section 6.5).
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Fig. 6.14: The (a) Schematic and (b) Photograpayout of the emulator. The orange circles
in (a) denote the PMF sections. The yellow fibrppearing in the photograph are single
mode patchcords used to connect the HWPs and thesPWhe FO-PMD values of each
PMF section are provided. I/P stands for input &wP for output.

Each HWP tunes between 0 to 186y supplying voltages between 0 — 4 V from the
computer through the PC430 board (refer to Fig4 ). Voltage above 4 V will damage
the HWPs. Before assembling the emulator each H&¢Ptthe 0 to 180range experimentally
determined using two arbitrary PMFs (see Fig. 6f&a6 HWP II), though they are from the
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same manufacturer. This is required since the et axes of PMF sections might vary
after the introduction of the SMF patchcords andoablue to imperfections in the
manufacturing of the HWPs. The SMF patchcords enaasy flexible attachment and
removal of the PMF section(s) to the HWP via modnmtedcouplers.
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Fig. 6.15: Two arbitrary PMF sections were couplesing HWP II. The applied voltage to
the HWP was varied between 0 and 3.8 V. (a) Vamatof DOP with voltage and
(b) Calibrating voltage to angles using FO- and BEID.

Calibration of HWPs between 0 and 28@ere performed by monitoring FO-PMD, SO-PMD
and DOP (min, man and mean) as the voltage to W@ Wvas varied between 0 to 3.8 V in
steps of 0.2 V. The maximum applied voltage wasas@& 8 V as a safety measure to reduce
the possibility of voltage overshoot. The C+L bahdght source (after polarization
scrambling) was used in the calibration process. &i15 shows the calibration results when
HWP 1l interconnected two arbitrary PMF sectionfieTmax, min and mean DOP cycle
upwards and downwards as the HWP voltage varigs @15 (a)). A complete peak to peak
cycle indicates the 0 to 18@ange; when the max DOP is at its minimum, thdebgtween
the two FO-PMD vectors provided by the two arbitr®MF sections is $0The 1.48 V to
2.14 V range was selected as the operating rangj@ anltage of 1.87 V indicates D@\t an
applied voltage of 2.14 V the FO-PMD was maximunt(3 ps) and minimum (~ 1.6 ps) at
1.48 V (Fig. 6.15 (b)), which corresponds tbdhd 180 respectively. The voltage giving
maximum SO-PMD corresponds to°9@efer to concatenation equation 2.12), in thiseci
coincided with the expected voltage 1.87 V. Theas & slight difference of at most 3.5% in
the FO-PMD values obtained using the JME and GINiiathods, thus the two techniques
compare well. All the other HWPs were also calibdator voltage to angle using the above
mentioned method, and are listed in Table 6.1.
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Table 6.1: The seven half waveplates (HWPs) and@ping of their voltage to angles.

HWP number 0° 0z 18¢°
i | 1.85Vv 1.45v | 1.21V
I 2.14V 1.87Vv | 1.48V
11 2.35V 1.90v | 1.15V

vV 2.26V | 2.00V | 1.62V
\% 2.2V 1.85V | 1.55V
Vi 2.65V | 2.20V | 1.75V
Vi 1.40vV | 1.20V | 1.02V

For an adjustable PMD emulator to reproduce PMIbssizs, it should be stable. In this study
the emulator is tested for stability by measuring dutput SOPs of light. SOP fluctuations
were measured using a C+L broadband light souread polarizer and polarization analyser,
over a 3 hour period at 1 second intervals. Fifj6 §a) shows slight SOP changes (range of
relative SOP angles = 0.32n the Poincaré sphere. This meant the emulaserfairly stable
under the laboratory environment (~ 4D). The slight SOP changes were probably due to
lack of stability of the C+L broadband light sourdkeany significant temperature changes
were to affect the emulator, every component makipgthe emulator would be affected.
Since the emulator was stable in the laboratopyeatability tests were conducted using the
PMD (FO- and SO-PMD) measurements (Fig. 6.16 (b)).
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Fig. 6.16: Emulator (a) stability test through SQ®onitoring and (b) repeatability test
through PMD measurements. Eight different HWP rsgstiHWPs setting 1 - 8 in Table 6.2)
were configured and repeated on three differensday

The PMD was adjusted by configuring the angles tef seven HWPs into 8 different
combinations, HWPs setting 1 - 8 in Table 6.2. Ehadjustments were repeated on three
different days as FO- and SO-PMD were measured.6Fl$ (b) shows that the PMD
measurements were approximately equal on 3 diffetayps, with a maximum difference of
0.02 ps for FO-PMD and 0.1 pfor SO-PMD. The slight difference is most likelyalto the
error in the JME measurement method. This thereferans the emulator is able to reproduce

PMD statistics either with wavelength or time.

6.3.2. PMD characteristics of the emulator with waglength

This emulator, like the deployed buried fibres préged in Section 5.1.1, gives stochastic
PMD statistics due to the presence of random modelmg and birefringence distribution
(Fig. 6.17). This subsection will first focus onsting the PMD spectra by controlling mode
coupling angles and then investigate the reproditgibf PMD statistics using the emulator.
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Table 6.2: Fourteen sets of HWP settings used josathe PMD statistics of the emulator.
The voltage to angle mapping for each half wavep{BWP) is given in Table 6.1.

HWPs | HWP | HWP | HWP | HWP | HWP | HWP | HWP

setting I ] [l AV \Y \ VI
; 1 0° 90° 0° 0° 0° 0° 0°
2 0° 0y 90° 90° 90° 90° 9C°

3 90 0° o° o° o° o° o°

4 0° 9 90 0° o° o° o°

5 0° 9 90 90 90 90 0°
6 0° 90 0° 90 90 90 90
7 90° 0° 90° 90° 90° 90° 0°

8 0° 0° 0° 90° 0° 0y 0°
9 0° 0y 0° 90° 0° o 0°
10 0° 0° 0° o 90° 0° 0°
11 90 90 0° o° o 90 0°
12 0° o° o 90 90 90 0°
13 90 0° o° o° o° o 0°
14 90 90 0° 0° o° o 90

In order to generate different PMD statistics udimg emulator design in Fig. 6.14, the seven
HWPs were configured to give a combination of défa angles. Table 6.2 above gives some
of the HWP settings (14) that were used to enatvlel&or tuneability. The table shows the
combination of 8 and 96 angles used to control the HWPs, any of the coatiain of angles
between B and 180 can be used. Figure 6.17 illustrates the resulfi@y and SO-PMD
statistics at HWPs setting 8 and 14 using the JMithod. Figure 6.17 (a) shows that the
emulator can change both its mean PMD values andlibpe of its spectrum. HWPs setting
14 results in more stochastic and rapid PMD chamgéswavelength covering a wider range
compared to the influence of HWPs setting 8. Thiglue to the difference in the degree of

random mode coupling since the number of mode aoyigites is fixed.
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Fig. 6.17: (a) lllustration of the capability of ¢hemulator to tune PMD statistics in the
wavelength domain. The (b) FO-PMD and (c) SO-PMatigtical distribution when the
HWPs settings are 8 and 14. The solid lines orFBePMD histograms are the Maxwellian
distributions and those on the SO-PMD histogranestae theoretical distributions proposed
by Foschini et al. (1999).

Fig. 6.17 shows the statistical distribution of #@- and SO-PMD for HWPs setting 8 and
14. The FO-PMD statistics for HWPs setting 8 and P8V14 do not approximate the
Maxwellian distribution fit (Fig. 6.17 (b)), somegions on the histograms are not well
populated. However, the FO-PMD statistics for HVée&ing 8 approaches the Maxwellian
better relative to that of the HWPs setting 14.sTisidue to the minimum FO-PMD value of
HWPs setting 8 being close to zero (1.5 ps) ant dhaddWPs setting 14 away from zero
(4.5 ps). In this study the HWP settings gave sietbh FO-PMD and minimum FO-PMD

values either close or away from 0 ps. The SO-PRréDssics for HWPs setting 8 and 14 like
the accompanying FO-PMD do not approximate to tkeP83/D theoretical distribution

proposed by Foschimt al. (1999) (Fig. 6.17 (c)). The SO-PMD statistics ailVAs setting 8

approaches the SO-PMD theoretical distributiondoettlative to that of HWPs setting 14.
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Increasing the number of PMF sections and HWPShenemulator would make the PMD
statistics better match the theoretical distrilngio
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Fig. 6.18: ((a2) and (b)) The cumulative probabilidensity function (CPDF) of the PMD
statistics provided by the emulator at different P\8ettings. ((a") and (b')) The theoretical
pdf fits on PMD statistics for different combinatsoof HWPs settings. The histograms of the
PMD statistics are not shown in (a') and (b') féear diagrammatic illustration but the PMD
information is displayed in (a) and (b) respectivélable 6.2 gives fourteen HWPs settings.

Figure 6.18 shows that HWPs setting 1, 8, 12, ¥4 fpur different FO-PMD and SO-PMD
statistics. There are many other different HWP igométions involving angles betweefl 0
and 186, only HWPs setting 1, 8, 12, 14 are used for fitaton (Fig. 6.18)). The
distributions in Fig. 6.18 (a') and (b") are thedtetical fits to the PMD histograms that are
not shown to allow clear diagrammatic presentatidre cumulative probabilities of the four
PMD statistics are shown in Fig. 6.18 (a) and [fp)order to view how the PMD statistics at
different HWP configurations relate to theoretidadtributions, refer to Fig. 6.17. The ability
to reproduce these statistics depends on the isgadiithe emulator. Fig. 6.19 depicts a very

slight deviation (histogram bins offset) of the PMiatistics of HWPs setting 1 on three
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different days. This leads to the conclusion thader a stable laboratory environment, the
PMD emulator design can reproduce the PMD stasistiath wavelength. The slight
difference in PMD statistics on the three differdays as shown in the histograms in figures
6.19 (a") and (b") are most likely due to the JM&numental error. The accuracy of the JME
method can be influenced by fibre stability, optisaurce incremental wavelength accuracy,
polarization analyser accuracy and the repeatabiit the instrumental polarizations
(Derickson 1998). Figures 6.19 (a) and (b) show the slight difference in the PMD

statistics on the three difference days does riettthe theoretical distribution fits.
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Fig. 6.19: (a) and (b) The theoretical PDF fits tihre measured PMD statistics illustrated as
histograms in (a') and (b'). The PMD measuremerggevearried out on three different days
when the emulator was set at HWPs setting 1. Thiesgrams are used to investigate
emulator reproducibility.

Thus instead of the application of importance samgp{IS) in the time domain, an emulator
of this kind can be used for importance samplinghm frequency domain only if some its
PMD values populate the low probability tail of thetistical distribution. The wavelengths
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that have high PMD values that will lie in the tall the theoretical probability density
function are known to cause system outage andadh awcase are highly likely to occur. For
transmission in WDM systems, such wavelengths ateused for data transmission. In the
time domain the high PMD values in the probabitignsity function tail are known to occur

in less than a minute per year (Kaminow 2002).

6.3.3. PMD characteristics of the emulator with tine

FO-PMD and SOP changes experienced in aerial fibeas be mimicked by randomly
adjusting the HWPs in the emulator relative to eattier. The limitation with the emulator is
that the PMFs have fixed birefringence. The FO-Plid SOP changes in aerial fibres are
due to simultaneous birefringence, mode coupling) fdore position changes whilst for the
emulator FO-PMD and SOP changes are only due tocensodpling changes. The HWPs
have a response time of < 10 ms but in this exparinto allow synchronisation between the
Labview emulator control programme and GINTY, asé@ond interval was set between FO-
PMD measurements. 1073 FO-PMD measurements wdeeteal. During continuous output
SOP measurements, light was supplied from a naoavd Agilent 8164A laser source set at
1550 nm, the polarization analyser recorded measemes over a time frame of 1000 s at
30 ms intervals. The 30 ms time interval was usssltd it being the maximum response time

of the polarization analyser.

The control of the HWP angles betweeéna@d 180 resulted in stochastic FO-PMD changes
(Fig. 6.20 (a)) similar in behaviour to those expeced in aerial fibres during the day when
there are drastic and significant environmentalnglea. The FO-PMD statistics approaches
the Gaussian distribution (Fig. 6.20 (a')), similarwhat was observed for the aerial fibre
presented in Section 5.1.2. Due to the emulatangostable and reproducible as discussed
before, the time-varying FO-PMD statistics candggroduced. It should be noted that for FO-
PMD values less and greater than 13.3 ps, the &gbeoot-mean-square-sum, depends on
the nature of mode coupling. The expected root-Rseg@mare-sum is applied considering there
is random mode coupling. However, the degree oflaan mode coupling can differ. The
emulator gave FO-PMD values, using the 1075 HWHigorations, spanning from 2.61 ps
to 14.75 ps (see Fig. 6.20).
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Fig. 6.20: (a) The FO-PMD variation with random adjments in the HWPs on the emulator,
(@) The FO-PMD histogram and Maxwellian PDF fib) (A Poincaré sphere showing the
variation of the output SOPs and (b') The ACF far €mulator over the first 450 seconds.

SOP changes generated by the emulator covered pwasization states on the Poincaré
sphere as shown in Fig. 6.20 (b), although theyewostly on the surface of the sphere (with
DOP > 0.9) since a highly polarized narrow bandedasource was used. The random
adjustments in the HWPs switched the SOPs frompofegization state to the other; changes
depended on the degree of random mode couplinggelain order to measure the degree of
SOP change as the HWPs changed, a time ACF waslatalt using equation (2.24). The
emulator decorrelation time was 126.3 s as showrrign 6.20 (b"), it falls within the
decorrelation time range (between 13.62 s and 6§i0sh by Waddyet al. (2001) for aerial
fibres. It should be noted that the ACF of the atar can either be above or below 126.3 s
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depending on the degree of random changes intrddbgethe HWPs. Each HWP has a

response time < 10 ms.

6.4 Emulator with fixed birefringent sections plustuneable delay element and rotatable
polarization orientation

PMD emulators exhibiting both FO-PMD and SO-PMD én&een designed and implemented
(Wegmulleret al. 2000, Zeng 2003, Yaet al. 2004). These types of emulators were found to
be necessary due to the coexistence of FO- andNBD+R optical network links. Due to the
interaction between these two effects, the impdctS@-PMD on FO-PMD has been
investigated (Bruyére 1996, Nelsehal. 2000, Guptat al. 2007). By definition, SO-PMD is
dependent on the magnitude of the FO-PMD vectgr The reverse impact of FO-PMD on
SO-PMD should therefore also be looked into expenitally. To investigate this
phenomenon, presented in this section is a PMD aomdbesign having a fixed mean SO-
PMD but varying mean-FO-PMD. The emulator had itiserlosses of 1.55 and 1.95 dB.
Firstly, the design considerations for the emulatye considered, followed by the
characteristics of the emulator.

6.4.1. Design considerations for the emulator

The emulator comprises a sub-emulator, a computeiralled polarization controller (PC)
and a digital delay line (DDL) as shown in Fig. B.Z7he sub-emulator generates fixed SO-
PMD and the DDL controls the FO-PMD. The sub-enurldtas 8 PMF segments, with
random birefringence and mode coupling distribigiorhe length of each PMF segment lies
within 20% standard deviation (Gaussian distritmitiof the mean length (~ 4 m) of the sub-
emulator. The FO-PMD values of the 8 segments4B%, 6.6, 4.95, 5.4, 6.3, 5.7, 7.1 and
7.8 ps in sequence, resulting in the sub-emulateanm~O-PMD being 18.1 ps (see sub-
emulator PMD statistics in Fig. 6.22). These PMEgnsents were fusion spliced together
without any intentional alignment of the birefrimyjeaxes; it is assumed that the mode
coupling angles are randomly distributed. The P&isputer adjusted to an anglsuch that
the anglep between the sub-emulator and the DDL FO-PMD vecisrequal to © This
means the FO-PMD vectors of the sub-emulator aad)DL are parallel. The angewas

obtained using the method previously discusseédtian 6.3.



101

(a)
Fixed 8 segment | .|  Optical Delay
Sub-emulator "_PC Line (DDL)
(b)
= 900
<
a
= 600 1
p
a
& 300 -
n
c
©
v of
S
0 100 200
B (degrees)

Fig. 6.21: (a) Block diagram for fixed SO-PMD buarying FO-PMD emulator. The
polarization controller (PC) angle) alters to always ensurg is always equal to Das
wavelength changes. (b) The SO-PMD of the emulaban theg is varied from 0 to 180
The solid line is a guide to the eye. The DDL FOBPM fixed at 26 ps, resulting in the
emulator mean FO-PMD remaining fairly uniform at .88+ 0.8 ps. PC stands for
polarization controller.

The choice of the anglg = 0° emanated from the concatenation equations of &d) and
(6.2), as highlighted in Section 2.1.3 llla. Theameemulator FO- and SO-PMD can be

expressed in vector form by:

Tmean=TppL * RppL Tgyp (6.1)

Tw_mean=Ty_ppL T RppL T, sub™ oL * T mea (6.2)

where %DDL and 7T are the FO-PMD vectors of the DDL and the sub-atoul

sub

respectively, Ry, is the rotational matrix of the DDL,%w_DDL and ?w are the SO-

sub
PMD vectors for the DDL and the sub-emulator, respely. In order to make the mean SO-
PMD of the emulator independent of the DDL FO-PMi), , the last term of Eq. (6.2),
TppL X Tmear: Should be set to zero. This is achievable only{if, and tpeqr are

collinear (either the vectors are parallel or garallel), that is the angle between the two

vectors are 0 and 180Whenp = @, %sub is parallel toty,, , Eq. (6.1) then reduces to
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Tmean™ TppL When the DDL is the dominant FO-PMD vector contrdsifor the emulator.

In summary, to make the SO-PMD independent of tBd& BFO-PMD, B has to be 0 Since
the PMD at each wavelength is represented by auanwgctor, the PC needs to be adjusted

for each wavelength to ensure the arfjle 0° (obeying the conditiontyy, XTmean=0)

for that wavelength.

Fig. 6.21 (b) provides an insight into the behawiotithe FO-PMDr and SO-PMDgz_ of the

emulator when the PC angle is altered, enalflirtig rotate between°tand 186. The SO-
PMD output reaches minimum close to that of the-embilator wherp = @ or 180, and
maximum wherp = 9¢°. The mean FO-PMD is always fairly constant at 3888 ps due to
the dominance of the DDL FO-PMD vector. Adjustihg DDL FO-PMD ¢, ) Whilstp = O°

will always give a SO-PMD outcome almost equivaliatt of the sub-emulator alone and the
mean FO-PMD approximates, . Thus controlling the PC angle changes the SO-PMD

statistics but still maintains a fairly uniform nmeBO-PMD.

Dgyp=18.1 ps Tpsub= 21.4 pé
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Fig.6.22: The (a) FO-PMDz} and (b) SO-PMD,) statistical distribution for the 8 segment
sub-emulator. The solid line on the FO-PMD histagres the ideal Maxwellian distribution
and that on the SO-PMD histogram is the ideal SOBRNEkoretical distribution<z>s,p Stands
for the mean FO-PMD of the sub-emulator amghs, stands for the mean SO-PMD of the
sub-emulator

Although the main aim of this experiment was totoonthe mean PMD values, the PMD
statistics of the emulator cannot be ignored. Timellator can also be used as a statistical
emulator which scans PMD conditions whilst changingvelength or the polarization
controller. Fig. 6.22 (a) illustrates the histogramthe sub-emulator FO-PMD, which does
not approach the Maxwellian distribution. The cepending SO-PMD statistics of the sub-
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emulator (Fig. 6.22 (b)) does not approach the 8> Pheoretical distribution. Failure of the

sub-emulator to approximate PMD theoretical disttidns is most likely due to the limited

number of randomly distributed birefringent segrse@ segments only). Therefore, further
additions of random birefringent segments and modepling on the sub-emulator as
highlighted in Section 6.1 could result in its PMiatistics approaching the well known ideal
PMD theoretical distributions.

6.4.2. Characteristics of the PMD emulator

In this subsection the PMD emulator is controlledthe presence of the sub-emulator
(Fig. 6.21 (a)) and for comparison, the sub-emuletaeplaced with a single PMF segment.
Initially, the FO-PMD of the DDL was calibrated tensure experimental accuracy as
discussed in Section 6.2. The residual mean SO-Rid§idual-t,,>) of the DDL remained
fairly constant at 0.24 + 0.07 pfor 20 ps< 1o < 60 ps, thus making this the preferred
experimental range. By ensurimg, > 20 ps, the DDL is the dominant contributor to B@-
PMD vector ) of the emulator. This condition together with= O°, allowed the adjustment

of only the emulator FO-PMD (emulatoy-and not the twot, components, which remain

constant. Iftop, < sy andp # 0° or 180, then changes im,. Will enhance emulator-
change, and hence affect the emulator-The DDL is implemented in Chapter 7 to
investigate the impact a high FO-PMD (HiFO-PMD) megt has on PMD, output SOPs and

system performance at different value$ of
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Fig. 6.23: Emulator characteristics for various, values when (a) the sub-emulator and (b)
the PMF segment (8.15 ps) are attached to the DiDile. gradient of the slope and SO-PMD
(r»,) measurements were obtained between 20ps < 60 ps. The FO-PMDr) wavelength
spectra (c) and,, wavelength spectra (d) wheg, is at 20, 30, 40, 50 and 60 ps for the sub-
emulator (solid line) and for the 8.15 ps single PEegment (dashed line) coupled to the
DDL.

The FO- and SO-PMD characteristics of the emuliaiworporating the sub-emulator, and the
sub-emulator substituted with a PMF equivalent sihewn in Fig. 6.23. Fig. 6.23 (a)
illustrates how &,> can be maintained constant for a rangerofalues. This is achieved by
keeping the sub-emulator configurations (mode aagpnd birefringence distribution) fixed
and the coupling angle always at ®with wavelength change, as,, was varied from 20 to
60 ps. DDL settings therefore provide the dominansuch that the emulatots<is biased
towardstyp.. SO-PMD is maintained fairly constant &g, is altered (with an averagesx
(<Tw>avg = 25.4 £ 0.9 psfor the 20 ps< 1o < 60 ps range). What is only affected is the
emulator-t>, while the shapes of the FO-PMD spectra remaaffanted (Fig. 6.23 (c)). The
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PCD therefore remained constant. A gradient of @82 cut-off ©> of 15.22 ps (Fig. 6.23 (a))
suggests whyrz is always ~ 13 ps abowg,, . The FO-PMD range around the emulator-<
was always maintained at £11.7 ps throughout thireerexperiment. Each individual
wavelength on the sub-emulator side possess a einiqueach © is therefore always
considered to be resolved together with the wagtlemdependent dominant DDE at a

coupling angles = (.

Since the mode coupling angles are fixed and is tlise are assumed to be uncorrelated
(random), PSP-depolarization was unaffected throughlthe experiment. Therefore since
both PCD and PSP-depolarization were unaffectedethulatore, is unaffected as shown in
Fig. 6.23 (d). During SO-PMD measurements, PSP{depation and PCD were
proportional, and always changed simultaneouslyt (slwown). The slight change on
emulatorz, is likely due to the slight changes in residuapresented by the DDL, as shown

in Fig. 6.12 (c), although its contribution is niral.

As a comparison to the emulator, the sub-emulats replaced with a single PMF segment
with <> = 8.15 ps andtg = 0.33 p8, whilst maintaining the coupling ange = O as
wavelength changed. In this case the single segr@eii ps fibre had a wavelength-
independent . The FO-PMD and SO-PMD spectra of the emulatoshoavn in Fig. 6.23 (c)
and (d) for variouspp, settings. It can be seen that the emulators<airly close toryp, . This

is evident in the almost unity gradient (Fig. 6(@®3), with an y-intercepttz close to zero
(~ 2 ps) for the range 20 pstoo. < 60 ps. The single mode coupling site and afgle(®
resulted in the emulator;e remaining low, see Fig. 6.23 (d), due to negligiBCD and little
PSP-depolarization from limited PSP rotations withvelength. The emulator averagg»«<
for 20 ps< top. < 60 ps is 0.45+0.2 ps

The difference in emulatorx at eachty, value between Fig. 6.23 (a) and (b) is
approximately 13 ps. This agrees closely to thieihce between the y-intercepts when the
single 8.15 ps segment was attached (= 1.99 ps)hatadvhen the sub-emulator was attached
(= 15.22 ps). In order to successfully design tipe tof emulator presented in this section, one
should ensur@ = 0 or 186.

In summary, in order to successfully design the latots presented in this Chapter one

should have an understanding of the PMD equatiees Chapter 2). These equations
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together with the background information on the Plgliznomenon guides one to come up
with the appropriate configurations (mode couplargl birefringence configurations) for a
particular emulator design. An emulator comprisingjngle birefringent section (Section 6.2)
gives a certain amount of FO-PMD but negligible BRD. Emulators that are made from
coupled birefringent sections have both FO- and P coexisting. However, those
emulators comprising a HiIFO-PMD section have a nfgarPMD biased towards that of the
HiIFO-PMD section. The SO-PMD from the emulators pasing a HiFO-PMD section
solely depends on the coupling andgleand is best explained using the concatenation

equations.

6.5 Impact of PDL in PMD emulators

In this section we will first investigate the dasigonsideration that may result in the
introduction of PDL. Later, focus will be on thepact of PDL on the PMD statistics of PMD

emulators. Emulator designs in Section 6.1 to @d DL values less than 0.08 dB which we

considered negligible. PDL measurements were msidg the JME.

1.0 PDL =-0.518Ln(D) + 1.489 (@) - 0.45 IL = -0.007D + 0.473 (b) © PDL = 0.0435¢" "

0.404

Insertion Loss IL (dBm)

0.0

: ‘ ‘ ‘ ‘ . ; 0.354+— . ; : . . : 0 1 2 3 4 5 6 7 8 9
2 4 6 8 10 12 14 2 4 6 8 10 12 14 Number of PMF sections N
Loop diameter D (cm) Loop diameter D (cm)

Fig. 6.24: Investigating the effects of (a) loopiog the PDL, (b) looping on the insertion
loss, and (c) bad fusion splicing using a 10 meteF length. The solid lines are the best fits
using the equations given.

Using a 10 metre PMF fibre length with a FO-PMD 3:3Lps and SO-PMD = 0.31%she
fibore was spooled on cylinders of different diamgteéFive turns were made around each
diameter. Fig. 6.24 (a) shows that the PDL decseasea logarithm function with increasing
loop diameter and Fig. 6.24 (b) shows the insertass decreases linearly with increasing
loop diameter. These observations were used agda gudesigning PMD emulators in this
study, especially the one discussed in Sectior(lB$ 6.14). The design shown in Fig. 6.14
had loop diameters at least 13.5 cm in order tarmsge the introduction of PDL and limit

insertion loss. The 10 m PMF was then subdividéd &) 4 and then 8 sections in sequence
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and spliced using the Sumitomo fusion splicer. fitson splicer was used in such a way as
to intentionally create bad splices, which gavesdssbetween 0.3 dB and 2 dB. Fig. 6.24 (c)
shows that if there is bad splicing at mode cowpbites, the PDL increases exponentially.
This was the other precautionary measure takeresigding PMD emulators in this study.

During the design of PMD emulators, splicing losiséoduced were less than 0.01 dB.

PDL effects on PMD statistics can best be obsetivemligh emulation. In order to show the
implications PDL has on the PMD statistics, a 35AP8&ction emulator was designed from
pre-existing emulators. The emulator had a PDL evati 0.06 dB which we consider

negligible. The PMD statistics of the 35-sectiomau&ator alone approached theoretical
distributions as shown by figures 6.25 (a) and Tine introduction of PDL was done through
coupling a PDL emulator and four 3 dB couplersenes. The PDL emulator had a PDL =
4.5 dB and each of the couplers had a PDL = 0.13AdBinsertion loss of 12.85 dB was

obtained when the 35-sections were interconnectedl the PDL components. Each coupler

had an insertion loss of 3.153 dB.
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Fig. 6.25: Statistical distribution of FO- and SO4P in the absence of PDL ((a) and (b))
and the statistical distribution in the presenceP®L ((a') and (b')). The solid line on FO-
PMD histograms is the Maxwellian probability degsitunction (PDF) fit and that on SO-
PMD histograms is the theoretical fit proposed lmsé€hini et al. (1999).

Fig. 6.25 (a") shows that PDL distorts FO-PMD stais away from the Maxwellian
theoretical distribution even in the presence bigin number of random mode coupling sites;
This agrees with findings by Willnat al. (2004) and Pelaelo (2008). Under these conditions
the PSPs of the fibre are no longer orthogonahth ether as illustrated in Fig. 2.12. There is
also increased probability density on the low FOBPBIde (Fig. 6.25 (a'), this agrees with
findings by Steinkamp and Voges (2007) that largédues of PDL cause an increased
probability of very high and/or low instantaneou3-PMD.

Fig. 6.25 also shows that SO-PMD statistics is cifé (evidenced by the unpopulated
regions on the histogram) and the probability @v 5O-PMD increases with the introduction

of PDL. This is likely due to the abrupt interchangf the PSPs as was discovered by
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Steinkamp and Voges (2007). The maximum SO-PMD henlow probability events tail
shifted to 122 gsfrom 115 p$ (Fig. 6.25) after the PDL components were intr@glcThis
was probably due to mode coupling between the palion components (PDL components)
which promoted PSP and FO-PMD rotations with vagyirequency. Thus emulators with no
or negligible PDL give PMD statistics approachihgdretical distributions in the presence of
large random mode coupling. The presence of PDPMD emulators would require the
addition of more PMF sections compared to when PDabsent, thus making the emulator

costly.
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CHAPTER 7

THE IMPACT OF A HIGH FIRST-ORDER PMD SECTION IN OPT ICAL
NETWORK SYTEMS

Deployed optical fibres are modelled as hundredthéasands of randomly mode coupled
birefringence fibre sections. Each fibre sectiorsggsses a certain amount of FO-PMD,
assumed to be non-correlated to that of the otketiams. Findings by Rogers (1981),
Galtarossat al. (2000) and Conibeaat al. (2005) indicate on some fibre cables the presence
of fibre sections having higher FO-PMD (HiFO-PMDyntributions than others, through the
use of the polarization-optical time domain refteoetry technique (P-OTDR) (see Appendix
II). Removal of such HiIFO-PMD sections reduces akierall FO-PMD. In this chapter, the
impact of a HIFO-PMD section on the overall FO- &@-PMD, output state of polarization
(SOP) of light and network system performance halllooked into. System performance will
be evaluated by monitoring the bit error rate (BER)e impact of a HIFO-PMD section on
the PMD statistical distribution was investigated $ection 6.1.3 Il through emulation.
Besides the JME and GINTY being used to measurevheall FO- and SO-PMD, they can
provide an indication of the presence of a HiIFO-PB#ation through analysing the GINTY

interferogram and JME spectrum.

7.1 Impact of a HIFO-PMD section on PMD

In this section, the impact of a HIFO-PMD (reprdsdrby a digital delay line (DDL)) on the
overall FO- and SO-PMD is investigated as well @seffects on the resulting GINTY
interferograms and JME spectra. The JME was tured 1520 — 1569 nm at a wavelength
resolution of 0.3 nm during FO- and SO-PMD measems GINTY was used for FO-PMD
measurements only. The experimental setup isnditest in Fig. 7.1. Two of the buried fibre
links (Link 61-62 /78-80) reported in Chapter 5 aamdDL were used for this part of the
experiment. Link 61-62 had FO-PMD = 3.4 ps and BB = 4.98 p§ while Link 78-80
had FO-PMD = 11.2 ps and SO-PMD = 30.57 ps



111
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Fig. 7.1: Schematic setup for PMD measurements.€fttiee link is a concatenation of the
fibre Link (61-62/78-80) and the digital delay li(@DL). For FO-PMD each entire fibre link
was measured twice, using GINTY then the IME me®0OdPMD was measured using the
JME only. The DDL was varied from 0 — 60 ps. P@i@safor polarization controller.

Fig. 7.1 is a sketch showing the concatenation éetwa 28.4 km fibre link and a DDL
(Section 3.3.1 Ill) via a polarization controll&gction 3.3.2) fixed at 45The DDL emulates
the HIFO-PMD section present in the network. FO-Pliid SO-PMD were measured at
each DDL FO-PMD settingdeton ) UP to 60 ps.

7.1.1 FO- and SO-PMD

Focus will firstly be on FO-PMD, followed by SO-PMD this subsection. Fig. 7.2 presents
results for FO- and SO-PMD measured for variedso. values. Fig. 7.2 (a) shows that as
TsetopL INCreases, the mean FO-PMD of the entire fibrk (ihean IS biased towardssetop.
When this happens, the FO-PMD vector from the DB, () exceeds that provided by Link

61-62 (ig,,) OF 78-80 (,54,). ThiS meansseton. > 3.4 ps for Link 61-62 antleton. > 11.2 ps

for Link 78-80. Thus the ratio betweeg,o. and the mean FO-PMDRy(eay) Of the entire link

IS approximately equal to one, in the region 15 ps:wo. < 60 ps, giving a gradient of 0.97
(~ 1) and a small y-intercept equal to 1.48 ps.(FFi@ (a)). It is found that there is little
deviation between GINTY and the JME measurementnsidering the experimental
findings from the emulator designs in Sections3ahd 6.4 and those from this subsection, a
HiFO-PMD section biases the mean FO-PMD of a filmle towards its mean FO-PMD value

for all polarization controller angles ranging fré@hto 180.
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7.2: Measured (a) FO-PMD using JME and GINTY andS®-PMD using JME as the DDL
FO-PMD (tsetop) Was varied from 0 to 60 ps. The linear equatior{a) was obtained from
15 ps< tseton. < 60 ps and those in (b) were obtained from & pgtoo. < 60 ps.

Fig. 7.2 (b) shows that asewo. iNcreases, the SO-PMD also increases. Consider the
concatenation rule expressed by equation 2.12, itk 61-62 or 78-80 providing the FO-
PMD vectorz. —and the DDL providing a FO-PMD vectay, (Or ,.opy)- The SO-PMD

then increases as a function of the cross prodtetdenz , and the overall FO-PMD vector

of the entire linkz,_.,,. This corresponds to the linear relationships shawFig. 7.2 (b).

When1tsetop, = 0 pS, the mean SO-PMD is slightly above that e by the fibre link alone
due to contributions from the residual SO-PMD & BDL. A similar trend in SO-PMD as in

Fig. 7.2 (b) will be observed if the coupling anbletweenz, and z,..is not equal to Dor

mean

18C. It has been previously shown in Section 6.4 timting a 6 or 18F coupling angle

betweenz_, and7.,, results in a fixed mean SO-PMD but changing mearPivID.

7.1.2 GINTY interferogram and JME spectrum in the presence of a HIFO-PMD section

In this subsection an analysis into the GINTY ifegewgram and JME spectrum is carried out
from FO-PMD measurements obtainedtass,. was adjusted from O to 60 ps. As stated
before, the DDL emulates the HiIFO-PMD section inetwork (in this case for Links 61-62
and 78-80). Focus in this subsection is only git@irO-PMD because of the nature of the
GINTY interferogram and JME spectrum which eagilglicate the presence of a HIFO-PMD

section.
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Fig. 7.3: GINTY interferograms for Links (a) 61-8@d (b) 78-80. The JME spectra for Links
(@) 61-62 and (b") 78-80. Measurements were td&eneion. = 0 PS.

Fig. 7.3 shows the FO-PMD measured on Links 61+ #-80, with DDL set to O ps, i.e.

the resulting GINTY interferogram envelope and Jsfiectrum show only the effect of the
two links. Link 61-62 was found to be less randowden coupled as compared to Link 78-80.
This is evidenced by the lower number of interfeeepeaks or limited changes of FO-PMD
with wavelength in Link 61-62 (Fig. 7.3 (a - a')% aompared to those of Link 78-80
(Fig. 7.3 (b - b")). In the absence of mode couplomn weak mode coupling, the resulting
GINTY interferogram has three interference peakslar to what is shown in Fig. 4.3 (b).
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Fig. 7.4: GINTY interferograms (left) and JME spadfright) for tseton. = 60 ps. The DDL is
attached to fibre Links 61-62 and 78-80.

It is found that whensetpp, IS NON-zero the GINTY interferogram widens, anceatral and
two satellite interferogram envelopes appear (FFig. (a - b)). These envelopes maintained
their shapes throughout agwop. Was increased, with the two satellite envelopéfirstp in
opposite directions by an equal amount whilst gl envelope remained fixed in position
(Fig. 7.4 and Fig 7.5). 0 ps was used as the mfer@oint when the shift of the satellite
envelopes was measured. The three interferogramlages are visible for Link 61-62 when
TsetooL > 15 PS, and for Link 78-80 wheiewon. > 20 ps. For the other settinggstop. < 15 ps
(Link 61-62) andtsetop. < 20 ps (Link 78-80), there was a single interfgaomn as those in
Fig. 7.3. On the other hand, the JME spectrumesthifipwards and the shape of the FO-PMD
spectrum changed with its mean FO-PMD value biasingrds that of the HIFO-PMD value
(Fig. 7.4 (a' and b")) as was discussed in Se@libri. Fig. 7.5 shows an increase in shifts for

the JME spectra and GINTY satellite envelopes.as,. increases.
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Fig. 7.5: The shifts in GINTY interferogram and Jiggectrum. Refer to Fig. 7.4 to see how
the shifts were obtained.

The numerous interference peaks on the centrakatedlite envelopes (Figures 7.4 (a) and
(b)) are proof that fibre Links 61-62 and 78-80 emrdom mode coupled. The region with
almost null intensity, indicated as K in Fig. 7&),(implies the presence of a wavelength-
independent FO-PMD vector. The bigaessn. iS, the longer the region K becomes. It should
be noted that the distance from the centre of émtral envelope to the centre of the satellite
envelop is the mean FO-PMD of the entire link, vahis similar in concept to how the FO-

PMD is measured for a single PMF section (refefitp 4.3 (b)). Findings in this subsection

show that the nature of the GINTY inteferogram #m&l JME spectrum can inform one of the
presence of a HiIFO-PMD section along a network. elew, this does not give the exact
location of the HIFO-PMD section, in contrast te fA-OTDR.

7.2 Impact of a HIFO-PMD section on the output SOP

In this section, the impact of a HIFO-PMD sectiomthis case the DDL) on the output state
of polarization (SOP) of light will be investigatetihe experimental setup is similar to that in
Fig. 7.1; in this case the tuneable narrow bandrlasurce is used. The PMD measurement
devices were replaced by an Adaptif A1000 polairatnalayser. The buried fibre link(s)
together with the DDL represented an entire filon& bs was discussed in Section 7.1. The
tuneable laser was tuned from 1520 to 1570 nmapssbf 0.3 nm for each measurement
DDL FO-PMD setting €setoo)- Tsetoo. Was tuned from 0-60 ps. The evolution of the three
SOP components (normalized Stokes parametersjuation of wavelength was monitored
using the polarization analyser. The FO-PMD of ¢imére fibre links were measured using
the JME and GINTY techniques (Fig. 7.1).
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Fig. 7.6 depicts the range of SOP spreadifas,. up to 60 ps. The cosine rule was used to
find the relative angles between the output SO#a fone wavelength to the other, which was
then used to find the range covered by the reld&i@® angles. The range covered by the
relative SOP angles (i.e. see figures 7.7 (a"),dhd (c")) represents the relative SOP spread
over the entire 1520-1570 nm wavelength range. imbeease in FO-PMD dominancy by a
fibre section through increasing.op. gives rise to a reduction in the SOP spread (Fig)

and a mean FO-PMD value approximately equaldg,. (Fig. 7.2 (a)).

al
o

—0O— Link 61-62
—A— Link 78-80 4

Relative SOP spread (degrees)
= N w B
o o o o
1 " 1 " 1 " 1

o
1 N

. T T T T T j T ) y I I
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Fig. 7.6: The behaviour of the output SOP from atire fibre link as the variable DDL is
adjusted from O - 60 ps. The DDL is concatenatefibte Links 61-62 (FO-PMD = 3.5 ps)
and 78-80 (FO-PMD = 11.2 ps).

Whentseon. = 0 pSs, the range of SOP spread is maximum; shevidenced by the stochastic
evolution of the Stokes parameters, (S, S3) each spanning between -1 to 1 as shown in
Fig. 7.7 (a). When these SOPs are mapped to tmed&éi sphere as in Fig. 7.7 (a'), numerous
polarization states are attained. However, an as@efrpp t0 5 ps resulted firstly in;S
randomly evolving between negative and positivai@alwhilst the random evolutions of S
and S were predominantly positive (Fig. 7.7 (b)). Thessulting SOPs cover mainly in the
upper hemisphere on the Poincaré sphere (Fig.bn)/ This implies that fottsetopr > Tiink
(FO-PMD of Link 61-62/78-80), there is a reductionthe SOP spread untileion. > 35 pS,
after which it remains constant at ~ ’.3%/hen these SOPs are mapped on the Poincaré
sphere they cover a narrow range of closely spatads of polarization as in Fig. 7.7 (c"),
similar to that obtained for the DDL alone. Theasated normalised Stokes parameters are

independent of each other and wavelength, i.eh@asrsin Fig. 7.7 (C) whefsetop, = 60 ps.
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attached to deployed fibre Link 61-62, for the D§Ht at a FO-PMD valuereop ) equal to

(@) 0 ps, (b) 5 ps and (c) 60 ps. (a'), (b") andl &ce the mapping of the SOPs on the Poincarée
sphere whilst (a"), (b") and (c") are the histams of the relatives angles between the output
SOPs as wavelength changes.

In order to draw conclusively the impact of the BHPMD section on the output SOP, the
HiFO-PMD section (i.e. DDL) should be placed afetént locations along the fibre network
length to investigate whether the same outcomeslaserved. Such verification testing will

be conducted in this study through the use of PkiiDlators.
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Fig. 7.8: Measurement setup for SOPs when the DDICionfig 1) at the output of the
emulators, (Config 2) in between the emulators @anfig 3) at the input of the emulators.
These emulators are coupled through a midcouplenfig stands for configuration.

Each of the emulators shown in Fig. 7.8 represédittra link. Emulator | (FO-PMD = 6.1 ps)
and Il (FO-PMD = 4.2 ps) each have ten randomlyptedi PMF sections. When the two
emulators are concatenated they give a mean FO-8MTL ps. The combination of the two
emulators and the DDL represent an entire fibr&. lias in the previous case, the DDL
represents the HiFO-PMD section; it is tuned from 60 ps in steps of 5 ps. For each
configuration in Fig. 7.8, the relative SOP spreami mean FO-PMD were extracted and
plotted in Fig. 7.9.
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Fig. 7.9: The behaviour of (b) the output SOP sgresith (a) increasing FO-PMD
dominancy provided by the variable DDL. The threefigurations in Fig. 7.8 were used.

With reference to figures 7.8 and 7.9 (@)oo provides a dominant FO-PMD vector thus
biasing the overall FO-PMD values of the entirk liowardstseiop.. This is similar to what
was observed previously in Fig. 7.2 (a). In theecaConfig 1, there is a reduction in SOP
spread assetop. iNcreases and it become fairly constant around®Gdt5seton. > 35 ps (Fig.
7.9 (b)). When the accompanying SOPs are mappadPmincaré sphere, they cover limited
polarization states described by a spot similagh#&d occurring for the DDL alone. However,
using Config 2 and the results in 7.9 (b), it igrid that whenseop, = 0 ps the SOP spread is
similar to that provided by the two coupled emulat®6.5) but whentsetoo. > 35 ps the SOP
spread or distribution is that of Emulator 1l (2).7At this stage the output SOPs at the end of
the DDL populates a portion similar to that popethby Emulator 1. Lastly, placing the
DDL at the input of the coupled emulators (Conf)geBsures all SOPs entering the input of
Emulator | are those due to the DDL. All the SOfsf the DDL output have a minute SOP
spread. Thus the output SOP distribution obsentethea output of the emulator shown in
Fig. 7.8 (Config 3) is due to the random naturg¢hef concatenated Emulators, | and Il. The
SOP spread remained around S86Mhientsewo. > 10 ps. Therefore, considering the region
after the HIFO-PMD section as the “last mile”, ieams the output SOP distribution or spread
is that due to the last mile. The HiIFO-PMD sectieduces the states of polarization (SOP)
coverage or spread of the propagating light.

7.3 Impact of a HIFO-PMD section on system performace
In this section the impact of a HIFO-PMD on thedsitor rate (BER) is investigated. Huttner
et al. (2000) refers to the BER as the most importanapeter characterising network
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performance. The reader is referred to Sectiory 2difor more information on the BER. The
Virtual Photonics Inc. (VPI) simulation softwaredhksion 8) was used in showing the impact
the HIFO-PMD has on propagating signals from a MJsGon-return-to-zero (NRZ) light
source using the eye diagram and BER tester. Tha@gram is a superposition of pseudo-
random patterns of zeros and ones of the transimiits. The simulation setup is shown is
Fig. 7.10. The PMD emulator is controller by Ematat, polarization controller and
Emulator Il. Emulator | is a FO- and SO-PMD emutaio which the PMD values are
specified by choosing the emulator length, FO- &@-PMD values. The polarization
controller is controlled to adjust the coupling Eng between ®and 186. Emulator Il is a
delay block that is controlled to induce a cert@mount of delay between the two
propagating orthogonal modes of light, similar ehlviour to the DDL. The delay block like
the DDL in Sections 7.1 and 7.2 represents the HMD section. In this section, three cases

on the effect of the HIFO-PMD section will be pretssl.

Case |: The HiIFO-PMD section biases the mean FO-PMD oflitiletowards its fixed FO-
PMD value and changes the SO-PMD.

Case Il: The HIFO-PMD section biases the mean FO-PMD eflthk towards its varying
FO-PMD whilst SO-PMD remains constant.

Case llI: The HIFO-PMD section biases the overall FO-PMDhaf link towards its varying
FO-PMD resulting in SO-PMD changing.

PMD Emulator

onst
I0Ghiz NET Folarization 50
U= FO- and S0-FhdD  Controller /\/
Light Sewrse "~ Emyigter  [-130 deg] N
[ w— O0F]_,
S —PMO[— |17 | 7 ] —
Em ublar HER _T_,_ﬁﬂ_h_
Emulator Emulator | BER Tester |4 L
Signal Analyser

[Eve Diagram)

Fig. 7.10: Schematic layout used to investigate ithpact the HiIFO-PMD section has on
system performance. Emulator Il (similar to a dagjidelay line (DDL)) represents the HiFO-
PMD on the network. Emulator I, polarization coriteo and Emulator 11 mimic an optical
fibre network system.
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In Case |, the FO-PMD of the emulator was fixe®@tps by Emulator Il (representing the
HIFO-PMD section) the dominant FO-PMD contributdhe PC was set at a fixed angle
equal to 48 as the SO-PMD on Emulator | was tuned. Emualtwas set to give a FO-PMD
equal to 5 ps. The behaviour of the PMD emulatateathese configurations is similar to that
of the emulator presented in Section 6.1.3. Redunlt&ig. 7.11 (a) show that the BER
increases from 2.57 x *6to 4.10 x 1¢ as the SO-PMD on Emulator | adjusted from 2 to
60 ps. This is supported by a reduction in the arezhefeye opening of the eye diagram in
Fig. 7.11 (a' - a").
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Fig. 7.11: (a) The variation of the BER when (a)-PO®ID is fixed at 30 ps and SO-PMD is
varying (PC angle = 4%, (b) SO-PMD is fixed at 10 pand FO-PMD is varying4 = 0°),

and (c) both FO- and SO-PMD are varying < 45°). § is the angle between the HiFO-PMD
vector ..., and FO-PMD vector of the entire link,.,,. The orange ellipses show the

regions of the eye diagrams which are open.
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Case Il involved keeping the SO-PMD fixed at 1¢ pad varying FO-PMD. This was
achieved by making the FO-PMD vectat,, ., of Emulator Il (HIFOPMD section) the

dominant FO-PMD contributor and controlling the RCensure the FO-PMD vector of the

entire fibre link .., and 7., oo Were always parallel (the coupling an@ldetween the

two vectors was 9. Emulator | was kept set to give a FO-PMD eqoabtps. The method
used to determine the coupling angles between &etovs is highlighted in Section 6.3. The
network system in Fig. 7.10 under these configaratibehaved like the emulator presented in
Section 6.4. Fig. 7.11 (b) shows that as the FO-Pktideases from 5 to 60 ps, the BER
increases from 2.4 x ¥6to 2.5 x 1C. This is evidenced by an eye closer from Fig. Tt}

to (b"). However, the eye in Fig. 7.11 (b") isdelosed than that in Fig. 7.11 (a"). This shows
that SO-PMD has more profound effect on the profpagaNRZ signals compared to FO-
PMD. The emulator design in Section 6.1.3 showad 80-PMD causes fluctuations around

the mean penalty of FO-PMD.

In Case Ill, both FO-PMD and SO-PMD were increasathultaneously by adjusting
Emulator | and Emulator Il in Fig. 7.10. The PC lengas adjusted to ensytevas equal to
45°. Results in Fig. 7.11 (c) show an increase in BERn 2.6 x 10 to 8.5 x 1¢. The
maximum BER was above that experienced in Cased Eg. 7.11 (a)). This means that
although SO-PMD has a profound effect on the prapag NRZ signals compared to FO-
PMD, its effects are less than those when both B@d SO-PMD are simultaneously
changing. With reference to Fig. 7.10, removal lné HiFO-PMD section (Emulator Il)
reduced the BER to only the BER due to Emulaterdicating that the removal of the HiFO-
PMD section not only results in FO-PMD reductiort biso SO-PMD which was found to

cause more severe system impairments.

In summary, the presence of a HiIFO-PMD sectiondsidhe mean FO-PMD of the entire
fibre link to its mean FO-PMD. The acompanying m&PMD of the entire fibre link can
either remain fixed (whep = 0° or 180) or increase (whefi # 0° or 180). In the case were
SO-PMD is introduced, the BER increases. A HiFO-PB#Hation results in reduction in the
output SOP spread. The reduction in output SORagpselely depends on the amount of FO-
PMD the HiIFO-PMD section has and the region afterHiFO-PMD section “last mile”.
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CHAPTER 8

CONCLUSIONS

The purpose of this thesis was to bring about aterstanding of the complex nature and
effects of PMD to the telecommunication industrg @esearch groups through characterising
the PMD of deployed fibres, designing and implenmentPMD emulators under a stable
laboratory environment and investigating the impatthigh FO-PMD (HiFO-PMD) in

optical network systems.

8.1 Deployed fibre characterisation

PMD field measurements on deployed buried fibresvad that the PMD variation over the
1520 to 1570 nm wavelength was stochastic. The Ristiation over the 98-hour period for
each wavelength was directional and limited; thiey due to the presence of random mode
coupling along the fibre length and limited inflaenfrom extrinsic perturbations over time
respectively. PMD variation in the wavelength domsinowed that the mean FO-PMD value
is independent of whether the FO-PMD statistica dibre link approaches the Maxwellian
theoretical distribution; the key factor is sufénot random mode coupling. The accompanying
SO-PMD statistics, with FO-PMD statistics approaghiiaxwellian, followed the PDF given
by Foschiniet al. (1999). The FO- and SO-PMD statistics at a givavelength gave non-

stochastic PMD distributions with time.

FO-PMD and SOP measurements with time on aeria¢dilovere more stochastic in nature
compared to those of buried fibres. These FO-PM® S0P changes were due to the aerial
fibres being directly exposed to varying extrinparturbation changes as opposed to buried
fibores that are secured in ducts, with significanthore FO-PMD and SOP changes
experienced during the day than night. It was ewidd by a faster decorrelation time over
the aerial fibre (in this case 107 s) comparedharsed fibre which decorrelates over a longer
time span. The FO-PMD statistics for the aeriatdibver the 14 day period approached the
Gaussian distribution and those of the SOPs ovemBfutes were skewed to low rates of
SOP change. PMD characteristics and SOP variaggpsrienced in deployed fibres can be

better understood through PMD emulation.
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8.2 PMD emulators

8.2.1 Emulator with an increase in both FO- and SGRMD

This emulator shows that increased random modeliogupnd PMF sections, in this case 30
PMF sections, give FO-PMD statistics approachirgNtaxwellian distribution and SO-PMD
statistics approaching the theoretical distribugpwaposed by Foschimt al. (1999). This is
only valid when the length of each of the PMF segiaidies within 20% standard deviation
of the mean emulator length. Quantification of EF@-PMD statistics of the emulator using
the frequency ACF showed that the BACF decreaseartts zero with increasing numbers of
randomly coupled PMF sections. The amount of BAWBrms the designer of the number of
birefringent sections and their distribution. ThBI® FO-PMD of the emulator increased as
PMF sections were added but fell short of the disecnmation of the FO-PMD contributions
from the individual PMF sections due to FO-PMD wectancellation. The corresponding
SO-PMD increase was mainly due to mode couplingease which promoted PSP and DGD

variation with wavelength.

8.2.2 Emulator with inverse trend in FO- and SO-PMD

This emulator confirmed that the magnitude of treamFO-PMD is independent of whether
its FO-PMD statistics approaches Maxwellian or rbtwas shown that FO-PMD is not

always proportional to SO-PMD but can be invergebyportional in behaviour. The increase
in both the number of PMFs and mode coupling ireedathe range of the PMD statistics.
Results also show that the BACF decreased witreassng number of PMF sections from 1
to 31 although the emulator length was fixed at 2@tres. This means the BACF is
independent of the mean FO-PMD but depends onrtipgepties of the emulator or fibre link.

8.2.3 Emulator with fixed FO-PMD but varying SO-PMD

This emulator was designed using only a combinatioRMFs and a polarization controller.
Thus the emulator design is cost effective compat@dother emulators of similar
characteristics. The RMS FO-PMD remained fixedrauad 31 ps due to the HiIFO-PMD
section providing a dominant wavelength-independ&MPMD vector compared to the FO-
PMD contribution from the sub-emulator. The novelfythis emulator is that it tunes the
PMD statistics both horizontally (FO- and SO-PMacbes with wavelength) and vertically
(the FO- and SO-PMD range). This emulator showed itnegular fluctuations that occur
around the RMS FO-PMD penalty are enhanced by SO©-P8D-PMD can be adjusted by
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either changing mode coupling angles or, not cotalylen real time, by altering the number
of mode coupling sites.

8.2.4 Tuneable delay element

The FO-PMD of the digital delay line (DDL) is waeelgth-independent and so is its FO-
PMD vector. The residual SO-PMD of the DDL is vesypall though it is uneven in the
region< 18 ps, this is likely due to manufacturing impetiens. The DDL was controlled to
generating stochastic FO-PMD statistics that apgrodghe Maxwellian distribution.
Concatenating several of these types of DDL wilkenthe FO-PMD wavelength-dependent
and will result in SO-PMD.

8.2.5 Emulator with fixed birefringent sections androtatable polarization orientations

This emulator was successfully built using eightd@mly distributed PMF sections
interconnected via seven half waveplates (HWPs)chviiotate from 0 to 180 Random
adjustments of the seven HWPs gave different PMdDissics in the wavelength domain,
making the PMD emulator tuneable. The emulator feasd to be fairly stable under the
laboratory environment, enabling it to be repea&alllonfiguring the same HWPs setting on
three different days gave close PMD statistics sindlar probability density function (pdf)
fits. This shows that the emulator can reproduceDPd¢hatistics. Random variations of the
HWPs over a large sample size gave a stochastiPMD-variation which approached the
Gaussian distribution just as the characterisetlai@re in this study. The output SOPs of
the emulator with time covered different polariratistates as the HWPs were randomly
changed. The polarization states covered had at @B@P > 0.9 since a highly polarized
narrow band light source was used. The SOP deatioeltime of the emulator is 126 s; this
decorrelation time can be reduced or increased ndiepg on the degree of random SOP

changes introduced by the HWPs.

8.2.6 Emulator with fixed SO-PMD and varying FO-PMD

The principle of operation of this emulator is hsen mode couplingp(= ¢ for all
wavelengths, random sub-emulator coupling anglegkgfringence distribution and the
presence of a dominant wavelength-independengrovided by the DDL. This FO-PMD
vector (1) is greater than the total sub-emulatothus making it the main contributor to the
emulator-tv>. SO-PMD can be adjusted by controlling the FO-RMidher by ensuring the

FO-PMD becomes wavelength-dependent or by charthmgange of wavelength-dependent
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FO-PMD spectrum. This arises from either an in@eassdecrease in the number of mode
coupling sites or mode coupling angle variations. i # 0° or 180).

8.3 The impact of PDL in PMD emulators

PDL is found to distort PMD statistics away fromedinetical distributions even in the
presence of large random mode coupling. This istduke loss of orthogonality between the
two principal states of polarization (PSP) and tierupt changes in the PSPs with
wavelength. It was shown that having a large lo@méter £ 13.5 cm) and good fusion

splices, each with a loss less than 0.01 dB, easuRMD emulator has negligible PDL.

8.4 The impact of a HIFO-PMD section in optical netork systems

This work shows that in the presence of a HiFO-PB#ation, the mean FO-PMD of the
entire link is biased towards the FO-PMD providgudie HiFO-PMD section and SO-PMD
can either increas ¢ 0 or 180) or remain constan3(= 0° or 180) depending on the
coupling angle between the HiIFO-PMD section and the rest of theeflink. This is in
agreement with the concatenation equations. Inyatsdns show that SO-PMD introduces
higher bit error rate (BER) compared to FO-PMD jhwaimultaneous changes in FO- and SO-
PMD causing higher BER compared to any of the tw@®-(and SO-PMD) in isolation.
Removal of the HIFO-PMD section reduces the BER wugeduction in both the FO-PMD
and SO-PMD. Besides a HiIFO-PMD section affectirggrttean PMD values, the emulator in
Section 6.1.3 showed that the HIFO-PMD PMF sectibiits the FO-PMD statistics of the
sub-emulator to approach unpredictable statistiisiributions instead of the anticipated
predictable Maxwellian distribution, even in thegence of high random mode coupling. The
accompanying SO-PMD statistics still followed thedretical distribution due to its strong
dependence on the PSP-depolarization, which is noodeling dependent. The emulator
(Section 6.1.3) showed that the presence of a HRMID section on a deployed fibre link
results in higher likelihood of high FO-PMD valuescurring, with higher possibilities of

system impairments.

The relative SOP spread reduced with an increasigeiirO-PMD on the HiIFO-PMD section

to a constant minimum value. At this stage theremsll polarization state coverage and all
the three normalised Stokes parameters become eveytbtindependent. The application of
PMD emulators in this investigation showed that taktive SOP spread depends on the

position of the HIFO-PMD section along the fibnekliand its associated FO-PMD magnitude.
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Therefore, considering the region after the HIFOBP8&ction as the “last mile”, it means the
output SOP distribution or spread is that due ta@@enooupling contributions from the “last
mile”. In this study it happened when HiFO-PMIB5 ps.

An analysis into GINTY and JME PMD measurement radthshowed that as the amount of
FO-PMD in the HiIFO-PMD section increases, a cenimédrferogram envelope and two
symmetric satellite interferogram envelopes devetop GINTY scan. Further increases in
the FO-PMD of the HiIFO-PMD section resulted in sagellite envelopes drifting in opposite
directions by an equal amount whilst the centré&rierogram envelope remained fixed in
position. The JME spectrum shifted upwards withngies in the FO-PMD statistics as the
FO-PMD of the HiIFO-PMD section was increased. Ttherefore means an observation of
the GINTY interferogram and JME spectrum can indicthe presence of a HiFO-PMD

section.

In summary, the findings of this thesis show thHa¢ PMD phenomenon that occurs in
deployed fibres is better explained through PMD laman. The presence of PDL distorts the
PMD statistics of PMD emulators. A HIFO-PMD sectionan optical network system does
not only result in high FO-PMD but also introdu&@®-PMD wherp # 0° or 180. SO-PMD
has more profound signal degradation effects coetbéw FO-PMD. However, the HiFO-
PMD section only affects the FO-PMD statistics antithe SO-PMD statistical distribution.
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APPENDIX |

POINCARE SPHERE AND STOKES PARAMETERS

This appendix will focus on the Poincaré sphere &idkes parameters. Light is an
electromagnetic (EM) wave with time varying electrand magnetic fields that are
perpendicularly aligned. The polarization of an Eve, considering the electric field,
describes the behaviour of the electric field veet® light propagates through the fibre. The
magnitude and orientation of the electric field teegs referred to as the state of polarization
(SOP) of light. Light can either be ellipticallynéarly or circularly polarized. The SOP is
represented best using the Stokes parameters ailg esapped on a Poincaré sphere.
Information presented in this appendix has beeraiobtl from Derickson (1998) and
Rochford (2004).

In 1852, G. G. Stokes introduced a Stokes vectoepoesent the polarization states of a beam
of light. The four components of the Stokes veckx. Al.1) were driven from the optical

power at different polarization settings. The Stogarameters are given by:

SO E(Z)x + 2y Ft)otal
Sl - ESX - 2y — I:l)_H - I:L)V (Al.l)
S, 25, EOV co$ I:t+45° } FL)-45°
S [ 2ExE,sSi® Fre - Re
whereR,, R, , P, o+ P . Prc @nd R denotes the power through the polarizers in linear

horizontal, linear vertical, linear +35linear -45, right circular and left circular orientations,

respectively.s is the phase difference.

The relationship governing Stokes parameters is:

$ =5 +§ +5 (A1.2)

and hence only three Stokes parametess, §, and s,) are independent. The amount of

optical power contained in the polarized part ghtiis:
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I:)polarized = \/ §1 + % +$ (A13)

Normalised Stokes parameters are:

=S5 g :-%g:-% Al.4
S S, SO% S, (Al.4)

N

The above (Eg. Al.4) form coordinates of a poiniclwhies on the Poincaré sphere and
ranged from -1 to +1 (Fig. A1.1). The Poincaré sphg a graphical tool or display device for
instrumentation, convenient three dimensional (&8id)for representing different polarization
states. This sphere visualises different SOPs. 2@ is uniquely represented by a point on
or within a unit sphere centred on a rectangula-cgordinate system. That is any fully
polarized state on the surface of the sphere cdoumel using Cartesian coordinates. Partially
polarized states map to a point within the sphai unpolarized light is represented by the

origin.

(b)

Fig. Al.1: (a) Poincaré sphere representing varide®Ps of polarized light. (b) Stokes
parameters shown on the Poincaré sphere. RCP arf@ ét@nd for right and left circular
polarization respectively, LHP and LVP stand farelar horizontal and vertical polarization
respectively whilst L+45 and L-45 stand for linganlarization at +45 and -45.
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Each of the ellipse on the Poincaré sphere yieldst @f unique Stokes parameters, refer to
Fig. A1.1 (b):

S = § cosgcosy (Al.5a)
S, = § cosgsinzy (A1.5b)
S, =3sin2 (A1.5¢)

wherey specifies the orientation of the ellipse gnds the ellipticity.

The distance of a point from the centre of the Paié@ sphere, is the degree of polarization
(DOP). The DOP can be expressed in terms of Stodesneters:

2

Y

_+Sf 'S /g <8 <8 (AL6)

DOP =

Considering the source to be a Gaussian spectriuenjoivest DOP which results from

differential group delayAt) is expressed as:

(A1.7)

2
DOP =exp -L 4InEMj

)\12

where ¢ is speed of light) is the wavelength and) is the full width-half maximum
(FWHM) of the light source. The DOP for non poladz(natural) light in zero (DOP = 0),
totally polarized light has a DOP = 1 and partigliylarized light (real optic beams) has a
DOP lying in the range 0 < DOP < 1. Partially paed light is due to the superposition of

non-polarized and totally polarized light.
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APPENDIX I

POLARIZATION-OPTICAL TIME DOMAIN REFLECTOMETRY METH OD

This is a time domain PMD measurement technique nreasures FO-PMD with distance,
covering the entire optical fibre length. The NMMibre Optic Unit found out that not all
fibore segments contribute equally to the overall-FA@D measured after tests on South
African Telkom optical fibre networks (Sibaya 20@onibearet al. 2005). This had also
been observed by Huttnet al. (1999), Rogers (1981), and Galtarossa and Pal{@ed4 and
2004b) on other fibre networks. Although the paation-optical time domain reflectormetry
(P-OTDR) technique is not used in this study, ademstanding of this technique and how it
works provides one an insight of how the exact tiocaof the high birefringent (HiBi)
section(s) is qualitatively determined. Parts oaftler 7 show how the presence of HiBi (or
HiIFO-PMD) sections can be detected through theofisgINTY and the JME, although this

could not determine were the HIFO-PMD sectiontisated along the fibre link length.

The unequal contributions of birefringence along fibre length meant that HiIFO-PMD fibre
sections contributed much to the FO-PMD value at timk. Therefore, in order to measure
the amount of birefringence (or FO-PMD) for eadirdi segment the P-OTDR was designed.
The well known non-destructive events locator, agttime domain reflectometry (OTDR)
was consequently modified to give the polarizatwhbR (P-OTDR), which was pioneered
in 1981 by Rogers (Rogers 1981) and was intendedmi@asurements in a weak mode
coupling regime. In 1998, Corsit al. extended the theory of the P-OTDR into the strong
mode coupling regime. Huttnet al. (1998) also developed a polarization-dependentailpti
frequency domain reflectometry (P-OTFR) which hasigher resolution than the P-OTDR,
but works over shorter distances. The qualitativ®@T®OR is commercially available (EXFO
P-OTDR 1100), while a quantitative P-OTDR (FTB57@@)ich measures the cumulative
PMD with distance is currently under test in ogtinatworks around the world (Roberge
2009).

The P-OTDR involves measuring the spatial distrdoutof the FO-PMD; this consists of
measuring the spatial distribution of both the baatl coupling lengths. The P-OTDR
technique is based on the Rayleigh backscattegatidignals to infer the FO-PMD. In actual

sense the P-OTDR measures the evolution of thesbatikred-field polarization state
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(Galtarossa and Palmieri 2004). The longitudinablevon of the backward-travelling

polarization stateée(z) at location z obeys a precession rule about the round-trip

birefringence vectop(z) such that (Corsit al 1998):

0% _ 5\
5 =2y (2 (h2.)

This equation is similar to Eq. 2.13 (a). The as@l\oy Corsiet al. (1998) was only able to
deduce the fibre beat length through the use ahallspulse width. Wuilparet al. (2007)
provided a new analysis of the Rayleigh backsaadteignals based on a level-crossing rate
analysis. This analysis enabled the quantificatibthe spatial distribution of the beat length,
the coupling length and FO-PMD along an opticak lusing large 500 ns pulses in order to
improve measurement dynamics. The P-OTDR measutessnp is shown below (Fig
A2.1).

_ —— EDFA
External-cavity | | Polarization |
lase Controllet |
: electricd
Triggel AOM
Photodode
'ﬁ | Polarization optical (((( )
OTDR J) analyzer J fibre

Fig. A2.1: The P-OTDR setup (after Galtarossale2@00).

Fig. A2.1 shows a P-OTDR proposed by Galtarastsal. (2000). The commercial OTDR

output is detected by the photodiode and triggbes external-cavity short-pulse laser. To
ensure the laser pulse is highly polarized theegglses past a polarization controller. The
pulse is then amplified using the EDFA and launcimd the fibre under investigation. The
acoustic-optic modulator (AOM) transmits the pués®l blocks the amplified spontaneous
emission (ASE) noise outside of the pulse time.sldte pulse is then analysed by a

polarization analyser and returned to the OTDRddher analysis.
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APPENDIX IlI

SPECIFICATIONS OF COMPONENTS USED IN EXPERIMENTAL W ORK

Components Specifications

Half Waveplate (HWP) Response time: <10 ms
Insertion loss: 0.43 dB

PDL: 0.03 dB"

Powered by: 0 to 4 V only
Polarization controller/scrambler SOP switching time: < 10 us
(Adaptif A3200) PDL: < 3 dg?

FO-PMD: < 0.1 p¥
Polarization analyser Wavelength range: 1460-1620 nm
(Adaptif A1000) Sampling rate < 1kHz
Digital delay line (DDL) FO-PMD range: -65 ps to 5

Insertion loss: < 1.5 dB

PCM430 board Powered by: 5V
Inputs/outputs: 4

PDL emulator Wavelength range: 1510 to 1590 nm
PDL dynamic range: 0.05dB to 5 {8

Insertion loss: < 0.6 dB8

Optical return loss: > 50 dB

1x2 50:50 Beam splitter or 2x1 Coupler Insertioedn3.153 dB
PDL: 0.13 dB"

(DAt 1550 nm

@For the wavelength range 1520-1580 nm
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APPENDIX IV

RESEARCH OUTPUTS OF THE AUTHOR

2009

Vitalis Musara Lorinda Wu and Andrew W. R. Leitch,Patent: Polarization Mode
Dispersion Emulator Apparatys World Intellectual Property Organization, Pub.o.N
W0O/2010/026541, Publication Date 11 March 2010.

Vitalis Musara‘Fibre Optics Technology Department of Science and Technology 2009
Awards, Cape Town, South Africa, 21-22 October 2@Q@rtificate of Achievement: Finalist
in the THRIP Best Black or Female Science StudéfdzZategory.)

Vitalis Musara Lorinda Wu and Andrew W. R. LeitchA’ polarization mode dispersion
emulator with tuneable first-order PMD and constasecond-order PMD Optics
Communication®82, pp.3270-3274, May 2009.

Vitalis Musara Lorinda Wu, Gaoboelwe Pelaelo and Andrew W. Rtcdbe'PMD emulation
using polarization maintaining fibres: Fixed rootan-square DGD but varying second-
order PMD,’ Review of Scientific Instrumerg&0, pp. 1-5, May 2009.

Vitalis Musara Selma Younsi, Lorinda Wu, Mourad Zghal and Andréw R. Leitch,
‘Statistical characterization of combined first asgtond-order polarization mode dispersion
in a deployed fibre cableProc. of IEEE AFRICONIEEE Xplore ReleageKenya, pp. 1-6,
23-25 September 20009.

Vitalis Musara Winston T. Ireeta, Lorinda Wu and Andrew W. Rittle, “Detecting the
dominance of PMD from a fibre segment on a fibréwonek system through state of
polarization monitoring’ Proc. of Southern African Telecommunication Netwaakd
Application Conference (SATNACBwaziland, 30 August-2 September 2009.

2008

Gibion Makiwa, _Vitalis MusaralLorinda Wu and Andrew W. R. LeitchP6larization mode
dispersion and polarization dependent loss in @fgbde optical fibre systerh$oster
presentation at the African Laser Centre (ALC) Kga conference, Eastern Cape, South
Africa, 7-9 May 2008.

Vitalis Musara Gaoboelwe Pelaelo, Lorinda Wu and Andrew W. Rtche ‘The impact of a
high birefringence fibre Section in an optical netw system through emulatipriProc. of
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Southern African Telecommunication Network and Aggtion Conference (SATNAQC)
Cape Coast, South Africa, 7-10 September 2008.

Gaoboelwe Pelaelo, Lorinda Wu, Vitalis Musaaad Andrew W. R. Leitch,Impact of
polarization dependent loss in the presence of nEation mode dispersion on the optical
network’ Proc. of Southern African Telecommunication Netwodnd Application
Conference (SATNAG)Cape Coast, South Africa, 7-10 September 2008.

Vitalis Musara Lorinda Wu, Andrew W. R. LeitchA fixed differential group delay but
varying second-order polarization mode dispersianutator’ Proc. of 3 International
Conference on Broadband Communication, Informatidachnology & Biomedical
Applications (appearing ilEEE Xplore Release 2,3Pretoria, South Africa, pp. 468-472, 23-
26 November 2008.

2007

Vitalis Musara Selma Younsi, Mourad Zghal and Andrew W. R. LeitAn investigation
into optimum design conditions of a second-orddagmation mode dispersion emulator
Poster presentation at the "$2South African Institute of Physics (SAIP) conferen
Johannesburg, South Africa, 3-7 July 2007.

Gaoboelwe Pelaelo, Lorinda Wu, Vitalis Musarad Andrew W. R. LeitchCharacterization
of polarization dependent loss in optical fibres time presence of polarization mode
dispersion Oral presentation at the %2 South African Institute of Physics (SAIP)
conference, Johannesburg, South Africa, 3-7 July 20

Selma Younsi, Vitalis Musardim B. Gibbon, Lorinda Wu, Mourad Zghal, Andrew. \R.

Leitch, ‘Frequency Domain Characterization of an experimeatal simulated polarization
mode dispersion emulator desjgRroc. of Southern African Telecommunication Netk

and Application Conference (SATNA(Yauritius, 8-13 September 2007.

2006

Lorinda Wu, Vitalis Musara M. Comfort and Andrew Leitch, Making reliable PMD
measurements: The importance of polarization sciengli Proc. of Southern African
Telecommunication Network and Application ConfenSATNAC), Cape Town, South
Africa, 3-6 September 2006.

Vitalis Musara Maphuti C. Mankga, Lorinda Wu, M. Mathuthu anddkew W. R. Leitch,
“An investigation of scrambling effects on buriedicg cables’ Poster presentation at the
51" South African Institute of Physics (SAIP) ConfezenCape Town, South Africa, 3-7 July
2006.
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