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SUMMARY

The work presented in this dissertation is a comparaiudy of polarization mode
dispersion (PMD) measurement performance where the firalyzer (FA) technique
was built and tested for the first time in South Afrida@chniques involved in the
study are: the Jones matrix eigenanalysis (JME), gbésed interferometric technique
(GINTY) and the FA technique, with a particular focus loa [EA technique.

The FA PMD measurement technique determines the averégreulial group delay
(DGD) from the transmitted intensity spectrum througpaddarizer and has three
analysis methods (extrema counting, mean level crossidg-ourier analysis) which
were all evaluated. PMD measurements were performeckifaboratory on several
different fibre types and in the field on buried deployetkom fibre links (28.8 km).

The techniques showed good agreement in the measured PMD baihen the
laboratory and field measurements. In particular verydgagreement was found
between the JME average DGD and the extrema countaigsas PMD value. The
GINTY and FA Fourier analysis method also gave verylami®MD values. It was
found that the fibre birefringence and the mode coupling festnin different ways
on the intensity spectrum. By using the FA ratio methbe,length regimes of the
different fibre types were determined.

Three characteristics of the FA technique were investigahamely: wavelength
window variation, sampling and input SOP scrambling. It wasndothat the

wavelength window and the PMD are inversely proportionatréct sampling plays
a significant role in determining the correct measurgiRalue. Lastly an average
PMD value over the PMD values for different input SOft3sves as a better

representation of the true PMD value.

An additional study showed that the FA technigue and a alee@|Poincaré sphere
analysis method agree very well regarding the PMD value.



Keywords: polarization mode dispersion (PMD), state of polarma{SOP), mode
coupling, birefringence, fixed analyzer (FA) method, Joneasixr@igenanalysis
(JME), generalized interferometric technique (GINTY).



ABBREVIATION LIST

DFB distributed feedback laser
DGD differential group delay

DOP degree of polarization

DUT device under test

DWDM dense wavelength division multiplexing
EDFA erbium doped fibre amplifier
FA fixed analyzer

FUT fibre under test

GINTY generalized interferometric
JME Jones matrix eigenanalysis
MMM Mueller matrix method

OSA optical spectrum analyzer
PBS polarization beam splitter
PDF probability distribution function
PDL polarization dependent loss
PMD polarization mode dispersion
PMF polarization maintaining fibre
PSA Poincaré sphere analysis

PSP principal state of polarization
RMS root mean square

SOP state of polarization

TINTY traditional interferometric
WDM wavelength division multiplexing



CHAPTER 1

INTRODUCTION

In the 1830s electrical communication started gaining popylasihere the first
transatlantic telegraph cable went into operation in 1866 After this analogue
transmission of electrical signals were being used thighnvention of the telephone.
New means of increasing the communication systems ¢gpaeie constantly being
developed. In the 1940s this came in the form of coaxiaksakhich operated at 3
MHz [1]. The load that communication systems could camg further increased by
using microwaves as carriers. During the second halietwentieth century it was
realized that a lot more information could be transditif the carrier was an optical
signal. At the time it was not possible because thstlaser needed to be invented,
after which a medium that could confine the light beigpsémitted was required. In

1966 it was suggested that optical fibre be used [1].

High attenuation of the light signal and several disiper effects, like chromatic
dispersion and modal dispersion needed to be overcomeinVantion of low loss
single mode fibre and dispersion shifted fibre solvedsahproblems. Both the
transmission distance and the bit rate improved corabtle In 1990 third generation
lightwave systems operating at 2.5 Gb/s became awaitabhmercially [1]. Fourth
generation lightwave systems make use of optical iéiogtlon to increase the
repeater spacing distance and of wavelength divisionplaxing (WDM) systems to

increase the bit rate.

As the bit rate continues to increase a major limitiactor is polarization mode
dispersion (PMD). PMD refers to the time delay theturs between two orthogonal
polarization modes, and is caused by the joint effectbireffringence and mode
coupling. PMD has the effect of broadening the input lightguThis broadening
effect may result in the overlap between adjacestdatising signal distortion. Due to
the broadened input pulse, PMD also causes power fading.r Fagieg occurs

because of the power distribution which takes placbegpulse spreads out. Hence a



lower power reaches the detector as it is no longefired to the centre of the bit.
Due to the fact that the fiore PMD has a temperaturendigmee and is affected by
external mechanical vibrations, PMD is a stochastenpmenon which varies with
time. Therefore routine PMD measurements need tmbducted. This demands for

easy to implement PMD measurement techniques.

The Nelson Mandela Metropolitan University (NMMU) Fib@gtics research group
has investigated the PMD measurement performance afasenerferometric PMD
measurement techniques, the P-OTDR (polarization optigale tdomain
reflectometer) and the Jones matrix eigenanalysis JX&é&hnique. This document
presents the first FA technique PMD measurements conducteduth Africa. The
PMD measurement performance of the technique is thoroughdgtigated by means
of a comparative study with several different commdsciavailable measurement
techniques. Several characteristics pertaining to PMD measute of the FA

technique are also examined.

The structure of this dissertation is as follows: Chaptpresents a background to the
field of fibre optics. The structure and geometrical progerof optical fibre is
discussed. This is followed by a discussion of the madhieal details of the
transmission of a light pulse through the fibre arelvthrious modes which arise as a
result of this. The chapter ends with an overview oibws optical effects which take
place throughout the fibre. Chapter 3 provides the polaizatoncepts required
when dealing with light. The chapter deals with variousthods of representing
polarization states and measuring the state of polanizaft light. Chapter 4 focuses
on PMD and discusses the dispersive effect in detail.

Chapter 5 concentrates on the various PMD measuremeehhiques. The FA
measurement technique, the interferometric techniques addtieéechnique are all
discussed in detail. The chapter presents the operatmgpei of each measurement
technique and places a particular focus on the FA me@sunt technique. Chapter 6
offers information pertaining to all the instruments usectadrry out this study. In
chapter 7 the operating principle and the user interfddieo program written in
LabVIEW is explained.



The dissertation then moves on to presenting thdtses$n chapter 8 measurements
done using the FA technique are illustrated. All the measeme results presented in
chapter 8 were performed in the laboratory. PMD measursnad the FA technique
are compared with those of GINTY and JME. The lengthnme of the fibre under
test (FUT) is also determined using a method related t&Ahechnique. Chapter 9
explores PMD measurements performed in the field using-#eGINTY and JME
techniques. A comparative study is presented between tteztmiques. The
characteristics of the FA technique (wavelength window, ssampling and SOP
scrambling) are presented and discussed in detail. Chapteriefly looks into a
comparison of the FA technique and our developed PSA methoatediter the

conclusions follow.



CHAPTER 2

FIBRE OPTICS BACKGROUND

Optical fibre technology has advanced at a tremendous paceéhe last ten years. In
the year 1992, transmission systems were limited toaatdaisfer speed of 2.5 Gb/s.
Now optical networks have exceeded bit rates of 10 Glulsnatwork operators are
looking at 40 Gb/s over a single fibre in operationalcteflemunication networks.
Hence by using wavelength division multiplexing (WDM) & WDM channels at
10 Gb/s over 4 fibre pairs the total network capacity becat®s Tb/s [1]. The
backbone of optical communication systems is optichtef With its many
advantages optical fiore has proven to be a great beadfite telecommunications
industry. This chapter serves to introduce optical fibr@roanication, with the light
on transmission of optical signals through optical fildrke optical fibre structure is
presented with an explanation regarding the phenomenatad internal reflection,
which is responsible for guiding light in optical fibr&&arious fibre core structures,
together with their characteristics have also beeludled. The chapter then places
focus on several phenomena, which manifest as limfaegprs to the transmitted
signal or signals.

2.1 Optical fibre structure

Optical fibres have been constructed to act as ogjiddes used for transferring light
signals from one place to another. The transmittdd g used as a communication
signal in order to transfer data, hence by modulatidhefight signal a range of bits
may be sent through the fibre. The light transmissadkes place over long distances.
Therefore it is necessary for the light to remaithwi the optical fibre with minimal
signal degradation.

An optical fibre section is made up of thinly drawn highly ifped glass SiQ
consisting of a core region, surrounded by and a claddimghwdiffer in their



refractive indices (see figure 2.1). The refractive indkethe core is higher than that
of the cladding. This is achieved by doping the core with gaimm. The preference
for Germanium (Ge) is that Ge absorbs less energy at A®0and 1550 nm than
other possible dopants. This arrangement allows the fiboerfine electromagnetic
energy in the form of light within the core region anadgut in the direction parallel

to its axis.

Core
n

n2>m
Cladding

Figure 2.1 Fibre cross-section.

A plastic cover protects the cladding against externasstand strain.

2.2 Geometrical optical properties of fibre

The fibre properties are determined by the dimensions tf tiee core and the
cladding. In addition a specific fibore type may be designeanging how the
refractive index (RI) profile in the core varies frohetcentre of the fibre core.

In general, the core size of a fibre in relation ®wavelength of the light determines
the number of guided modes the fibre will support. Standaglesmode fibres have
a core diameter of @m (micrometer) and a cladding diameter of 1125 Ideal single
mode fibre supports as the name states, only one singledgmode. A typical
multimode fibre core would have a core diameter ggraximately 100um and a
cladding of 140um. Multiple stable electromagnetic wave patterns apparted by
this fibre type. Hence the fibre’s capability for suppmtmore modes is directly
proportional to the size of the core diameter. The nurobenodes also depends on
the wavelength, refer to section 2.3 of chapter 2.



The refractive index profile of a fibre also plays ajonarole in determining
specifications of the fibre. A particular example istep index profile. In this profile
the refractive index remains the same throughout the dire and changes abruptly
at the core cladding interface [2]. In a graded refradtidex profile the refractive
index changes gradually from the centre of a fibre cerghawn in figure 2.2 (b) [2].
Graded index fibres are used to reduce the effects ofiaedatispersion.

Core

L 1 — e ) -\ X

(a) (b) Cladding

Figure 2.2 Refractive index profile of optical fibre: &tep index, (b) Graded index.

2.3 Characteristics of optical transmission through fibre

Governing the confinement of an optical signal within ¢bee of an optical fibre is
the total internal reflection phenomenon. Total inkémeflection takes place within
the fibre core because of the difference in the céfr@ index between the core and
the cladding where the core has a higher refractive itlagx the cladding. The ray
optics model assumes that light travels in a strdightand is either transmitted or
reflected, refracted or absorbed at surface contactsrajhoptics model states that
light will be reflected back into the fibre core hetcore cladding interface depending
on the critical angle which is a function of theraetive index of the core fhand
that of the cladding ¢ and is given by

6. = sin’l(&J . 2.1)

n,

Hence according to the ray optics model the lightadignguided throughout the fibre
by continuously reflecting off the core cladding interface



Optical fibre can support several modes. A fibre may lassdied as either single
mode or multimode fibre depending on the number of mtiussthe fibre allows to
be transmitted. These modes refer to special solutiotie doundary conditions and
have the specific property that their spatial distidrutmust remain unaltered with
propagation. A very simple but important cut off comditiis the waveguide
parameter V [2] of the fibre given by

V:%a(nj—nf)m, (2.2)

where the parameter a is related to the cylindriadifadiameter. Fibres are single
mode for values of V less than 2.405. The;HBode has no cut off and only ceases
to exist when the fibre core diameter is zero. Theegaide parameter also serves as

an indicator of the number of modes present in multinfibde [2].

The above theory regarding guided modes may be derived usxweilla equations
[3]. They constitute a set of coupled, first order, padi&krential equations which
may be decoupled by applying the curl to both the curl oékbetric field component
and that of the magnetic field component. For thetetetield this yields the wave
equation given by

D2E(r) +k2n?(F)E(F)=0 (2.3)
where ks’ = o’ugo = (2/A)% n is the refractive indexp the frequencyy is the
permeability of free spacey is the permittivity of free space arfl the electric field
vector. A mode is a solution of the wave equation 2.3revhiee solutions must obey

the boundary conditions which call for continuity béttangential components &

and B at the dielectric interface. Taking the electricdfiebmponent to have the form
E(F.t)= E(x, y)e'“# (2.4)

equation 2.3 reduces to the form



0’ 0° |= 2-:2(=\_ p21E _
(a7+a_ﬁjE(x’y)+[k°n (F)-B1E(x,y)=0 (2.5)

For the sake of mathematical simplicity the discussis limited to a planar

waveguide which gives 2.5 to have the form

Region | (R isny) aaTZZE(x, y)+[k2n? - B*1E(x,y) =0 (2.6a)
Region Il (Rl isny) aaTZZE(x, y)+[k2nZ - B*1E(x,y) =0 (2.6b)
Region 11l (Rl isn) aaTZZE(x, y)+[k2nZ - B*1E(x, y) = 0. (2.6¢)

Assume thaty, > n3 > n;. For the first situation suppoge> kony, it then follows that
(L/E)(@°Elox?) > 0 everywhere hencE(x) is exponential in all three layers. Still
having to satisfy the continuity at the boundarydition the resulting distribution is
as shown in figure 2.3 (a) from Yariv [3]. This gobn is not physically realizable as
the field keeps on increasing exponentially andstdoes not correspond to a real

wave.

For the situationkons < S < konp the solution is sinusoidal in region Il as
(1/E)@°Elox?) < 0 but has exponential solutions in region | #hdThis gives rise to
two possible distributions shown in figure 2.3 (ilac) where the energy of these
modes is confined to region Il which has the higlmedex of refraction.

Situation kony < B < konz corresponds to exponential behaviour in regiomd a
sinusoidal behaviour in regions Il and Ill shownfigure 2.3 (d). These modes are
referred to as substrate radiation modes. Fina#tyf0< kons gives rise to sinusoidal
behaviour in all regions where these are the radhiahodes as illustrated in figure 2.3

(e).



From this mathematical formulation it can be concluded the allowed values @f

in the propagation regiokons < f < kon, are discrete. The number of allowed
confined modes depends on the width (t) of region I, #aguency and the refractive
indices. Hence increases in the width t leads to ttvedaction of more confined

modes.

(e} (d) (c) (b) (a)
ISES _t ' . , ;

7 T
0 o kony ks / lkgny
= . LI f .

—=TEq

="

(b)

kntrz/ kon - ;
h 0nz kghty Korz
Vi o ol e e

f 8 b E

Figure 2.3 Figure from Yariv [3] pg. 494.

2.4 Optical effects within the fibre

When an optical signal is transmitted through the fibres icrucial that the signal
change is minimal. This section discusses how attemjatispersion and nonlinear

effects all alter the input light signal.
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2.4.1 Attenuation

Attenuation refers to the reduction in signal strengthdaopparing the output power
to the input power. Attenuationa() is expressed in decibels (dB) which is a

logarithmic unit and defines the loss as

(2.7)

a(dB) = -10x Iogl{wj .

powerin
Signal attenuation may also be described by using thauation co-efficient which
is simply the attenuated signal divided by the fibreglerand expressed as dB per

kilometre.

Attenuation mechanisms in a fibre are absorption, seajtand radiation loss of the
optical signal. These mechanisms arise either &swtrof the fibre material or the
fibore geometry or both. Absorption in particular is tethto the fibore material, while
scattering is associated both with the fibre matamal with structural imperfections
of the fibre. Radiation effects are mainly due to péstions of the fibre geometry.

Absorption may occur because of atomic defects or imsirin the glass material.
Atomic defects of the glass fibre occur when the gyfdsre is exposed to radiation,
which changes the internal structure of the materiapuhities also act as major
absorption centres. The OH ion impurity is known to cdughk attenuation where its
presence results in major absorption peaks occurringtatotligravelengths.

Scattering in fibre arises mainly because of variationsthe material density,
compositional fluctuations and structural in-homogenedaiedefects occurring due to
fibore manufacture. Variations in the molecular densit¢ @ompositional fluctuations
as a result of several oxides present in the makeupedfilite results in refractive
index variations occurring within the glass over distans@sll compared to the
wavelengths. These index variations result in Rayleigattaring of the light.

Rayleigh scattering has a wavelength dependence.“of hence it decreases
considerably with an increase in wavelength. Other lcasefibre bending, core and

cladding losses described in Keiser [2].
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2.4.2 Dispersion effects in optical fibres

Several dispersive effects occur within optical fibreadifich the most common are
modal, chromatic and polarization mode dispersion. Teemmon feature is that

they all distort the input optical signal.

In multimode fibres modal dispersion is defined as tkpatsive effect which arises
due to each mode travelling with a different velocity Modal dispersion may also
be viewed as the dispersive effect caused by the disetetéromagnetic wave
patterns travelling through different paths, hence causdigpersion of the modes in

time [1]. The problem of modal dispersion is solved by usingle mode fibres.

Chromatic dispersion consists of material and waveguidpersion. It is a
phenomenon which is a result of the group velocity beifignation of wavelength.
Material dispersion arises from the variation of th&active index of the core as a
function of wavelength. Hence material dispersionseaua wavelength dependence
of the group velocity, implying that pulse spreading willl stccur even if all the
wavelengths follow the same path. Waveguide dispersicarsas a result of the
fibre design. Approximately 80 % of the optical powerasfmed in the fibre core,
while the remaining 20 % propagates at a faster rate thrthvegtiadding. Hence the
difference in propagation speed causes waveguide disperSione chromatic
dispersion is the sum of material and waveguide digpers theory zero chromatic
dispersion is achievable by tuning the waveguide disper§loase types of fibres are
called dispersion shifted fibres.

Polarization mode dispersion (PMD) is related to theetdelay between the
orthogonal polarization modes that transpires from effect of birefringence. The
term PMD encompasses both the effect of birefringencg@ m@mode coupling.
Birefringence comes about from geometric irregularitiethe fibre core or internal
and external mechanical stresses. The differendeeinefractive indices cause a time
delay of the order of pico-seconds between the twioogdnal polarization modes.
Other effects which may affect the fibre birefringence &ending, twisting or
pinching of the fibre and also temperature changes. Modeling further
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complicates the effect of birefringence. It refers he te-coupling of the optical
energy from one birefringent fibre section to the otfdrs thesis concentrates on
PMD measurements, hence theory regarding the dispeféaat will be presented in

detail in chapter 4.

2.4.3 Non-linear effects

Optical fibres become nonlinear for intense electramatg fields. This means that
the output and input power are no longer proportional, dedréason is that the
power is used to create other effects. In general nonlefézsts increase in strength
when the optical energy is confined to a small area &wudvéth an increase in the
intensity of the light. All nonlinear effects placemitations on the system
performance. Two nonlinear categories are addressed. irBhecdtegory includes
nonlinear inelastic scattering processes and the secamiohear effects arise from
intensity dependent variations of the refractive inohethe fibore. When any of these
nonlinear effects cause signal impairment, additiopéital power will be required at
the receiver end to maintain the same BER (bit ertej.ra

Stimulated Raman scattering (SRS) and stimulatedoBrill scattering (SBS) fall
under the umbrella of the nonlinear inelastic scatteratggory. These effects reduce
the intensity of some channels while providing gain to othavelength channels,
thereby producing crosstalk between wavelength channels. &R8ribes the
interaction of the light waves with the vibrationalaes of the molecules. If a photon
is incident on a molecule with a bond having a particirequency, the molecule
absorbs some of the energy leaving the photon withwerlenergy and a lower
frequency. Provided that the new frequency is the samanaalready existing
frequency, the SRS light is amplified. Therefore SaBses an intensity reduction for
the shorter wavelengths and amplifies that of the longeelengths, more detail may

be found in reference [2].

SBS comes about from the lightwaves scattering fraoustic waves. SBS is

normally backscattered in the lightwave system. Tdekécattered light is amplified
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by the forward-propagating signals, which leads to a depletf signal power. The
frequency of the backscattered light experiences a Dophiér which depends on
the refractive index and the velocity of sound in thegemal, for further reading go to

reference [2].

Nonlinear effects pertaining to the intensity-dependentatians of the refractive
index produces effects such as self-phase modulation (SPd&s-phase modulation
(XPM) and four-wave mixing (FWM). Both SPM and XPM aftfebe phase of the
signal causing chirping in digital pulses. In general tHfeacgve index of many
optical materials has a weak dependence on the intemsgltis given by

n=n,+n,l :n0+nzi (2.8)
ff

whereng is the ordinary refractive index of the material apds the nonlinear index
coefficient [2]. The refractive index increases witkemsity and its nonlinearity is
known as the Kerr nonlinearity. The Kerr nonlinearity darces a carrier-induced
phase modulation known as the Kerr effect. This mag teaself-phase modulation
where the fluctuating optical power in the light wave csnverted to phase
fluctuations of the same wave. XPM converts the polwetuations in a particular
wavelength channel to phase fluctuations in other co-propggahannels. When
SPM and XPM spectral broadening is combined with dispergieneffect can be a
major limitation to very long transmission links. FouMave mixing arises from the
interaction of three co-propagating frequencies to generatew frequency, whose
frequency is dependent on the three original frequenciais. new frequency may

result in severe crosstalk.

The field of fibre optics is constantly advancing, witle common purpose of
increasing the transmission capacity of the opticalvoek. The introduction of
several components, which are constantly being develbwadacted as a catalyst for
further advancement. Examples are; WDM (wavelengthisidiv multiplexed)
components, improved detectors and transmitters, EDFAiuar doped fibre
amplifiers), etc. System limitations are caused beisd limiting factors, which were
mentioned in this chapter. PMD has proven to act asjar rimaiting factor as the
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transmission rate increases. This calls for detaitediess pertaining to measuring,
monitoring and mitigating the problem of PMD. The followiogapter touches on
relevant polarization concepts of light, required to usided PMD.
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CHAPTER 3

POLARIZATION CONCEPTS OF LIGHT

Maxwell's equations for a waveguide may be used to dehegetliree dimensional
wave equation. The electric field component of thetligave propagating down the
fibre determines the polarization state of the ligiive. Several methods of
representing the state of polarization of a light wanuebe discussed throughout this
chapter.

3.1 Maxwell’s equations and electromagnetic wave

The optical fibre core acts like a waveguide for propagatiectromagnetic waves
since these waves are light waves. In order to amatiye optical waveguide,
Maxwell's equations, which give the relationship betw#en electric and magnetic
fields, are required. Maxwell's equations for a lineaqtriopic dielectric material

having no currents and free charge take the form

nxgE=-98 (3.1a)
ot
— _dD
OxH=—— B
i 1B)
OmM=0 (3.1¢c)
(B=0 (3.1d)

where D =0E and B = gH [2]. The parametef] is the permittivity and: is the
permeability of the medium. Decoupling these equmatigive
0°E

0%E =0 .
H# ot?

(3.2)
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Equation 3.2 is the standard wave equation for the eletiglid. As has been
mentioned in Chapter 2, solutions of the standard elesie equation satisfying
certain boundary conditions give the various modesséselutions are discrete and
guantized, hence such are the modes supported by the fimedlaEquation 3.2 is a

scalar three dimensional wave equation.

3.2 Polarization concepts

The electric field component of a light wave tracesaparticular path in the optical
waveguide. Suppose that the electric field wave propagatés iz direction, then the
electric field vector may be resolved into two ortboal vectors Eand E. Hence the
electric field wave may be represented by two orthogpmadlarized electric field
waves. The state of polarization of a light wavergto the time dependent path that
the electric field vector traces out in the planehogonal to the direction of
propagation. This section deals with mathematical and gralprepresentations of

the state of polarization of a particular light wave.

Consider a ray of light travelling in the z direction. § blectric field vector will have

components in the x- and y-axes respectively. Théerms of unit vectors
E(z,t) =&E, (z,)+&E, (z,1). (3.3

The two orthogonal electric field components have aesgaw time dependence
given by

E, = E,elee) (3.4a)
and

E =E eleas) (3.4b)

E,. and E,, represents the amplitudes, aggdand ¢, represents the phase of the

waves [5]. Equation 3.3 may thus be written as
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E=[6,E,,6% +8,E,,6" gt ) = Eelte) (3.5)

where EO is the complex amplitude for the polarized wavke Ftate of polarization

is completely determined by the relative amplituded phases of these components;
hence all that is required is the complex amplitudeich may be written as a Jones

-~ |E E, &%
EO = %= Ox ig, |- (36)
E Eo€”

Oy

vector as

Jones vectors are usually presented in their nazechform.

The Jones vectors may be used to describe threar Istates of polarization with
different orientations. Suppose a ray of light @moaes in the z-direction and

oscillates only in the vertical axis (y-axis). mg caseE,, = Oand E, =A where A

is the maximum amplitude. The phase is then alseqeal to zero. Therefore

SHEH

SHEH

For both these cases the normalized form of thdoveis achieved by setting
amplitude A = 1. In general a vector is in its nalimed form when its magnitude
equals unity. Another example is suppose the ptifszence is 0 for amplitude of
A[5]. The Jones vector takes the form

~  |E,€e%| [Acosx cosy
E, = ig, |~ . =A|l . : (3.9)
Ey€™” Asina sina
The anglea is the angle formed between the x-axis and thk pated out by the

electric field vector as shown in figure 3.1 (&he notation in equation 3.9 describes
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different orientations for the linear polarizatiomatst [5]. If the phase difference)(
between the two perpendicular components®js360° or multiples thereof, that is
they are in phase, then the electric field tracestmipath shown in figure 3.1 (a) in
the x,y-plane. If the two orthogonal components are intiejer multiples of 180
then superposition of the electric field componentsetiaa the path shown in figure
3.1 (b).

L0 : i = 180°
— : : :
3 : : :
= ® 05 §
3 + :
2 3 |
O %) 0.0 {
I 8 :
>
T I :
w” :
-0.5 i
-1.0 5
L L L L 1 1 1 1 1 L 1 L 1
-1.0 0.5 0.0 0.5 1.0 -1.0 0.5 0.0 0.5 1.0
(a) E, =cos(wt) (b) E, = cos(wt)

Figure 3.1 Linearly polarized light.

For circular polarization the electric field may eithiee right or left circularly

polarized.
101 g=00"| > ' 101 g=270°
S 05 / \ S 05 / \
+ +
= 2
(2] [%2]
8 0.0 8 0.0
1 1
w” w”
05 \ / : -05 \
1.0 < : -1.0 >
10 05 00 _ 05 10 10 05 0.0 05 1.0
(a) E, = cos(wt) (b) E, = cos(wt)

Figure 3.2 Representation of circularly polarized ligh): Right circular polarized, (b) Left circular

polarized
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For a phase difference of -9& 2m(180), with m an integer, the electric field will
rotate in a clockwise direction when viewed towards therce. Hence it is right
circularly polarized, shown in figure 3.2 (b). When the sehdifference is 90+

2m(180) then the electric field is left circularly polargeas shown in figure 3.2 (a).

For any other phase difference other than thosedire®entioned the electric field
will be elliptically polarized. Figure 3.3 shows speciikamples for the angles %45
315’ and 138, 225; which are all elliptical polarization states. Thefatience
between the phase differences’ 4md 318 is the direction of rotation, where the
phase difference 4%as a left sense of rotation and 3idtates clockwise. Similarly
the difference between 13and 228 is that 138 rotates anticlockwise while 135

rotates in a clockwise direction.

1.0 o

1.0 ¢=45°, 315 / T ¢ =135, 225“/
I AN : :

S 05 )ﬁ N 05|
+ / / + :
— R
3 3
8 o0 8 ool
o [&]
N I I
LIJ> // LL]>‘ H
0.5 ‘ ¥ 05 o ;
1.0 . . . . -l.O—I" R \ ; \ ] \ ]
-1.0 0.5 0.0 0.5 1.0 -1.0 0.5 0.0 0.5 1.0
(@) E, = cos(wt) (b) E, = cos(wt)

Figure 3.3 Representation of elliptical polarized staf@sFor a phase difference ofthe electric
field rotates clockwise in the direction of traveldarotates anti-clockwise for 33,5(b) The electric

field rotation is clockwise for 13%nd anti-clockwise for 225

This system of the polarization ellipse may be useddéscribe the state of
polarization of the light. Basically as has been sihawthe particular examples with
the light wave taken to be propagating in the z-diredherellipse is traced out in the
transverse plane, that is the x-y plane. The compisndefining the ellipse are the
magnitudes of the two orthogonal electric field compésmeand their phase
difference.



20

3.3 Stokes parameter formalism

Another method of describing the state of polarizatiorthef light is the Stokes
formalism. The Stokes formalism has the added advanfdgeirgy able to deal with
partially polarized light unlike the Jones vectors. Itas possible to directly measure
the electric field of the light, but the irradiancenche measured. The Stokes
parameters are an array which describes the optical peaees in which the
elements describe the optical power under particulareete polarization states. The

Stokes parameter array has the form

S0

S,
ol 10)

N

S

()

The following abbreviations are used below in the descrigifoGtokes parameters:
LH (linear horizontal), LV (linear vertical), RC (rigkircular), LC (left circular), L&

(linear polarized light at a particular angle).

Description of Stokes parameters found in Derickson [6]:

S = Total power (polarized + unpolarized)

S; = Power through LH polarizer — power through LV polarizer

S, = Power through (L + 4% polarizer — power through (L — 95polarizer
Ss = Power through RC polarizer — power through LC polarizer

These co-ordinates may be assigned to a xyz-coordinstensyvhere the normalized
Stokes parameters are obtained by dividing each Stokesgiardmy the total optical

power:

sl:i,szzi,sszi. (3.11)
So S So

The degree of polarization (DOP) gives an indicatd the extent to which the light

is polarized. It is given by



21

DOP=Y=t =2 %% - 2 +2+52 (3.12)

The four Stokes parameters are related to the tespepdicular electric field

components as follows:

S =Eo,” +Eo,” (3.13a)
S, =Ey,” —Ey,’ (3.13b)
S, = 2E,E,, cosp (3.13c)
S; = 2EE,y sing (3.13d)

Figure 3.4 Poincaré sphere with representations ofuspolarization states.

The Stokes parameters are used as co-ordinatesuiot sphere, named the Poincaré
sphere, shown in figure 3.4. It is a graphical iaaleal, three dimensional space. This
sphere represents all possible states of polavizaind also shows the DOP. Hence
the sphere makes it possible to view polarizatioandformation caused by

propagation through devices. Figure 3.4 also gi&esindication of the state of

polarization on various sights on the sphere. @Gircstates are located at the poles,
linear states on the equator and elliptical stateginuously distributed between the
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equator and the poles. Right hand circular states eageld at the Northern pole while
left circularly polarized states are located at thetlsgole of the Poincaré sphere.
When the light is fully polarized with a DOP of 1 thieis represented by a point on
the surface of the Poincaré sphere. In general the B@iven by the distance from
the centre of the sphere to the point representingS@®. Partially polarized

consisting of both polarized and un-polarized light ge@sented by a point within the

volume of the sphere.

The state of polarization of light is determined by atlectric field component. In
general the phase difference between the two orthbgéreric components dictates
the states of polarization of the light. In this jotea various methods of representation
of the SOP of the light have been discussed. The J@mutsrs, the elliptical method,
and the Stokes parameters which may be used to constroatcané sphere are all
methods of representing the state of polarization.
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CHAPTER 4

POLARIZATION MODE DISPERSION BACKGROUND

Polarization mode dispersion (PMD) is the combined eftdcbirefringence and
mode coupling. PMD causes serious capacity impairmentsuding pulse

broadening in digital systems and distortions in analogstgeems. In the course of
data transmission the fibore PMD changes the state lafipation of each frequency
differently, adding a polarization modulation componeat the signal. It is a
stochastic phenomenon that varies with time. It his tvery characteristic that
complicates PMD characterization. This chapter loaks the definition of PMD and

moves to discussing the characteristics of PMD.

4.1 Origin of PMD

PMD is an optical effect which is present in concatfiena of birefringent elements.
It is found in many optical components and in particudarptical fibre. Birefringence
refers to the small differences in the refractive xfile a particular pair of orthogonal
polarization states. Consider a birefringent segmerti@srsin figure 4.1.

y

Figure 4.1 Birefringent fibre segment used to illustratdithe delay between the two

orthogonal polarization modes caused by birefringence.

As the input light pulse propagates through the birefringegtnent, the difference in
the refractive index experienced by the two orthogonal paldwiz states results in a
time delay between the two orthogonal modes. The diet@y shown in figure 4.1 is
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known as the differential group delay (DG@r . Strictly the DGD is the difference
between the two principal states of polarization (P$Ps The PSPs are defined as
the two states of polarization (SOPSs), having the proplest the output SOP remains
unchanged with frequency to first order for any input SGfhed to these PSPs. In
single mode fibre, birefringence results from the nonutanaty of the fibre core. This
occurs because an oval waveguide is inherently birefrirgehthe mechanical stress
field set up by the oval core induces additional birefringence

Mode coupling further complicates the effect of PMD, mgkihe dispersive effect
susceptible to environmental variations. A length of fibrey hha represented as a
concatenation of a series of random length birefringggments. Each segment
exhibits fast and slow polarization modes. Mode couplingrsefe the re-coupling
process that takes place between two adjacent birefrireggments. This process
occurs because each birefringent segment has dist8fes,Pand the electric field
emerging from each segment is projected onto the pdianzaodes of the following
segment. Mode coupling causes the DGD of most fibresysto show a dependence

on wavelength and environmental conditions.

4.2 Representation of PMD

PMD may be represented by using the polarization digpessector, Q, and the
birefringence vectorA,@ [7]. A frequency sweep results in a change indbgut
state of polarization, which is caused by PMD. Heeach frequency component has
a different output state of polarization. Figur@ 4hows how as the frequency is
swept across a specified range, the output stgtelafization traces out a path on the
Poincaré sphere. The variation of the S@R,with angular optical frequency, ,

obeys the following equations of motion,

) - 8(w)x ) 1)

and
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()

T AB(w)x §(w), (4.2)

wherez represents the fibre length amf?(a)) is the birefringence vector.

Figure 4.2 SOP path traced out on a Poincaré sphdie agvelength is changed.

The relationship between the polarization dispersiortoveand the birefringence

vector has the form

9D (1) 43)

A

dAg

where isd— is the modal birefringencd3, at position z along the DUT (device
w

under test) and has units of time delay per umgtie. A,B’sz Is the term which

indirectly affects the increase of the polarizatiaiispersion by causing the

A

dAg

polarization dispersion vector to change directath dw resulting in dephasing
w

between the two vectors. The modal birefringenceesponsible for causing the
increase of the polarization dispersion vector @lame DUT length. When
considering the frequency domain, the directiomhef polarization dispersion vector
is co-linear with the slow PSP [8] and its magnguslequal to the DGD.
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Q(w) = ar(w) 8, (w) (4.4)
where

837() = -85 () (4.5)
and

Q(w) = A7{e) = DGD. (4.6)

The fast PSP direction is represented &f§'(w) and the slow PSP direction by

§:°*(w). As shown in figure 4.2 with the addition of randenode coupling the SOP

path becomes complicated and is no longer simpdmcel there is a fluctuation in
both the PSP and the DGD with wavelength.

4.3 PMD characteristics

The modal birefringence is given bB:E[&j where v is the average group
vi v

velocity and Av is the differential group velocity between thetfasd the slow

polarization modes. The PMD may be expressed afRiM& (root mean square)

width of the polarization mode time of flight distntion in ps (pico-second) as

Y2
pMD =SR2k g, g2 , 4.7)
h

2

whereh is the polarization mode coupling length [7]. Fidore lengthL << h, the
PMD distribution function is levePMD = BL and increases linearly with length. For

the case wherke >> h, the PMD distribution function becomes Gaussiash iargiven

by [7]
— 1 —r2/2<r2>
PDF(T) { {—2 r2> }e : (4.8)
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The PMD delay is<r2>]/ ’ and increases with the square root of length. For random

mode coupling the DGD obeys a probability distribution fiomc{PDF) following a

Maxwellian distribution

pDF(AT):{\/]ETJﬁe3m2/2<Ar2>, (4.9)

where the PMD is equal to the RMS DGD [7]. The RMS DCéDr2>]/ 2, and the

mean DGD(Ar) are related as follows, from [7],

(ar?) :%”<Ar>2. (4.10)

A higher order of PMD is the second order PMD, whichhes tariation of the DGD
and PSP with angular optical frequency. It occurs withnarease in random mode

coupling.
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CHAPTER 5

POLARIZATION MODE DISPERSION MEASUREMENT
TECHNIQUES

This chapter introduces the theory concerning PMD measutena@d provides a
brief overview of several PMD measurement techniquekeit moves to describe the
Jones matrix eigenanalysis (JME), interferometric anxkdf analyzer (FA)
measurement techniques in more detail using actual PMD measursssults to aid
the discussion. The chapter ends with a summary ofctimaparison of PMD
measurement performance between the different technigseslocumented in

literature.

5.1 PMD measurement performance overview

Most optical components have a specific PMD value depgnoin the magnitude of
the birefringence and the number of mode coupling sitdsmtihe component. Both
these effects play a major role in determining the ané measured PMD values.
PMD produces observable effects in both the time andrél@ency domain, hence
PMD measurement techniques operating either in the tmtkeofrequency domain
have been developed.

Time domain PMD measurement techniques directly meakareftect of the time
delay between the two orthogonal polarization modes. Treguency PMD
measurement techniques determine the PMD from the evolatiothe state of
polarization of the light as a function of waveleng®#MD causes the output state of
polarization to precess about the principal state ofrzaldon as the angular optical
frequency is changed [9]. The rate of rotation with anmgogisical frequency gives the
local polarization mode dispersion known as the diffeaé group delay (DGD).
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There exist several time and frequency domain PMD measuts. The most
common time domain measurements are the time-oftfiggid the interferometric
techniques. The time-of-flight or optical pulse methoakes use of an oscilloscope
which plots the arrival time of narrow pulses senbtigh the fibre with different
launch polarization states. Two received pulses dubaanean DGD are observed
for launch polarizations between the two PSPs [10, Iifperferometric PMD
measurements deduce the PMD of the optical component &wo interferogram
generated by a Michelson interferometer. Interfergratterns are observed when the
time difference of the light between the two arnaceh the delay caused by the PMD
in the test device to fall within the coherence timethef source [10]. Broadband
sources provide a suitable coherence time which will vesato interference fringes
predominantly from PMD. Other causes of the interferdringes is the initial source
phase difference.

Common frequency domain measurement methods are; the Jmadsx
eigenanalysis (JME) technique, Mueller matrix method (MMRBincaré sphere arc
method and the wavelength scanning or fixed analyzer (Fohnigue as it is also
known. The former three techniques fall under the umbreflapolarimetric
measurement of DGD. These methods determine both thB B@& the PSP
(principal states of polarization) by measuring the rdteotation of the states of
polarization around the PSP with a change in frequeroy.s@me experimental setup
can be used for all three techniques; hence the only differées in the analysis
method. By using the same measurement data it has bewam shat JME and

Poincaré sphere analysis (PSA) give similar resutfsin measurement error [12].

The Jones matrix technique relies on the evolution@btltput state of polarization
as a function of wavelength for three different Imegut states of polarization to
determine the Jones matrix of the DUT. The 2x2 Jondésexmalates the input and
output Jones vectors of the device under test (DUT). dltput Jones vector is
determined via measurement and is used together with the Jopes vector to
establish the Jones matrix of the DUT, which is thexdue extract the DGD.

The Mueller matrix method is very similar to the JMEthod in its determination of
PMD except for the fact that it uses a 3x3 polarizaticansfer matrix in its
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computation and operates in Stokes space. A 3x3 polanza@msfer matrix is

determined for very closely-spaced frequencies. The metiagds the assumption of
the absence of Polarization Dependent Loss (PDLKingathe transfer matrix a
rotation matrix. The precession angle of the outpularpation may then be

computed using the trace of the rotation matrix and thedSRe eigenvector which
corresponds to an eigenvalue of unity [10].

The Poincaré sphere analysis (PSA) measurement techisighased on Stokes
parameter evaluation. As with the JME measuremeriinigae the polarization
transformation of three distinct input SOPs are edwith a change in wavelength
across a wavelength range. The DGD is related to ttwegehof three output Stokes
vectors with a change in optical frequency and may thuscdleulated. PSP
calculation is done in a similar manner where an equattates the Stokes vectors
and their change to the PSP [6].

Various other polarimetric measurement techniques sinolaiME, PSA and the
MMM techniques exist. These techniques are often not medtiameliterature

references but share the principle of measuring the D@Measuring the rate of
change of the output SOP with wavelength. This is appécavhen the input
polarization state is launched such that both PSP ardyedjuainated [10].

The fixed analyzer (FA) technique also known as the wagé#hescanning technique,
takes a different approach to the polarimetric measureteehniques by measuring
the PMD indirectly. The transmitted power through a poda is measured as a
function of wavelength. The average DGD is relatech®ortumber of extrema and
mean-level crossings of a normalized intensity tradeere the intensity is measured
through a polarizer as a function of wavelength [13lrles analysis of the intensity
spectrum also yields the PMD of the DUT [7].

This work focuses on the investigation of PMD measuremeriorpgance of the
fixed analyzer (FA) technique in comparison with the JM&generalized
interferometric and Poincaré sphere arc PMD measamenechniques. Hence the
following sections discuss the FA technique in great detad, also the JME and
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interferometric PMD measurement techniques. The spePBifimcaré sphere arc
technique will be introduced and presented in detail aeaddage, in chapter 10.

5.2 Fixed analyzer (FA) PMD measurement technique

The fixed analyzer (FA) PMD measurement technique is &lsown as the
wavelength scanning PMD measurement technique. It is basedeasuring the
transmitted intensity through a polarizer, known as tikked analyzer, as the
wavelength is changed. The section starts off with thergesetup of the FA method
and offers an intuitive understanding of the operatingcple of the technique. It
then concentrates on the theory of the fixed analyet presents a detailed

explanation of the various analysis methods of thérBAsmission spectra.

5.2.1 FA technique background

In 1994 C. D. Poole and D. L. Favin released a paper pregehér-A technique and

the derivation of two PMD analysis methods [13]. Thehteque was compared with
commercial PMD measurement techniques, Jones matrixagighsis and general

analysis method, and it compared very well. It is nostaadard PMD measurement
technique and is presented in the IEC technical report [7].

Generally there are two setups for the FA method.hin dne setup a polarized
broadband source is used and thus this requires an ogpeetirum analyzer as a
detector, figure 5.1 (a). The other setup uses a tuneablézpdltaser source where a
power meter is used as a detector, figure 5.1 (b).

Polarize Analyzer, .
Broadband @ 4 Optical
/ —  spectrum
FUT

source
analyzer

(@)
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Power meter

Analyzer,
Tuneable laser @ f(D_

source FUT

(b)

Figure 5.1. General configuration of the FA PMD measearg technique, (a) with a

broadband source and (b) with a tuneable laser.

When a broadband source is used, a specified range of wgtredes transmitted
through the fibre under test (FUT) or device under testl{Dafter passing through a
polarizer. The transmitted intensity through an analypefarizer) is measured as a
function of wavelength. The setup viewed in figure 5.1ré@resents the basic FA
setup without any extra accessories. The broadbandsaiite transmits a selected
wavelength band through a polarizer which polarizes the bging passed through
the DUT. PMD in the DUT changes the state of poléaiopa(SOP) of the light as the
wavelength is swept. By taking advantage of this phenom#ére magnitude of PMD
and fluctuation of the DGD can be linked to this varmtiof the SOP with
wavelength. The fixed analyzer technique uses a fixed petar@ipled with a power
meter or an optical spectrum analyzer to track thisabeur by monitoring the
intensity fluctuation of the transmitted light sigrthfough a polarizer. The setup
shown in figure 5.1 (b), shows a tuneable laser which psveeross a selected
wavelength range in small wavelength steps, where a powtar records the light

intensity.

The FA technique requires the calculation of the intgnsitio R(1), which is a ratio
of the spectrum obtained without the polarizer in pl&¢gi(4) and the spectrum
obtain with the polarizer in the path of the ligh{/).

R(A)= P,) 1.

Alternatively the normalized intensity ratl¥(1) may be determined by leaving the
analyzer in place during both scans but with the diffexerfaotating the analyzer by
90° during the second scalPg(1)
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R(A)= A% (5.2)

P+ R (1)

In this study equation 5.1 was used to normalize the ityesigectrum in the FA
setup where a broadband source was used with an opticatuspeamnalyzer as a

detector.

Figure 5.2 shows two signatures which have the same dorodidiffer in the
variable recorded. The evolution of the SOP and theesponding intensity

fluctuation through the polarizer with wavelength are regmeed.
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1-1
Figure 5.2. (a) SOP transformation when the angular dfteguency is changed represented on the
Poincaré sphere. (b) The intensity fluctuation througlolarizer due to the same SOP transformation

as a result of the change in angular optical frequency.

These results are from an actual PMD measurement efraulator, where both the
SOP change and the transmitted intensity were monitcaed recorded
simultaneously. The emulator is made up of a concatenati four polarization
maintaining fibre (PMF) sections hence it has mode cogpdixplaining the non-
periodic signature. If a fixed polarizer (analyzer)nighe path of this SOP fluctuating
signal then, depending on the SOP input to the analgzdraction of the light
intensity will be allowed to pass through the analyZéne fraction of the light
intensity allowed to pass through depends on the SOP pbtagzer and the SOP of
the light. The SOP of the polarizer is fixed but, tl@PSof the light exiting the DUT

constantly changes due to the birefringence and mode coupling.
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When observing the change in the SOP on the Poincaréegpleepeaks and valleys,
figure 5.2 (b), may be explained as follows:

1. First the analyzer is simply a polarizer with a sfleSOP named SOP1 from
now onwards. SOP1 may be identified and marked ondimed&té sphere as it

is a distinct SOP with specific Stokes parameters.

2. A peak occurs in the intensity spectrum when the SOtheflight moves
closer to SOP1 and then further away from SOP1. HentbeaSOP of the
light approaches SOP1, the output light intensity irsgsa

3. A further change in wavelength may change the directiothefpath of the
SOP such that it moves away from SOP1. This dissityilagtween the two
SOPs leads to a decrease in the intensity of the ligtite SOP of the light
again moves towards SOP1 then an increase in theidiginisity traces out a

valley in the intensity spectrum.

4. Hence an entire signature is traced out as the S@Rftrms depending on
the birefringence and the number of mode coupling sites avithange in
wavelength over a selected wavelength range.

5. The absolute maximum in the intensity spectrum corredpom when SOP
matches SOP1 and the absolute minimum occurs when SOBQ@R1 are

orthogonal, that is 18Gpart on the Poincaré sphere.

The results presented later on will show that thensitg spectrum traced out depends
both on the magnitude of birefringence and the degree of modgling present,
hence having an effect on the calculated PMD and alsnggan indication of the
length regime of the DUT.

The following subsections concentrate on the analysithods of the data recorded
using the FA technique. A detailed derivation of the meaallcrossing and extrema
counting equations, which may also be found in [13], wdl gdresented. Then a
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thorough discussion concerning the Fourier analysis methadhdertaken, and
presented in the format of theory and a hypotheticahpia

5.2.2 FA technique analysis methods

The resultant spectrum from a FA PMD measurement lmeagnalyzed using three
different analysis methods to compute the measured PM2.vawo of the analysis
methods involve counting the number of a particular featewident within the
spectrum. These techniques were introduced and presented inbgte@ilD. Poole
and D. L. Favin [13]. This article also suggested a verygstifarward method for
calculating the particular length regime of the DUTheTthird analysis method

involves Fourier analysis of the intensity spectrum.

5.2.2.1 Extrema counting and mean level crossing PMD analysisthods

The two FA PMD analysis methods which involve countirgertrema counting and
mean level crossings. Extrema counting involves ligrabunting the number of
peaks and valleys in the spectrum, while mean level iagssfers to counting the
number of times the transmission spectrum crosses\¢lae value of the transmitted

intensity.

Extrema counting
1.0

Normalized intensity

0.6

Mealm Ievell crossling °|

05 P BT
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Figure 5.3. Normalized intensity spectrum measured usings#ni@licating the

number of extrema and mean level crossings.
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For illustrative purposes figure 5.3 shows a smaller windbthe PMD measurement
of the emulator shown in figure 5.2. Figure 5.3 provides araledication of the
definition of extrema and mean level crossing numdershis spectrum 45 extrema

and 20 mean level crossings can be clearly identified.

The extrema density within a wavelength range has heledito the measured PMD
value for both the cases of the presence and absenm&defcoupling. In the absence

of mode coupling, the measured PMD is given by the equation

B k<Ne>)ll)l2

Aw — 2c(A, - A,) (5-3)

where k is the mode coupling factor. The mode coupling faet®ahvalue of 0.824 in
the presence of mode coupling, according to Poole and Favingdd@Jtakes on the
value of 1 in the absence of mode coupliNgis the number of extrema, ¢ the speed
of light in vacuum,Aw the angular optical frequency range anhdepresents the
wavelength in free space. In 1998 Williams and Wang presentadticle suggesting
a correction to the mode coupling factor [14]. The new valgaalled 0.805. This
new mode coupling factor was also determined using Montl Ganulations but
with a difference in the assumptions in the makeup ofstmeilated fibre. The IEC
TR 61282-9 technical report [7] recommends that the valueli@&&ed for the mode
coupling factor when mode coupling is present, and was madefukroughout this
document. Poole and Favin also managed to link the mealncleasing density to
the measured PMD value. This materialised into an equatioch may be used to
calculate the PMD value by counting the number of mewaael lcrossings. The mean

level crossing analysis equation has the form

(a7) = (N,) _ 2(N, )2,

= = , (5.4)
Aw  cm(A, - 1)
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whereNy, represents the number of times the transmissiorirsppecrosses the mean
transmittance. In the absence of mode coupling theemuations described above
tend to become equal and take the form

(A7) = mNe) ﬂ<N’“>. (5.5)

Aw Aw

Poole and Favin further put forward a means of evaluatiedetingth regime of the
fibre. That is to investigate whether the fibre isthe long length regime or in the
short length regime. In the long length regime PMDescas the square root of length
and shows a Maxwellian probability density distributiamd an the short length
regime it varies linearly with length. This straigtf@rd method involves
determining both the extrema and mean level crossingsgiven spectrum and uses
their ratio as an indication of the length regime. Egample in the case of mode
coupling the ratio of equation 5.3 and 5.4 gives

N = Saaan - 154 L/l, 0, (5.6)

wherelL is the fibre length antl the coupling length. Hence the value of this ratio
conforms to fibres in the long length regime. Fibretha short length regime where

the fibre length is short compared to the coupling lengthtlie ratio is just unity,

(N.) =1, L/I

(N.,)

~0. (5.7

C

It can be noted that the ratio of extrema to meanl lenassing for the long length
regime is greater by 54 % compared to the short lengimeegtio. Both the extrema
counting and mean level crossing analysis methods uss@ to determine the PMD
value of FA PMD measurements.
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5.2.2.2 Derivation based on geometrical arguments

C. D. Poole and D. L. Favin derived expressions relatingetieema counting and
mean level crossing densities to the measured PMD vahgse derivations may be
found in article [13] published by them in 1994. The following twbsections show
the derivations based on geometrical arguments andhfillee required mathematical
details.

(a) Mean level crossing

Consider the frequency dependent transmission throughagzaolrepresented on a
hypothetical unit Poincaré sphere where a path, in rgdréi5.4), is traced out on the
sphere as the state of polarization changes with agehm frequency. The state of
polarization of light incident on the polarizer is repented by the vectsrand the
high transmission state or pass axis of the polarizehdwector p on the Poincaré

sphere.

&
dw

Figure 5.4. Schematic illustration of SOP change withelemgth as

the angular optical frequency is varied.

The transmission through a perfect polarizer iegiky

T()= @+ o)p). 58)



39

Since the fibre is in the long length regime, implying phesence of mode coupling,
it is expected that all SOPs are equally probable. Thwexethe dot product in
equation 5.8 will average to zero and the mean transmiss{@h + 0.5. Hence this
allows us to argue in the following manner: For the trassionT(w) to be equal to
the mean transmission the dot product must equate to Zarse.fGrT(w) to cross the
mean transmission the vectoshould cross the circle C1 shown in figure 5.4. Circle
C1 is defined as the locus of points on the Poincaré ejtiyeall vectors orthogonal to
vector p. Hence the expected number of mean level crossnggual to the number
of times vector crosses the circle C1. As can be viewed on thaeiof the sphere,

vectors traces out an arc on the sphere of length
Al =[5, - &) = (08 = |(;_‘i‘m, (5.9)

where |d § /dw| is the local speed with which the SOP vector changith
frequency. Since €l/dw is tangential, the arc thatraces out lies on a great circle C2
provided the frequency interval is sufficiently dm&ince C2 crosses C1 twice, the
probability that the vecto§ crosses C1 is twice the ratio of the arc lengthhi

circumference C.

C=2m =2n(l)=2mr (5.10)

Prob(meanlevelcrossing) = ZXAI = 1|LZ‘Aa) (5.11)
2 md

It is assumed that represents a stationary random process. Hencgrofiability in
equation 5.11 is independent of frequency. The nieeal crossing density is then
given by

y - (N,,) _ (Pro{meanlevelcrossing) :£<| d§|> (5.12)
Aw Aw T |d
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Rotation about the principal states of polarization a@daa be written as a cross

product relation

®

=Qx8. (513
dw

The average speed can then be obtained by making use abeduas,

<‘d%§d‘> =(|ax§)=(ar){sind). 5.14)

From the probability density function of 8iit can be shown th&t sind | ) = n/4.

Therefore
Vin = AC{)_ 4 (515)
and
_ 4 Nn)
(AT)=4 e L/l, - (5.16)

Equation 5.16 shows that the expected PMD valwnlg four times the mean level
crossing density. This equation applies to the caseDUT with mode coupling sites
and only requires that the angular optical freqyetange and the number of mean

level crossings be within the specified sweep range

(b) Extrema counting
Extrema occur in the transmission spectrum whenddgvative with respect to
frequency of the transmission through the polanze&qual to zero. The derivative of

equation 5.8 is

T'(w)="==(Qx8)p. (5.17)

A useful substitution is

Qx5=|Qx8§7, (5.18)
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where/] is a unit vector in the direction of the vectorssgroduct.

The derivative of the transmission can then be iteswras
, 1— 4.
T (w):E\st{qu. (5.19)

From this equation it should be noted that all tbetors on the right, except for the
pass axis vectop, vary with a change in frequency. As mentionecdimeextrema
occur when the derivative of the transmission isozeéhence there are three
possibilities when this can occur:

1) The magnitude of the PMD is equal to zero.

2) The PMD vector is parallel to the SOP vegtor

3) The vectors is orthogonal to the vectqp.
Making the assumption that the vectors in equdii@6 are statistically independent
and that the probability density function for theIP is absent of singularities rules
out the first two possibilities, leaving only thieirtl possibility. Consequently this

requires that vectop should cross the great circle C1. The numbemadsithis event

occurs is equivalent to the number of extrema fowmnthe transmission spectrum.

This is analogous to the previous section, hene@txirema density may be written as

y, = (Ne) :1<| d’7|>. (5.20)

By making use of equation 5.18, the local speetl which the vector; traces out an

arc on the sphere can then be written as

Ig'7|:| d(5_X§)|_ (5.21)

The complicated interdependence of the terms ondghehand side makes it difficult
to obtain an analytical value for the average Iepaeds. Therefore Poole and Favin

turned to Monte Carlo simulations which producesftillowing result
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<|S_Z‘> = 121Ar). 25)

This leads to the final extrema counting equation for noodgpling

<Ar>:O.826ﬂ%, L/l - .  (5.23)

5.2.2.3 Fourier analysis of the transmission spectrum

Another important analysis method used to analy&eirfeensity spectra for PMD
information is the Fourier analysis method. Fouaralysis on the intensity spectrum
results in an interference pattern where the PMiDrimation is contained in the
spread of the pattern [15]. In this section thegnaission equation which includes the
PMD term is derived as shown in [7]. Following abioverview of Fourier analysis
theory is a short theoretical experiment. By stibstig in a specific PMD value the
transmission equation is used to draw an intersggctrum. Fourier analysis of this
spectrum should then yield an interferogram witte¢hpeaks where the separation of
the satellite peaks should be twice the DGD vakezlunitially.

Suppose a simple birefringent device, implying mgigle mode coupling, is placed
between two crossed polarizers each at an angd&’ab the PSP of the DUT, the
light transmission ratio is then given by

R':sinz[ﬂj :sin{nv[A”[LD (5.24)
A C

whereR' is the transmitted intensity of the light that g&s through the polarizefin
the DUT birefringence and the DUT length.
Supposer is the PMD of the DUT given by

Or=r1,-T1, 45)
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wherer; andz, represent the time of flight of the orthogonal statgolarizations.
The PMD may then be rewritten as

gr=b-L. L(_j. (526

Change in the refractive index can be written as

n=2 = Anz{ﬂ) (5.27)
\% V)V,
Hence substitution gives
57 = A”C[ L (5.28)

The PMD term may now be included in the transmission equathich, after

reformulating using a trigonometric identity, becomes

Rz l—cos(zm/ [97) | (5.29)

Equation 5.29 shows th& is a cosine wave with an oscillation frequeecyHence
the spectral content oR', obtained by Fourier transform will show a single
component atér. Fourier transformation of the spectrum transformdrom a
frequency to a time domain. The intensity of the spike the Fourier transform
spectrum will depend on the orientation of the polaraet the analyzer with respect
to the DUT PSP at the input and output. However thisbaeffect on the position of
the spike, hence PMD measurements may be done indeplndé fibre splice

rotation and polarization position [7].

Fourier transformation is a versatile tool and ismfised in physics and engineering
to alter the data or problem such that information maynbee easily extracted and

the problem more easily solved. The Fourier transferpasates the waveforms into
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sinusoids of different frequency which when added togethee ¢he original
waveform. The Fourier transform of a function f(xpefined as

F(s) = j_‘” f (x)e" 2™ dx. (5.30)
The transform of F(s) gives

f(x) = j"; F(s)e"7™ds. (5.31)

Experimental work generates discrete data hence aethisEourier transform (DFT)
is required. The DFT computes the discrete sampleBeofransform using discrete
sample values. The DFT of a dataset x[n] with indaw the range & n< N-1 is

given by

X[K] = fx[n]e’iz’ﬁ” (5.32)

whereFy, = k/N. The inverse or backward Fourier transfosrthien defined as

N-1

XN =%Z X[k]e' A (5.33)

in the range & k < N-1. The DFT requires computation which takes ampguter
time. Various algorithms have been developed tagedhe number of computations.
These efficient algorithms of the DFT are callest feourier transforms (FFT). The
Origin 6.1 software package used in this studythak-in functions which carry out
the FFT of a given set of data. In this work thdé Fénction based on equations 5.32

and 5.33 are used together with windowing methods.

Suppose a PMD measurement is done on a simplaibgent element (no mode
coupling) with a specific PMD value. The theorettispectrum of the transmitted
intensity can then be calculated over a wavelengige using equation 5.29. Figure
5.5 shows the calculated transmission spectrunmasgua PMD value ofr = 3 ps
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Figure 5.5. Normalized intensity spectrum generated usindgienqus?29 for PMD =
3 ps.

and a wavelength window of 50 nm from 1510 nm to 1560 nm. TheFéastier
transform of this spectrum gives evidence of three sgigase 5.6. As predicted the

centroid appears at the PMD value which is 3 ps.

0.5

04r

Amplitude

0.2

0.1r
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Figure 5.6. Fast Fourier transform of the spectrum shovigure 5.4.

As a comparison, the extrema and mean level crosshgey counted from the
transmission spectrum in figure 5.5 are 39 and 38, respgctBabstituting these
values into equation 5.5 gives a PMD value of 3.09 ps foeemwtrcounting analysis
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and 2.99 ps for mean level crossing analysis. Both thaekeess are in excellent
agreement with the PMD computed using Fourier analysishefttansmission

spectrum. Similar results may be obtained for any ¢ch&84D value.

Random mode coupled devices will produce non-periodic trasgni spectra.
Fourier transforms of these spectra yield many spikesavieach spike corresponds
to a different DGD value. All the PMD information isr¢ained within the spread of
the interferogram [15]. The PMD value is given by half whdth of the FWHM of

the Gaussian fit to the interferogram.

5.3 Jones matrix eigenanalysis

The Jones matrix eigenanalysis (JME) technique isghhhiaccurate, well known
PMD measurement technique [16, 17]. It is based on determinengransmission
Jones matrix of a time invariant optical device. RJ@hes showed that it is possible
to fully describe the properties of an output beamgiftiusing a matrix, named the
Jones matrix [18]. The PMD information of the DUT @ntained within its Jones
matrix, which may be determined experimentally, anaéXeacted by eigenanalysis
of the matrix. This eigenanalysis method is well docoie@ in an article [16]
authored by B. L. Heffner where the theoretical backgrasifidst described and then
applied in an experiment to determine the PMD of a cry3taé JME technique
performed well, producing similar results as the thecaietalculations of the DGD
and orientation of the PSP over wavelength [16].

A conventional experimental JME measurement setup censisa tuneable laser
source, polarization controller, polarization analygpolarimeter) and the link or the
DUT under test.

Link/DUT

Tuneable Polarization Polarimeter
laser controller

Figure 5.7 Schematic of the JME PMD measurement tegarsetup.
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When a PMD measurement is conducted the laser sweass acwavelength range
within the specified bandwidth. Determination of the Janesrix of a DUT requires

the evolution of the state of polarization with a aam wavelength for three distinct
input states of polarization. Generally the polarizationtroller is set to transform
the state of polarization of the laser light sourwehree known states of different
linearly polarized light. A polarimeter keeps track c# #volution of the output state
of polarization of the light through the DUT. Contadlthe hardware and analysis of

the measurement results is done using a computer.

In the year 1947 R. C. Jones suggested a new calculusefaretitment of optical
systems [18]. In this article he described how a setedsumrements can be used to
determine the transmission matrix of a crystallingepld@he Jones vector of a light
source has the form

EZ@;}{E:"J (5.34)

where E and E are the spatial variations of the electric fieldtees in the x and y
directions respectively ang), oy represents the phase of the electric wave [7]. This
representation completely describes the amplitude aadepof the light source. As
polarized light traverses through any optical device, tight | undergoes a
transformation. This transformation may be represebyed 2x2 Jones transmission
matrix as mentioned before. The input electric fieddtor and the output electric
field vector are related by the Jones matrix, J, bows:

(5.35)

out

Hence the Jones matrix operates on the input light flee source to give the electric
field vector of the output light. Consider the simplease where the three known
polarization states are linear horizontal, linear vattand linear +45. The three
measured output polarization states may then be
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Exl Ex2 Ex3 36
el =

The following complex ratios are then constructed

k, = EXl;kZ: Ex2;k3: EXS;k4:k3_k2. (5.37)
Eyl Ey2 Ey3 kl - k3
Giving the Jones matrix as
kk, k
J=Cc*| % 7 5.38
s 630

where C is a complex constant [18].

Once the Jones matrix of the device under test is Rrtbe differential group delay
(DGD) of the test device can be fully characterisedelgenanalysis of the Jones
matrices. The derivative of the representation of thecyal state of polarization
(PSP) with respect to frequency of an output PSP leada £quation containing the
product T T . T ' is the first order derivative with respect to frequenafythe
transmission Jones matfix[18]. Measurement of ' andT * including the absolute
phase would allow the direct computation of the two grodaydeandAz. In reality

howeverT ' is approximated as
T'=[T(w+Aw)-T(w)/ Aw, (5.39)

provided that the frequency interval is so smadt ach output PSP suffers nearly the
same loss ai andAw. A further restriction that the eigenvaluesTgtor AT ()
can only be determined within a complex constamrgygnts determination of the two
group delays individually. By making a small approation, the DGD Ar, can be

expressed as

_ ‘ Arg(o,/ p,) (5.40)

AT = ‘r -T
9ot Aw

o
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wherep; andp, are the eigenvalues df{w+A)T () and Arg is the argument
function, Arg(a€®) = 6. The eigenvectors corresponds to the PSPs of the dendee u

test.

2681 | Average DGD = 2.56 ps
RMS DGD = 2.56 ps

2,60 |
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Figure 5.8 Variation of DGD with wavelength obtd from a JME measurement

of PMD on polarization maintaining fibre.

The above figure is a representation of an actual PMBsorement result of a 1 m
long segment of polarization maintaining fibre. AutomatBlD measurements
calculated the DGD of every intermediate wavelength.tHe absence of mode
coupling the range of DGD variation is smaller and mardoum than when mode
coupling is present within the DUT. However the DGD dtilctuates periodically.

This is because of the slight non-uniformity of th&aetive index along the PMF
leading to very small differences in the DGD values PIMD is defined either as the
root mean square or average DGD. The presence of mode ngpganerates a
signature which is more active and unevenly distributed tafieumean DGD over
wavelength. This can be seen in figure 5.9 which is a remegm of a PMD

measurement of an emulator consisting of four polaomatiaintaining fibre spliced

sections.
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12 L Concatenation of 4 PMF sections
| | —— 1 mlong single PMF section

10

DGD (ps)

1510 1520 1530 1540 1550 1560 1570
Wavelength (nm)

Figure 5.9. IME measurement result of a PMD measuremneabasic emulator. The
average DGD for the mode coupled section is 5.53 ps arkMI®DGD value is 5.81
ps. The red line shows the DGD as a function of wagtteaf the PMF in figure 5.8.

The average DGD and the root mean square DGD are rékatedsimple numerical
factor of 1.085 =\(3r/8) which is close to the ratio 1.05 given by these two tfies

for the measurement results represented in figure 5.9.dMfference is attributable to
the fact that there exist two definitions of PMD andirtimeathematical formulation

leads to a simple numerical relation relating the [&9].

5.4 Interferometric PMD measurement technique

The interferometric PMD measurement technique is based polarized broadband
source, an analyzer and an interferometer. Light passesgh the DUT and an
interference pattern known as an interferogram is pradud&e desired PMD
information is contained within this fringe envelope fore tiwvavelength range
associated with the source spectrum. There exist twysasahethods to obtain the
PMD delay, namely the traditional analysis (TINTY) thed which uses specific
operating conditions and a basic setup. The second is kaswime general analysis
(GINTY) method which does not use any limiting operatingditions and uses a
more modified setup as compared to TINTY. At the heérary interferometric

technique is an interferometer, where the Michelsterferometer is generally used.
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Hence in this section the Michelson interferometed ghe theory regarding
interference of light will be presented and coveredatail. The section will further
link the fringe pattern interferogram with the PMD delayd gpresent both the
traditional and generalized interferometric PMD measunténechniques, placing
emphasis on GINTY as it was the interferometrichtegue used throughout this

study.

5.4.1 Interference of light and the Michelson interferomeer

Interference of light refers to the

LED

superposition of two or more
light waves which may either Detecto
lead to an enhancement, Q

constructive interference, or

Fixed 50/50 Beam

splittel

attenuation, destructive ’
mirror

interference, of the waves

involved. A Michelson Balanced mirror

: : : : g X positior
interferometer is a device which Adjustable
splits a single light ray into two mirror

separate rays.
Figure 5.10 Schematic of a basic Michelson interfeten

As shown in figure 5.10 it is made up of a broadband sountentirrors, a beam
splitter and a detector. The beam slitter splits ti@ming light rays into two
allowing them to propagate down separate paths. The Bystreflect off the fixed
and movable mirror, are recombined and directed to thetdetebere interference

fringes will be evident due to the time delay caused by ttielpagth difference.

If there is an offset distance of x between the rotevand fixed mirror then there
exist a time delay of 2x/c between the two beamsfeesents the speed of light).
Interference fringes are a function of the path leniifference between the two arms.
Depending on the position of the movable mirror therfietence of the light beams
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may either be constructive or destructive. Hence basddis, a fringe envelope will
be created as the movable mirror position is changed.

A Michelson interferometer can be seen as a devicehwpinysically performs a
Fourier transform on the incoming light source. Heneestectral distribution in the
frequency domain is the Fourier transform of the ietedram in the time domain.
After reflection of the mirrors the two electricelds are incident on the detector
where interference will occur to produce an output intgnghich mathematically
consists of an autocorrelation term and a cross-etioal term. The autocorrelation
term represents the total irradiance due to the norfeniey beams while the cross-
correlation term will cause a positive or negative aeen from the non-interfering

term.

The interference envelope produced by the Michelson intenfeter for a laser and a
broadband source differ. For example for a 1550 nm DF&r{lolited feedback) laser

the interference envelope will remain strong for f@emeter delays of many metres.
However for a 1550 nm LED the interferogram is formed owdgr zero path length

difference between the two arms [6]. This differerscattributed to their difference in

coherence time. Coherence time refers to the twee which the phase of a particular
source remains constant. The DFB laser has a weheatkfivavelength; hence it is
considered a highly coherent source. Whereas the LBDnisre incoherent source as
it consists of a wider wavelength range. The coherd¢ime of a source may be

directly related to the source spectral width by theWwihg expression

, (5.41)

where/g is the central wavelengt/ is the spectral width at half maximum and c is
the speed of light in a vacuum [20]. From expression 5.&latvident that a narrow
spectral width has a greater coherence time than erwjmkctrum width, justifying

the above statement.

Interference only occurs for time delays shorter tiensource coherence time. If a
laser source with a narrow spectral width were to leel,usccording to equation 5.41

it will have a very large coherence time. Therefors till give rise to a continuous
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interference pattern providing very little informatiabout the fibre imposed PMD
delay. For a broadband source with an equitable smallegrence time only one
central interference fringe is evident. This maximutensity is produced when the
mirrors are at balanced mirror positions which resmtequal path length between
the two arms. Interference fringes related to the telay occur when the path length

difference compensates for the differential group delaiieoDUT.

Firstly, consider the case of no mode coupling in the D This particular case two
outlying satellite peaks are produced. Consider the Michalderferometer. If the
interferometer is placed after the DUT then botleemodes, the fast and the slow
light, propagate down the two arms of the interferometberefore as the mirror
sweeps from one side of the balanced mirror positmnthe other side, two
compensating events will occur at these opposite endi® ahirror position. The time
delay between the two outlying peaks is twice the diffeabgroup delay (DGD). If
the position of the interferometer and the DUT weesersed, then the same
compensation resulting into interference would take epl&@econdly, consider the
PMD measurement of a device with mode coupling. Due tgtlesence of mode
coupling the interference envelope will be filled with nféeence patterns. The
central peak of the interference envelope will be ohhigensity as a result of the
balanced mirror position. As the adjustable mirrortsh#way from the balanced
mirror position the DGD and the coherence time bexaonore similar. Hence the
intensity of the interference fringes diminishes aamtlef out until no more fringes are

evident.
PMD is determined from the interferogram via either ofigwo methods; direct

fitting of the Gaussian or calculation of the secondneot [6]. The fitted Gaussian

curve is related to the differential group delay by

RMS DGD: <Ar2>]/ ‘= \EU (5.42)

Mean DGD: (AT) = \/%U (5.43)
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where ¢ is the standard deviation of the Gaussian to besthéit ihterferogram

excluding the central peak, and RMS implies root mean sq6hareThe PMD may

also be determined using an algorithm based on the squai thetsecond moment
of the photocurrent response. The algorithm involves iandel shifting of the

response to reduce the noise, removal of the centtat@relation peak, truncation
of the interferogram, computation of the second momehtthe truncated

interferogram and determination of the Gaussian [6].

5.4.2 Autocorrelation PMD measurement technique

This section describes both the autocorrelation PMDsuoreanent setup and its
operational principles. Figure 5.11 shows the main compsrana TINTY setup

during a PMD measurement. As illustrated the adjustablemnsgans from position
a, past the balanced mirror position, until positioi lwetector at the output end of
the fibre senses the light intensity through an analygelarizer) as a function of
mirror position. Interference fringes occur when the pé#&thgth difference

compensates for the DGD, as mentioned before.

. LED Analyzer
Fixed an%:l
mirror Detecto

\

50/50 Beam Y
Position b——| splittel

___________________ Balanced mirror
1 positior

Position —P?

Figure 5.11. Autocorrelation PMD measurement interfester.
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This traditional analysis method setup generates inbgimfams consisting of both the
source autocorrelation and cross-correlation funstidhe autocorrelation peak is the
central interference fringe with the highest intensitgl occurs when the path length
difference between the arms of the interferometey equal in distance. This
autocorrelation function does not house any PMD infoionadnd may thus act as a
limiting factor when small PMD values are measurediti#dlPMD information of the
DUT is contained in the cross-correlation term.

The interferogram produced by the TINTY PMD measuremerintgae for a test

device with no mode coupling has three distinct interfergreaks, where the two
offset peaks separated by the central autocorrelatidnipeke to birefringence. The
DGD of the test device is the time delay between thecautelation peak and one of
the satellite peaks. This feature of the TINTY PMD measent technique is clearly
shown in figure 5.12 for half a metre of PMF. As mergrmpreviously, the two

satellite peaks at the side are a result of theomposition compensating for the light
propagating in the fast axis and also for light propagatinthe slow axis. In the

TINTY technique the autocorrelation peak is omnipresedt iarthe most intense,
occurring when the adjustable mirror is at the baldmogror position.
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Figure 5.12. Autocorrelation interferogram of polarizatiseintaining fibre.

TINTY and GINTY diverge in their analysis method dependingtlte assumptions
made when mode coupling is present in the DUT. The pecesef random mode

coupling requires analysis of the entire envelope makindgeterferogram. Figure
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5.13 shows the interference pattern of a concatenafidghree PMF sections. It is
clearly evident that the introduction of the mode couplitgssnduces the presence
of more interference peaks.
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Figure 5.13. Autocorrelation interferograinc@ncatenation of PMF sections.

TINTY retains its characteristic and highlights the equath length occurrence with
the high intensity autocorrelation peak. A Gaussian fiticlv excludes the
autocorrelation peak is fit to the interference envelope the PMD delay computed
from the second moment (RMS width) of the cross-catign of the interferogram
using equation 5.42 [7]. The PMD coefficient is then giventtee time delay per
square root length of the device under test as the PMbnge increases with length
but with the square root of length.

The traditional analysis (TINTY) used in the PMD measognt technique makes a
few assumptions which present some limitations reggreiD measurements. The
first assumption is that equation 5.42 relating the PMDheo RMS width of the
interferogram is based on the assumption that the dawder test is an ideal random
mode coupled device of infinite coupling ratio [21]. The cowgptatio is the ratio of
the fibre length and the coupling length, which is equaheédfibre length over which
the polarization of a lightwave becomes uncorrelated wugolarization mode
coupling. Secondly the PMD to be measured must be muclr ldrge the source
coherence time [21]. Thirdly the interferogram is aistiaal average over all possible
PMD values for a theoretical PMD value [21]. Having mades¢hassumptions the
formula thus refers to a theoretical interferogram WhecGaussian in shape. TINTY
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is a good PMD measurement technique provided certain reqntsrare met. Due to
the assumptions mentioned TINTY has two clear linotai regarding PMD
measurements. Firstly the measured PMD value obtasiad GINTY deviates from
the true PMD value of the DUT when limited mode couplirtgssare present and
secondly the TINTY technique lacks the ability to measexgemely low PMD
values due to the presence of the autocorrelation peak.

5.4.3 Cross-correlation PMD measurement technique

The cross-correlation PMD measurement technique differa the autocorrelation
PMD measurement technique by only considering the crossatarefunction and
extracting the PMD from it. The Santec 6000B is such raerferometric PMD
measurement instrument. Figure 5.14 shows a schematicailllost of the Santec

6000B cross-correlation instrument.

Several differences between the autocorrelation badctoss-correlation techniques
are apparent in the setup. The cross-correlation techniguethdssame setup as the
autocorrelation technique except for three polarizatiombsglitters (PBS), a half
wave plate and a quarter wave plate placed in the pabie éfght. As shown in figure
5.14 each arm has a polarizer just before the mirrdiesd polarizers are oriented
orthogonally relative to each other. A half wavatelis positioned just before the

light enters the fibre.

A broadband light source shines light through a polarer a quarter wave plate
before the light is split into two separate arms dyeam splitter, one with a fixed
mirror at the end and one with a movable mirror. M@ polarizers in place alter the
polarization state of the rays such that they recoenbt the beam splitter with states
of polarizations orthogonal relative to each othevoTmirror scans are run where the
orientation of the half wave plate is changed fotheiadividual scan. Before the first
scan a principal axis search (PAS) is run in order terdate the fast and slow axis
of the DUT. This works well for PM fibre. The waveap is then adjusted such that
all the incoming light is first coupled into the fastis of the DUT. A second scan is
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then run with the wave plate adjusted such that alligie is coupled into the slow
axis of the DUT. The two interference envelopes ara fmally combined and the
PMD determined from this combined interferogram. The firgdult is minimal

influence of the autocorrelation envelope.

LED Analyzer
M4a mmmm PBS and
S =3 detector
PBS
| y
I PB< v
Positiont — > Half wave

plate

Position i — ]
?Adjustable
mirror

Figure 5.14. Schematic diagram of the Cross-correlatitgrferometer, polarization beam
splitter (PBS).

The resultant interferogram of polarization maintainfibge (PMF) shows distinct

evidence of the reduction of the autocorrelation peak.
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Figure 5.15. Normalized interferogram of PMF of the cramselation interferometer.
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From the interference pattern, of a measurement dor®lf a metre of PMF shown
in figure 5.15, it can be seen that the central peak (autdabon peak) is

considerably much weaker in intensity, only the two oot interference patterns
have high intensity. The outer peaks are a resulteofast and slow axis which are
maintained throughout in PMF. In the presence of mode wmuttle two interference
envelopes are still separate and the influence of thecawuelation function

minimized. However the presence of mode coupling impled the PSPs are no
longer fixed hence the PAS search and lining up of theviale plate no longer
plays a significant role. The interference envelopa @oncatenation of three PMF
sections is shown in figure 5.16.
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Figure 5.16. Normalized interferogram of a concatenatidMf- sections of the cross-

correlation interferometer.

This concatenation is the same emulator used to diiesthe interference envelope
generated by TINTY for DUT with mode coupling (figure 5.13)eThost common,
by now, and most significant feature is the clear ateser the autocorrelation peak.
The two techniques do show good agreement in the measured/&MbDwith only a
1.36 % difference for a FUT without mode coupling and a 3.9 %edd®MD value
for the FUT with mode coupling.
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5.4.4 GINTY PMD measurement technique

The general analysis interferometric (GINTY) PMD measent technique deduces
the desired PMD from both the autocorrelation, andscocosrelation interferograms.
The measured PMD is given by

MeasuredPMD = g(af - 002) (5.44)

wherecy and oy represent the RMS widths of the auto- and crosselation mean
square envelopes [22]. The GINTY technique hastapsehich measures both the
auto- and cross-correlation interferograms seplgrdte obtain the needed RMS
widths. In this setup a polarization beam splittgslaced after the interferometer. The
beam splitter splits the light to two detectors athseparates the auto- and cross-
correlation envelopes to determine the PMD.

GINTY may be used to measure the PMD of any DUTany order of mode
coupling, with a linear response and with low PDhe condition that the RMS width
of the cross-correlation envelope must be largan tthat of the autocorrelation no
longer applies [22]. In principle zero PMD can beasured using this method. In this
case the auto- and cross-correlation envelopes thaveame width leaving the offset
subtraction to be zero. Another enhancement ofGHeTY technique is that the
source spectral shape does not need to be perfautpth and Gaussian. Also of
interest is that an estimate of the DGD curve cagdnerated [22]. This can be done
by analysing the same raw data using windowing &dxycselecting narrow windows
with a central wavelength. There are no theoretioais provided.

This subsection presents PMD measurement resultsesd different fibre types using
the GINTY PMD measurement technique. Interferogramthe first two fibre types
were shown above using the auto- and cross-caoelaPMD measurement
techniques. Figure 5.17 shows the interferencelepeeroduced by GINTY for the
same half metre of PMF as above. The measured Pie\s the same as that

generated by TINTY. A similar feature found in tbess-correlation envelope for
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PMF is evident in the GINTY envelope for the PMF measuidat is, the significant
reduction in peak intensity of the auto-correlation fuorctis also found in the final
interference envelope generated by GINTY.

L PMF
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Figure 5.17. Interferogram of PMF from GINTY.

More interference fringes are generated in the integferm produced by GINTY for
a concatenation of PMF sections, which is a commesulr by now. GINTY
determined the PMD of the concatenation to be 4.50 pessudt mot very different to

the previous PMD values found by the other two interf@toicn PMD measurement
techniques.
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Figure 5.18. Interferogram of a concatematif PMF sections from GINTY.
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An increase in the number g || Buried Telkom fibre
. ) '| PMD = 10.07 ps
of mode coupling sites i
present in a fibre or DUT, 6
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leads to an increase in the G
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number of interference €

events during a single 2t

measurement. Figure 5.19

is such an interferogram

attained using GINTY.
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Figure 5.19. Interferogram of buried deployed cable
obtained using GINTY.

Measurements were done on buried deployed Telkom optizel fThe high number
of interference fringes gives an indication of the hagimber of mode coupling sites
present in this buried fibre. The measured PMD was aPigh value of 10.07 ps.

5.5 Comparison of PMD measurement methods

The PMD measurement techniques mentioned above exhileitegiffcapabilities and
characteristics, hence their suitability differs agalifferent measurement situations.
In general it has been shown that the above memntidaehniques show good
agreement in the determination of the average PMD. Mspecifically, the
polarimetric techniques give the DGD and the PSP, wheheagterferometric and
the fixed analyzer techniques are only able to deliverdbemean square or average
DGD. However the interferometric technique has the adgenbf operating under
conditions where the SOP is unstable, whereas thdtaes DGD is affected in the
polarimetric techniques. The interferometric techniquess ebnsiderably fast. Fixed
analyzer measurements have an advantage of their othe iiorm of being able to
give information regarding the degree of mode couple prasettie DUT [13]. N.
Gisin et al. [19] gives two definitions of PMD and showed that theyratated by a
simple numerical factor o (3n/8). The first definition relates PMD to the time-

dependent intensity and the second definition retaee® GD to the rate of change of
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the output state of polarization with frequency oveairaye of frequencies [19]. Using
the wavelength scanning technique and in particular the JMiitee, PMD may
either be defined as the average DGD or as the root ngegmnes(RMS) DGD. B.
Pernyet al. proved that the RMS value of the DGD compared very wéh the
interferometric PMD value [23]. A large scale comparidmiween the measured
PMD values resulted in a 3 % difference for componeitts asPMD value within the
range 0.1 — 5 ps between the least square fit to the dathenchity line. A 13 %
difference was evident for a bigger range of <0.1 to 10t psfound in literature that
the fixed analyzer technique compares well with both ME &nd interferometric
measurement techniques [24, 25, 26, 27]. In particular the &ratlizer technique
with extrema counting analysis yields a very similaerage PMD value to the JME
technique whereas the fixed analyzer technique with Founaysis compares very
well with the interferometric technique [24, 26]. The simija between the
interferometric technique and the FA method is explainethéyact that the Fourier
transform of the spectral intensity over wavelengttihéssame as the fringe envelope
produced by the interferometric technique [15, 19]. Other timkeftiequency domain
PMD measurement techniques also showed good agreement ithAtimethod.
Generally the optical pulse method and the Sagnadanteneter produced similar
PMD values [24, 28]. The Sagnac interferometer is basea getup where a 50:50
coupler is closed with a fibre. Light having the samenmdéon state will interfere in
the coupler causing the transmission measured with agaD@pectrum Analyzer to
vary with wavelength. Analysis is done by extrema cogntThe number of extrema
found in the transmission spectrum of the FA method faasd to match those for
the Sagnac interferometer for several fibres of waritengths [28]. Polarimetric
techniques like the SOP and PS methods were found to compéreith the FA
method, in particular with the extrema counting analygil, 29, 30] of the

transmission spectrum.
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CHAPTER 6

INSTRUMENTATION

Different instruments were used to carry out this studly.the equipment and
instruments used served a different purpose. Collectsahgral tools and equipment
performed the function of preparing the fibre. A range tbep instruments such as
laser sources, interferometers, polarimeters, polaizatontrollers and optical
spectrum analyzers were used in PMD measurements toumpeasd record
parameters used to calculate the PMD. This chapter desbeboperating principles
of the instruments used, sets out to provide impor&aevant specifications regarding
the instruments and also to point out the role plalygdsome of the instruments

during PMD measurements.

6.1 Miscellaneous tools and equipment

Optical fibre, various components used in fibre optics anaddheector interfaces of
instruments need to be clean when in use. This is botidopurpose of preventing
any damage to the mentioned parts and also to minimeeuation and scattering of

the light signal.

Cleave Microscope

Optical fibre connectors mainly consist
a connecting body, mechanical retair
and a ferrule where the ferruledses th
glass fibre. The ferrule is made up
metallic or ceramic material and is |
part which comes into contact with a

other external connection. Hence it ne

to be thoroughly cleaned. A combinat _ _ . _ ‘
Figure ¢.1 Miscellaneous fibre opt

of wipes, a connector wiper, wrapj equipment
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foam swabs and isopropanol are used to remove dust @artggkease and dirt from
the fibre itself, the ferrule and optical input ports to amstrument. In the specific
cleaning process of cleaning a ferrule of an optical cdonean optical microscope,
figure 6.1, is used to zoom in and get a closer look atate éf the ferrule. This is
just to confirm whether the ferrule and fibre core dearcof dust particles and grease.

In any fibre optics work or study a frequently performed iagke splicing of fibre.
Splicing refers to the joining of two fibre pieces.sltnainly required for two reasons.
Firstly fibre consists of highly purified glass and wilughbreak when bent beyond a
certain angle or as a result of external mechasicass applied to it. Secondly fibre is
also spliced when constructing emulators and when joinbrg pieces together for
practical reasons. Before splicing the fibre togetherfithve is first stripped with a
stripper to remove the plastic coating. A cleaver showiigure 6.1 is then used to
cut the fibre. The cleaver has fibre clamps, a fibre ygdo secure the fibre and a
sharp blade to make a clean cut. If the fibre is not cyiguly so that the end face of
the fibre is even and flat then it is not possiblspbce the fibre well. Figure 6.2 (a)

shows the full view of a Sumitomo electric fusionicg.

Heate

Figure 6.2 Sumitomo electric fusion splicer; (a) fullwjgb) close up.

More specifically, this is the TYPE-37/TYPE-37B microredusion splicer. It has
been designed to splice nine different fibre types whidiude single mode fibre
(SMF) and multimode fibre (MMF) [31]. The acceptable ceeéangth (exposed fibre
area without any coating) is 8 mm to 16 mm and the avey@ge losses are 0.02 dB

or less for single mode fibres. By making use of higholm®n direct core
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monitoring image processing software the splicer alignpair of fibres in the
horizontal and vertical planes. This software perforboth the tasks of core
alignment and splice loss estimation. After aligning tibee cores, the fibres are
joined together with heat from an electric arc to fanow loss fusion splice [31].
Afterwards a proof test may be performed to verify tinengjith of the splice and also
its physical condition. The splice may then be pret@dty applying a fibre protection
sleeve over the spliced area and inserting it intobth#-in heat sink protector to
prevent the sleeve from moving. Figure 6.2 (b) shows tlmepoaents and parts
which carry out the mentioned operations. The typicatsptycle time when the
splicer is in quick splice mode is 11 seconds and 15 secomdwhen it is in
automatic splice mode. The Sumitomo electric spheas used in this study to fix
fibre breaks and also to construct an emulator fronirRlkd SMF. A full description
of the instrument and several operations related toirgplicncluding how to splice
different fibre types can be found in this document [31].

6.2 Broadband and laser sources

Optical sources play a fundamental role in fibre opfld®ey are important to either
ascertain the optical characteristics of a DUT off Far to use as sources of transport
to transmit data with. Both laser and broadband sourcesusgd in various
applications concerning fibre optics. In this study severatces were used to make
PMD measurements. The sources themselves and the #pplich the sources
differed depending on the measurement method applied. Tlealcgources used in
this study included the following; EXFO M2100 light emittingpade (LED), EXFO
FLS-5800 CD/PMD analyzer source and the Agilent 8164A lightwaeasurement
system. This section takes on a brief discussion dagaoptical sources followed by
descriptions of each source and its specifications.

Optical devices generate light in different ways hegeeerating various spectra with
unique characteristics. A tuneable DFB laser shown in fiGudewas used in this
study. Tuning of a DFB laser is done by altering the tempezaif the device or by
altering the modulation rate of the current powering l#s®r. The acronym LED
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stands for light emitting diode. A LED is a semiconduaevice which emits light.
Light is produced by a radiative recombination process byiraogfthe charge
carriers and the stimulated optical emission to tireregion of the pn junction in
LEDs [2]. There are two basic LEDs, surface emittansl edge emitters. Edge
emitters consist of an active junction region, whickhis source of incoherent light,
and two adjacent guiding layers [6]. Their emission patiermore directional than
surface emitters. LEDs differ from lasers as good quaEDs may be produced at a
much lower cost than lasers and LEDs emit a bigger rahgavelengths compared

to lasers.

The EXFO M2100 broadband light source is a high power EE[&flge emitting
laser emitting diode) light source with a variable powetput and a high dynamic
range suitable for PMD measurements. The EXFO M2100 braoddiggnt source is a
C-band light source. It has a central wavelength arabhedl550 nm region and a
spectral width of 50 nm, its full spectrum is shown in fg6r3 (c). The output light
from the EELED source is polarized by a built in paariwhich makes it appropriate
for PMD measurements as it is required that the inght tio the DUT be polarized.
This light source is also very small with a size & 6m x 18.5 cm x 26 cm and
operating temperature range of°@5to 40C hence it qualifies very easily as a
portable light source suitable for field measurementse TW2100 polarized
broadband source was used in the FA setup to make PMDirasesnts.

The EXFO FLS-5800 CD/PMD analyzer source [32] viewed in figbi@ is a
modulated, polarized broadband source which was spegifidaligned to be used
with the EXFO FTB-5500 polarization mode dispersion analyiregeneral it is a
broadband source which may be used for various fibre appiications. Depending
on the selected setting it can operate in the C-band,-Haad or in the C + L band,
where the C-band is defined as the range 1550 + 10 nm andithedLas 1607.5 +
17.5 nm. It has an output power of 4 dBm. Figure 6.3 showsotlnee spectra for the
C-band, the L-band and for the C + L band.
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Figure 6.3 (a) M2100 LED broadband light source, (b) EXFO BBS80 polarized broadband light
source, (c) optical spectra of the EELED source ancCthend L-band of the FLS 5800 light source,

(d) optical spectrum of the C + L band of the FLS 580 lepurce.

The fact that it is a broadband polarized source makas itleal source for PMD
measurements such as for the interferometric and FA Réthniques. General
specifications include temperature operating conditions bet®€€ and 40°C, a
light weight of 3.2 kg and 11.7 cm by 22.2 cm by 33.3 cm in sizecéid is very
easy to move around and is very suitable for PMD measenmts in the field. In this
study the EXFO FLS 5800 CD/PMD analyzer source was used inthmthA setup
and together with the generalized interferometric tephito perform PMD

measurements on different fibre types.

Tuneable lasers are an essential component in poladnfeMD measurement
methods. Both the Jones matrix eigenanalysis techniquehenéoincaré sphere
analysis method make use of tuneable laser sourcdsslstudy the Agilent 8164A
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lightwave measurement system shown in figure 6.4 (a)usad for both of these
techniques. The Agilent 8164A lightwave system consistsongst others, of a
tuneable distributed feedback (DFB) laser. Hence itpgselarized narrow-band single
wavelength source which is able to sweep across a desaeelemgth range. The
Agilent 8164A lightwave measurement system weighs 20 kg anth@atimensions
145 mm x 426 mm x 545 mm. The tuneable laser has a range fron2 630
1583.30 nm and it has a minimum wavelength resolution of 0.1Fgyare 6.4 (b)
shows the spectrum of a single selected wavelength, 155@/mot) was measured
using an optical spectrum analyzer. From this spectreanitbe seen that the selected
wavelength is well defined and has a high intensity narneectsum. The Agilent
8164A user’s guide [33] explains in detail how to operatdetter.
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Figure 6.4 (a) Photograph of the Agilent 8164A lightwavesueament system, (b) Intensity spectrum
of the Agilent 8164A laser at a wavelength setting of 1550 nm.

6.3 PMD measurement equipment

6.3.1 Optical spectrum analyzer

An optical spectrum analyzer (OSA) is a device which omeasoptical power as a
function of wavelength. It is used to characterize $pectral purity and power
distribution of a light source, as well as to measheetransmission characteristics of

optical devices. There are mainly two types of optpactrum analyzers, namely the
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interferometer-based OSA and the diffraction gratirgedaDSA. The interferometric
based OSA has two subcategories, the Fabry-Perot ancelstiohinterferometer
based OSA. The Fabry Perot OSA has a fixed narrow spexgodution which allows
it to measure laser chirp. The nature of the intengigctsum generated by the
Michelson interferometer makes it very good for dineetasurements for coherence

length, as well as accurate wavelength measurements.

The Agilent 86142B series optical spectrum analyzer wad usehis study to

perform PMD measurements in the fixed analyzer setup. 8K is a diffraction

grating based OSA. Diffraction based OSAs use monochoymas tuneable optical
filters. A diffraction grating which separates the lighto different wavelengths is
housed in the monochromator. The diffraction grating istipoed such that it directs
specific wavelengths towards an aperture. As these wavk&pgiss through the
aperture they reach a photodetector. The current fromhbedetector is converted
to a voltage by a transimpedance amplifier and digitizAny further signal

processing is performed digitally. The grating is rotabedorder to sweep all
wavelengths across the photodetector. A ramp generatemueés the horizontal
location of the trace as it sweeps from left to tighhe final result is an optical
intensity vs wavelength trace [34]. The angle of the iggatdetermines the
wavelength that passes through the aperture and the dlih wi the aperture
determines the wavelength resolution. In reference [34iyfhes of optical spectrum
analyzers are discussed and a whole chapter is dedicatéd diffraction grating

based OSA.

The Agilent 86142B optical spectrum analyzer is a res@wirocestrument in terms of
characterization of optical spectra. In addition tce thormal interface for
characterization of optical spectra it has seversd ntrollable applications. They
are characterization of passive optical components, diesization of wavelength
division multiplex systems, characterization of an igght amplifier and
characterization of the spectra of light sources. Eigh® shows a picture of the
Agilent 86142B OSA with a polarizer directing light intbe optical input of the
OSA.



Figure 6.5 Photograph of the Agilent 86142B optical spectatyzer.
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The soft key panels allows various parameters, fomela the wavelength, the

amplitude, the traces, markers and the bandwidth swebp,dontrolled and adjusted

as desired.

Table 6.1 Agilent 86142B OSA instrument specifications fbimreference [35].

Wavelength range

60(

D nm to 1700 nm

Reproducibility <1 min

+ 0.002 nm

Span range

0.2 nm to full range and

Zero span

Accuracy depending on the
source calibration and the

wavelength range

+ 0.0l nmto£0.2 nm

Absolute accuracy

S nm

Maximum measurement power

30 dBm total

Resolution bandwidth, FWHM
(3 dB Bandwidth)

0.06, 0.1, 0.2, 0.5, 1, 2,
5,10 nm

Dimensions 222 mm H x 425 mm W x 427 mm
D
Weight 16.5 kg

Other settings like the number of trace points, sirgl multiple sweeps and trace

averaging may also be adjusted as required. Data magvied smternally or onto a

floppy disk for analysis. Table 6.1 lists a number ¢évant instrument specifications
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for the Agilent 86142B OSA. This OSA has a total wavelemgtige of 1100 nm,
hence in the domain of PMD measurements a wide rangeafiiband sources may
be used to perform PMD measurements. Specifications witegha major role in
PMD measurements are the resolution bandwidth and thepsiage or sweep time.
Actual peaks and valleys may be overlooked and missed darisgeep if an
inappropriate resolution bandwidth, generally too large a vauset. The instrument
always tries to use the fastest sweep time possikde Wwhs in the auto-mode setting.
The sweep time depends on the following instrumentnggttiwavelength span,
resolution bandwidth, video bandwidth, sensitivity, trasggth and power level. The
sweep time ranges from 56.3 ms to a maximum value which depenthe number
of trace points [35]. Whenever an inappropriate sweep tiras used during a
measurement, red text reading “oversweep” will occurhendcreen of the OSA.
Over sweeping can also affect the number of extrentharnransmission spectrum
through a polarizer. Hence both these parameters meds tclosely monitored.
Reference [35] is the user’'s guide of the Agilent 82142B Qf#ere all the
instrument specifications may be found and it is alsarly explained how to operate
the instrument. The Agilent 82142B instrument has a GP@&fate which may be
used to connect it to a computer and presents the pogsdiilautomating the FA
setup. In this study a computer program using Labview wasewrio automate the
data collection and PMD calculation. This part of thejgmtowill be discussed in
chapter 7.

6.3.2 Generalized interferometric PMD measurement instronent

The generalized interferometric (GINTY) PMD measuretmiastrument known as
the FTB-5500B polarization mode dispersion analyzer sedban the TIA-approved
interferometric PMD measurement method. It presenttasa field-proof PMD

measurement method [36]. The analyzer covers the Cr+ ®ands, has a dynamic
range higher than 50 dB for long haul applications and hapte measurement
capability. Figure 6.6 shows such a unit. This particularyaealaverages over the
entire source wavelength range without any filtering. Fii®&-5500 PMD analyzer

has the advantages of being able to measure the PNiIDgfibre spans and is also
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capable of withstanding small vibrations due to its fasasurement time. The FTB-

5500 PMD analyzer module is inserted into a slot on theddidhe platform.

Figure 6.6 Photograph of the FTB-5500B PMD analyzer

Before a PMD measurement the wavelength range, bhe tiype, single or multiple

measurements, averaging, saving instructions and several pdnemeters and

options need to selected and specified. The instrumetvarious windows from
where this may be done. The FTB-5500B PMD analyzer haspacal input at the

open end of the module. The connection from the polarizeaidband light source is

connected to this input terminal.

Table 6.2 Technical specifications of FTB-5500B PMD analyzer

Wavelength range 1260 to 1675 nm
Measurement range 0 to 115 ps
Measuring time 4.5s

Absolute uncertainty + (0.020 + 2 % of PMD)

(accuracy)

Dimension 96 cmH x 7.6 cm W x 26.0
cmD

Weight 1.5kg

After saving the data, the data needs to be extracted the saved files using a

specific procedure. There exists a file converter tool Wwilagports PMD files to

specific formats. For example from PMD-5500B to ASQléd. This exporting
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process may be customized to your personal specificatitadsle 6.2 contains a
selected number of technical specifications of the FTB-5500IB Rnalyzer. The
analyzer accommodates a fairly wide wavelength randeaammentioned before and
as verified by both the weight and dimension, the amalis a field proof unit. It has
the ability to measure a very wide PMD range in a speriod of time, 4.5 s for a
single PMD measurement.

6.3.3 Polarization controller and analyzer

A polarization controller refers to an optical deviglich allows the operator to
change the state of polarization of the incoming lightdasired. Polarization
controllers have both an input and an output port. THewahe user to have control
over the state of polarization of the light sourelarization analyzers measure the

state of polarization (SOP) of the light. Hence tbaly have one input terminal.

In this study the Adaptif Photonics A3200 polarization collgr seen in figure 6.7

was used for various applications.

Polarization
controller

Polarimete

Figure 6.7 Adaptif photonics A3200 polarization contradied A1000 polarimeter.

This controller contains five endless rotatable waweplaFour quarter waveplates
and one half waveplate. The waveplates are made uphoim niobate (LINbGQ)
crystals and the state of polarization is given by thstipo of the waveplates in
terms of five angles measured in radians. The statelafization of the input light is
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changed by applying a voltage to the crystal to changeryiséal properties, which in
turn alters the SOP of the input light. One completation of a quarter waveplate
changes the phase differencem®, while one complete rotation of a half waveplate
changes the phase differencemylhe Polarization Navigator software (supplied by
vender) is used to control the polarization controlldre SOP of the light may be
changed manually by manually setting the five anglesotider option is the
scrambling operation where polarization fluctuation isat@é by rotating the
waveplates at different speeds. The sequence mode, shdmgy&OP by using an
uploaded ASCII text file.

During this project the A1000 polarimeters from Adaptif Phatemvere used to keep
track of the SOP of an input light signal. Figure 6.7 sha@awphotograph of a
polarization analyzer or polarimeter. The instrunme one light input terminal. By
using the polarization controller and the polarimetegetber, the polarization
dependent loss (PDL) and polarization mode dispersiMD{Papplication program
may be used to do PDL and PMD measurements. The palamidéavigator software
controls the whole operation and requires only a fevarpaters to be set. In this
study the A3200 and the A1000 Adaptif photonics instruments wee tasmake
PMD measurements. A study was also conducted whereabelemgth was changed
and the SOP measured with the change in wavelength. Taezption Navigator
software displays this change visually on a Poincah&rgpand also indicates the
current state of polarization of the input light signakhbpwing the path traced out by
the B and E components of the electric field in the xy plane. Mdegails concerning

these instruments may be found in reference [37].
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CHAPTER 7

AUTOMATION OF DATA COLLECTION AND PMD
CALCULATION

Interfacing of computers with instruments has becomermatove operation within
the scientific community. Benefits of interfacing ndés faster data acquisition and
handling thereof. Hence the whole research procegses up and the possibility of a
larger spectrum of data analysis within a shorter tiam& becomes more probable.
Over the years many computer programs have been designdtiid particular
operation and application. LabVIEW is one such programisla graphical
programming language that uses icons for data flow programmiorgthis study a
self assembled FA setup was used with an optical speanatyzer (OSA) as a
detector. The OSA was interfaced with a computer vidP&iGort. A program was
then written using LabVIEW, to automate the data cttlecand PMD calculation.
This chapter sets out to provide specific details entaiiegotogram structure and its

operation.

7.1 Interfacing between computer and OSA

As mentioned in the previous chapter, the Agilent 86142B ssexqitical spectrum
analyzer was used in a self assembled fixed analyzerRFR) measurement setup.
The Agilent 86142B OSA shown and described in chapter 6 HaRIB (general

purpose interface bus) port for remote control at tlek lod the instrument. A GPIB
with an external USB (universal serial bus) connection plagged into the OSA
GPIB port and the National Instruments (NI) 488.2 fanfféws software installed.

The Agilent 86142B OSA instrument drivers were downloaded ftbennet and
installed. A program using LabVIEW functions and drivers appg as LabVIEW
functions may then be written to control the instemtnand to perform data analysis

with the data recorded during the experimental procedure. oBgwing these
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procedures a program was written to control the AgB&ii42B OSA and to perform
data analysis with the data recorded by the OSA andfi¢raed to the computer. The
subsequent sections describe the program operations andtptesdiow of the

program from instrument initialization to data analysid 8 MD calculation.

7.2 Program operation

The program used to interact with the Agilent 86142B OSA watien using
LabVIEW. The main operations of the program are to: serigt of commands
regarding measurement specifications, collect measuremat® and lastly to
calculate the measured PMD using extrema counting analysés program allows
the user to enter the desired measurement parametbrasustart wavelength, stop
wavelength, number of points that make up the intenstetrnumber of averaging,
whether the DUT has mode coupling or not, screempetexs, etcetera. Based on the
set measurement parameters the OSA carries out a wgtrelveep after which the
intensity data is returned to the program. Exact detdilhe program structure and
operations may be found in Appendix 1.

The program requires an intensity trace without the @e&lain place. This trace is
used to normalize the current intensity trace as destin chapter 5. Peak detector
functions which are strategically incorporated into thegpam determine the number
of extrema (number of peaks and valley’'s). Once tn@ber of extrema is known
then the program performs the calculation using extreonatig analysis equations
and works out the PMD. Details of the program strucaune operation are found in
Appendix 1.
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7.3 User interface description of the extrema counting angsis PMD

measurement program

The program that was written is used to carry out PM&asarements using the FA
technique. Therefore before starting the program, the seAip must first be
connected. Since the intensity spectrum needs to be lmethawo measurements
are done: one without the polarizer and one with tharjzer in place. Basically the
program initializes the instrument, then sets the sssry parameters that were
specified, starts the sweeping process and then callectiata recorded by the OSA.
Thereatfter, the data is operated upon to generate a limadnatensity spectrum as a
function of wavelength. The program then continues tocutste the PMD measured
using the extrema counting analysis method. The nuoflettrema is determined by
a peak detector function virtual instrument (VI). The peakatiete/I counts either
the number of peaks or the number of valleys found énitiput signal or array
depending on what is requested. Two of these functions used, one for the
number of peaks and the other for the number of vallelye sum of the two yields
the number of extrema. The PMD is then calculated akimg use of equation 5.23
in chapter 5. This marks the point of termination whbeeprogram enquires whether
the user would like to save any data. The sessionfitnglly closes after this request
is attended to.

LabVIEW programs are called virtual instruments which amnttwo important

components; the front panel and the block diagram. Timt franel refers to the user
interface and the block diagram contains the graphaaice code which makes up
the program being written which defines the functionatifythe VI. Hence when

operating the extrema counting analysis program, the iogmacts with the front

panel. On the front panel the user is able to specdyw#iue of certain parameters
pertaining to the experiment or PMD measurement to folldve. front panel also acts
as a site where the user may view the results afeePMD measurement is done.
This paragraph describes the user’s interaction withptbgram. Figure 7.1 to 7.3
shows the four user interfaces that are found in theem& counting analysis

program.
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MenuFage | Get Souce Spectum | PMD Extrema Counting | PMD Exiema Caunting (Nomalze S pecum |

Menu

Get the Source
Spectrum

Figure 7.1. User interface of the PMD extrema countiognam currently displaying the menu page.

Figure 7.1 show the menu page which is mainly used to selecdf the applications
that the program has to offer. The three applicatiohg&hware available are; get
source spectrum, PMD extrema counting (no normalizatam PMD extrema
counting (normalization). Upon selection of one of tilmeee applications, that
particular application will run. The next step is totgahe window of that particular
application and set the parameters as required by theiregpe. Figure 7.2 offers a
pictorial view of the Get Source Spectrum applicatiime purpose of this application
is to carry out a measurement of the source inteosiey wavelength. Hence with
regard to the FA technique this measurement is done witheypolarizer in place.
State resource name is the first control that appeatke user interface. The default
resource name and primary address are already fillechend@&tails pertaining to this
control are required for the purpose of initializing a ®essvith the instrument.
Below that is the file path indicator which will indteawhere the file will be saved.
Right at the bottom left is where the user may d$peguarameters specific to the
experiment. The parameters include the starting and stpm@nelength, the trace
average, the number of trace points and whether aesimgtontinues sweep is to be
performed. The top left window presents the user withathiéty to customise the
intensity scale of the OSA according to preferendeth& parameters and results will

appear in a window in the lower right corner. The tssuhclude an intensity
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spectrum and the measurement data as well. Any additmtas to be saved may

both be written and viewed in a sub-window in this saosnation.

MenuPage | Get Source Spectium PO Extiema Counting | PMD Extrema Counting [Momalize S pectrum] J

Set the Screen Parameters | Setup Conrection
State resource name Statuz
:EFIBU..ZS..INSTH db et yscale
';Jﬁ 0 :}}.‘ Logarithmic scale
File Paths | :
position et units
Path  E 5 L
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reference level Az ©
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|0 o Get syeep tine Get Humber of Trace Points
[0 T
BGet count Mumber of Paints Downloaded
[i] 0

Figure 7.2. Displaying the user interface of the getcapplication.

After saving the data obtained from using the Get Sourceti@ipe application in a
file, the PMD extrema counting (normalize spectrum) igpgbn may be used to
carry out a PMD measurement. The PMD extrema courfiogmalize spectrum)
application is used when a polarizer is placed in frothefintensity spectrum. This
application requires a pre-existing file consisting ofirtensity spectrum from a
previous measurement of the source intensity in the absémacpolarizer. Figure 7.3
shows the user interface of this particular applicatlo the top left corner the file
path of the spectrum to be recalled may be filled owt imox segregated for this
particular purpose. The user interface is pretty muclsahee as that of the get source
spectrum application, except for a few key differengesight about by specifications
required for PMD measurements. Right at the bottonolethe user interface shown
in figure 7.3, two important parameters placed in a box teéd specified. Firstly it
is required whether the fibre has mode coupling or noenamlipling because this
information dictates which mode coupling factor to appltha extrema counting

analysis equation. Secondly, what is also of importatkee wavelength spacing to
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be used by the peak detector function in order for it he number of peaks and
valleys. The specified wavelength spacing should be ne ti@n half of the half

width of the peaks and valleys. This parameter will bglaged in a later section.
Having set all the necessary parameters the progranbenayn. All the measurement
results can be found afterwards to the right on theinserface.

Menu Page J Get Source Spectrum | PMD Estrema Counting  PMD Estrema Counting [Naormalize Spectrum] |
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|GPIB0:23:INSTR Hermalized Sp S Mot Nomalized
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Figure 7.3 Displaying the user interface of the PMD extreouating normalize spectrum application.

Note that both the number of extrema and the calaiRMD value will be displayed

in a box at the top of the right hand side on the usterface. Other data displayed
includes wavelength locations of all the extrema. The wdé be prompted to save

any wanted information. The information that could be dagemes in three

categories of which all three may be chosen or declifiked.first saved file contains

all the wavelengths and their corresponding intenditiethe normalized spectrum in
the form of two columns or arrays. The second saveddinsists of the same type of
information, but for the PMD measurement where thensity spectrum was not
normalized. The third and last file houses a list abrimfation, including user notes,
in text form. Table 7.1 shows a typical example ofléygut of such a file.
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Table 7.1Typical illustration of PMD measurement datzed.

PMD 2.579159E-12

Start wavelength 1.518000E-6

Stop wavelength 1.598000E-6

Span 8.000000E-8

Number of Data Points 1001

Width used for extrema search 12.000000
Wavelength Range for Peaks 1.000000
Number of Extrema found 51
Trace Average 100

Summary

Date: 14/02/2007

EXFO M2100 1550 nm source.
Polarization Maintaining Fibre (1).
Bandwidth 3 nm.

The PMD Extrema Counting (No Normalization) applicatiaser interface has a
similar appearance to the Normalize Spectrum applicatibe only difference is that
in this application there is no need to recall any spatthence the measurement and
program operation is straight forward with no normaiatdone on the intensity
spectrum. As described each user interface served dispecpose with all the user
interfaces sharing the common feature of user frierelin€he queries at the start of
the program serve to make sure that the user has cedribetsetup and has provided
the file path of the required spectrum in the case of ritbemalize spectrum
application. The queries at the end of the program, all@wser to save the needed

information.
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CHAPTER 8

FIXED ANALYZER LAB RESULTS

Routine characterization of PMD in optical networks basome a necessity to keep
track of the network quality. It follows that easy-to-gp@MD measurement
techniques are required. What is also of importanceeistiracteristic of each PMD
measurement technique. In addition to knowing what reghks measurement
technique yields, it is also important to establish theaathges and disadvantages of
the PMD measurement technique. In this chapter the PMiZunement performance
of the FA technique was investigated in a controlled laboyagnvironment by
conducting PMD measurements on various fibre types. Thapteh presents
experimental results pertaining to the nature of therff@nsity spectra depending on
the launch angle and also the fibre type. The FA tecienis then compared with two
commercially available PMD measurement techniques. A casauaof the three
different FA data analysis methods is also presentieel. FRA technique has the added
advantage of unveiling information regarding the lengthmegof the fibre or DUT.

Hence this experimental information is also presented.

8.1 The effect of launch angle variation within polarizatn

maintaining fibre on the FA intensity spectrum

Polarization maintaining fibre is a high birefringengbrd which has no mode
coupling sites and maintains the original input state of zakon. The fibre has
internal strain and asymmetry which splits the input pulg#® two separate
polarization modes. Depending on the input polarizatiorthef fibre, only one
polarization state will be transmitted with a changaavelength if the input light is
properly polarized and aligned with the polarization diogcof the fibre. If the input
polarization state is launched along the fast or skwis of the polarization
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maintaining fibre (PMF), then theoretically there vk no evolution of the input
SOP with wavelength.

PMF may be made by inducing birefringence by applying stress aotbeplacing it
between or within glass elements of different chemamamposition. Some PMFs
originate from intentional asymmetry of the fibre cogeometry that is, form
birefringence. These techniques yield the same outcome diffeeence in the

refractive index between the orthogonal axes. Exasnpld®MF are shown in figure

8.1.

(a) Panda (b) Bow tie
@ @
(c) Oval core (d) Elliptical

stress core

Figure 8.1 Examples of polarization maintaining fibres.

Polarization mode coupling sites are absent within PM#cdghe principal states
become the eigenmodes of the fibre [38]. Therefore PXiibiés distinct fast and
slow principal optical axes. It has a much larger andernmiform birefringence than
the residual birefringence of ordinary single mode fibrght.coupled into a length of
PMF resolves into two orthogonal modes which propagdtte avfferent velocities
throughout the fibre due to the difference in the birefnioge Consider a polarised
broadband source. If the electric field intensity is dgudistributed in the fibre
between the two orthogonal modes then the input sipeabmes depolarized,
yielding a degree of polarization (DOP) of close to zerbeklthe electric field of the
input light is completely aligned with the fast or slawis of the PMF then the input
polarization state is not altered at all and the D@&gblnes unity.
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During this investigation the conventional FA setup was eotad using the
polarized M2100 broadband light source and the optical speanalyzer (OSA) as
a detector. The choice of fibore was PMF for its dettend unique properties. Using a
50:50 coupler/splitter the light exiting the PMF was dmitween the optical spectrum
analyzer and the polarization analyzer, which was usedotator the DOP change
for different input SOPs. Figure 8.2 shows the complgpermental setup including
the computer interface with the OSA. This experimes&tup was first used to

establish the

Analyzer ]

Polarized Polarization @D 2 Optical spectrum
scurce controllel PME / analyzer

Polarization
analyzer

Figure 8.2 Conventional FA setup, including a polarizatiotyaeato keep track of the DOP.

location of the PSPs of the fibre on the Poincaréemphrhe polarization controller
was then used to control the input SOP; three diffe€P were sent through the

PMF and the output intensity traces recorded.

Depending on the SOP launched into the PMF the ogtieaigy will either propagate
only in the slow mode, only in the fast mode or a foactvill be in the slow mode
and the remaining fraction in the fast mode. A maximunP@®1 implies that all the
light energy has been coupled into either the slow erfdkt axis. Figure 8.3 shows
the Poincaré sphere where the polarization contridiedomly scrambled the SOP to
generate as many different input SOPs as possiblethdle SOPs were passed
through the PMF and the output SOP measured with a pati@n analyzer. The
points at the end of the orange bundle touch the B@irgphere which implies that
they have a DOP of 1. Therefore they represent steafad slow axis and therefore
the PSPs of the PMF. These PSPs are orthogonah&s &pace, and manifest as an
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angle separation of 18@n the Poincaré sphere in Stokes space. It is resilge to
indicate specifically which end represents the fast ames which end represents the
slow axis from this diagram alone. The orange bundle tbutsigh the centre of the
Poincaré sphere where the points towards the cerggibmr have a DOP of
approximately zero. Minimum DOP implies that the lighergy is equally distributed
between the two orthogonal eigenmodes.

Figure 8.3 Location of the PSPs on the Poincaré sgiier@ m long PMF section.

This scrambling method illustrates that the two PSRodtegonal and that the light
has a DOP of unity when launched into one of the R#Paaminimum DOP when
launched with equal intensity into the two PSP simelbasly.

1.00
| Fast and Slow

oos| RSP N
N

0.90
0.85
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|
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070F pop=oo11 || | I ‘J J U \‘
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Figure 8.4 Intensity spectra of 2 m PMF for launch asglgh maximum and minimum DOP.
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The intensity distribution was then measured with an @SAhown in figure 8.2.

Wave plates inside polarization controller were individuahdjusted and a

polarization analyzer monitored the DOP and SOP. Usiagetup indicated in figure
8.2 the wave plates were set such that the DOP wasmuarnmand maximum touching
points PSP1 and PSP2, as indicated in figure 8.4 wherav¢th8 ®Ps on the Poincaré
sphere were orthogonal, and the intensity trace measmrezhch setting using the
OSA. Figure 8.4 shows the intensity spectrum for a minirm@®# of 0.01 and also
for a maximum DOP of 1.00. When both PSP were equallyifiated the DOP was
0.01 and showed the biggest variation in intensity, whbee dverall intensity

variation is 0.285 as is observed in figure 8.4. Comparing teesity variation, the

normalized intensity along the fast and slow axis are 0a030.023 respectively,
which shows a significant percentage difference of 92 & %% with respect to

0.285 (DOP = 0). From figure 8.4 it is safe to conclude th&sSl@unched into only
the fast or slow axis yields minimum fluctuation nearing éxpected theoretical
straight line. The minimal fluctuation is explained Hye tfact that the SOP is
independent of wavelength but remains in the fast or skis/ thus retaining the

original input SOP. Hence there is no change in thasitieof the light as a result of
a change in the wavelength. However experimentally itevglent that some

fluctuation although small is present. This may be duedautitertainty that all the
light energy is launched into the fast or slow axigatiyt or by the fact that when the
light exits the PMF then it passes through very shogles mode fibre which may

have a minute birefringence and mode coupling effects.

8.2 Effects of birefringence and mode coupling on the intsity

spectrum

Using the conventional FA setup the effects that bmgénce and mode coupling
have on the intensity spectrum were then investigated. RAMFn0 mode coupling
sites and has been shown to have a periodic intens#gtral signature. Viewed on
the Poincaré sphere the output SOP rotates in aairfaghion about the PSP, hence

the light intensity through the polarizer decreasesiati@ases in a periodic fashion
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as well. This periodic signature is characteristicfibfes with no mode coupling
hence birefringence remains the only contributor to PMDmRhe extrema analysis
equation [13] it is evident that the extrema density ine®dmearly with PMD,
therefore the more the number of extrema in the iittespectrum the higher the
measured PMD value. This is illustrated in figure 8.5, wigbbws the intensity
spectra of two PMF sections plotted over the same leagth range. The one fibre
section is 2 metres long, figure 8.5 (a), and the other 2@sieng, figure 8.5 (b).
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Figure 8.5 Intensity spectra of; (a) 2 m PMF and (b) 2@k

The high PMD value for the longer PMF sections is sujgobby the intensity

signature of the 20 m PMF section which has a lot motema within the same

wavelength window than the 2 m long PMF section. A lofJdF section allows the

eigenmodes to propagate longer through the fast and slasy iageeasing the total

time delay between the two modes. Since the incredgaenlength resulted in more

extrema and hence an increase in the PMD value, ibnsleded that increased
exposure of the light signal to the birefringence algeeerates a signature yielding
an increase in the PMD value.

The effect of mode coupling on the transmission spectrifarsl from that of
birefringence. The following experiment shows that modeptng influences the
periodic nature of the intensity spectrum. PMD measunésneere carried out on

several fibre types using the FA PMD measurement technidieconventional FA
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setup was used with the EXFO M2100 polarized broadband saodcéhe Agilent
86142B OSA as a detector. Intensity spectra of the vafibrestypes are shown in
figure 8.6. The fibre shipping spool of 24.7 km figure 8.6 (a)getnalator figure 8.6
(c) and the fibre cable of 6 km (d) all have non-pericpiectra.
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Figure 8.6 Intensity spectra of; (a) fibre shipping spo9l2(lm PMF, (c) emulator and (d) fibre cable.

Non-periodicity of each of these spectra may be ateih to mode coupling. The
mode coupling present in the fibre shipping spool may béuattd to the fact that the
fibre is tightly wound round the spool. Hence, pressuratpan the fibre acting as
mode coupling sites are created as the fibre crosses itsedf. The emulator
measured is made up of a concatenation of four PMF sscjioned together by
single mode fibre sections. Each site where two fibezeqsd are joined together acts as
a definite mode coupling site. Mode coupling sites of the fihlde are most likely as
a result of handling of the fibre (manufacturing process) may also be as a result of
wounding the cable up onto a big drum. Figure 8.6 (b) shbevéntensity spectrum
of one more fibre type, PMF. Absence of mode coupliigiwPMF gives a resultant
periodic intensity spectrum. Hence it can be notedttie@presence of mode coupling
has a definite effect on the intensity spectrum of tbi@ D
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8.3 PMD measurement performance comparison: FA techniques
time and frequency based commercially available measuremen

techniques

The FA PMD measurement technique is a frequency domain ne@aesoir technique.
It determines the average PMD of a DUT by measuringrdmsmission spectrum
through a polarizer as a function of wavelength [13E Técthnique has three analysis
methods namely extrema counting, mean level crossingioguanalysis [13] and the
Fourier analysis method [15]. The two well establishedRieasurement techniques
used for comparison purposes are the Jones matrix eidgsian@ME) and the

generalized interferometric (GINTY) PMD measuremeohmggues.

PMD measurements were performed on the same fibre &gpessection 8.2 for the
following techniques: The FA technique (FA), the generalizerferometric
technique (GINTY) and the Jones matrix eigenanalysis tquhni(JME). Ten
consecutive measurements were taken for each fibreTigeresults are indicated in
figure 8.7. The fibre types are abbreviated as fibre shipppupls(FSS), 2 m
polarization maintaining fibre (PMF 2m), the emulatoM@® and the fibre cable

retains its name.

56F
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agl E GINTY
| I JME
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w 321
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FUT

Figure 8.7 PMD comparison between FA (extrema anah@I®)TY and JME.
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Extrema counting analysis was chosen to analyze theeélifique data. From figure
8.7 it is evident that the FA technique compared well woth the frequency and
time domain techniques. The FA technique, represented bydHsaregave similar
PMD as that given by both JME and GINTY for all the fibypes.

Table 8.1 Summary of measured PMD values using FA, GIafid'the JME measurement techniques.

FA G NTY JMVE
FSS <At> (pS) 0.07 0.115 0.097
£ 0.01 0.004 0.007
o (%) 33.8 6.030 14.400
PMF(2m) < At>(ps) 2.62 2.589 2.699
£ <0.01 0.002 0.001
o (%) <0.76 0.154 0.039
PMF (20m) < At> (ps) 30.13 30.314 30{136
£ 0.20 0.009 0.009
o (%) 1.33 0.056 0.060
Emulator1 < | At>(ps) 4.60 5.277 4.822
£ <0.01 0.099 0.005
o (%) <0.43 3.751 Q.207
Emulator 2 < | At>(ps) 4.80 5.947 6.175
£ <0.01 0.012 0.002
o (%) <0.42 0.404 Q.049
Fibre <AT> (PS) 1.37 1.348 1.266
cable
£ 0.06 0.010 0.026
o (%) 9.07 1.480 4.030

Table 8.1 shows the average of ten PMD measurementsré&sueach technique from
which the half rangeej defined as half the difference between the maximum and
minimum, and the percentage errey (vas calculated. The maximum PMD measured
using FA method was 30.13 ps for the 20 m long PMF and thenonin 0.07 ps for

the FSS. It should be noted that in some cases thedkhhique did not measure any
error (where the smallest decimal number was useddicate error), however the
JME and GINTY techniques were still able to detect thesomea PMD change. A
possible explanation is related to the extrema changevthat occur in the event of

a PMD change. The extrema counting analysis method cemetdct a change in the

PMD value for PMD changes greater than the different@d®sn extrema n+1 and n,
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used to calculate the measured PMD value. This explainstiehpalf rangeg) of
PMF (2 m), emulator 1 and emulator 2 are <0.01 ps for #h&eEhnique, indicating
the techniques inability to detect very small PMD changes.

Both the extrema counting and mean level crossing cauatialysis methods depend
on counting particular features present within the intgrgpectrum. Hence both
analysis methods operate within the frequency domain. quastion which then
arises is how would these two analysis methods compaleone another? FA
generated intensity traces were collected using theectiowmal FA technique setup.
Both the extrema counting and the mean level crossiatysis methods were used to
analyze individual intensity traces. Figure 8.8 showsrdwilts pertaining to this

investigation.
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Figure 8.8 Comparison of extrema counting analysis and reeahdrossing analysis.

From figure 8.8 it is evident that the extrema counting arehn level crossing
analysis methods show little difference in the deteeaiPMD value. This negligible
difference in the calculated PMD value for variousdibypes of various PMD values
suggests that the mean level crossing analysis maypalgsed as a trusted technique
to determine the DUT PMD.
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8.4 Fourier analysis of the intensity spectra

FA generated intensity spectra may also be analyzed Eeimger analysis to extract
the measured PMD value as explained in chapter 5. Fouaesformation of the
normalized intensity spectra yields a resultant iategram which gives information
regarding the PMD value [15]. Intensity spectra of tleaaly mentioned fibre types
in chapter 8 were analyzed using Fourier analysis and the fesults compared with
those determined using the JME and GINTY.

Figure 8.9 (a) shows the intensity spectrum of PMF and tfle) resultant
interferogram after a fast Fourier transform was iadb the intensity spectrum.
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Figure 8.9 (a) Intensity spectrum of 2 m PMF and (l)rieo transform of the
intensity spectrum.
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PMF has a periodic intensity spectrum and the resultaetferogram after the
Fourier transform gives three spikes where the two llisatespikes give the
information regarding the PMD. The position of theeBi¢ peak to the right
determines the PMD value of the measured componertirer[if]. Depending on the
periodic nature of the spectrum, the Fourier transforata® the frequency of the
wave patterns in the spectrum to the DGD values. lfittensity trace is periodic
having only one frequency a single peak representing the PMDrappeéigure 8.9
(b) the satellite peak is positioned at 2.587 ps, henceNHeis established to have a
measured PMD value of 2.587 ps. Figure 8.10 shows both the iptspsg¢trum and
the interferogram of a 20 m long PMF section. Fromitherferogram it is noted that
the PMF section has a PMD of 30.275 ps.
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Figure 8.10 (a) Intensity spectrum 20 m PMF and (b) Fouaastorm of intensity spectrum of 20 m
PMF.

Interferograms of fibres with appreciable mode coupling haviet more peaks
producing a fringe envelope which is Gaussian in shape [18].h&l width of the
Gaussian gives the measured PMD value [15]. Fourier anatgsiperformed on the
intensity spectra of two emulators and a fibre cable emulators consisted of a
concatenation of PMF sections joined with single maldee fsections. Figure 8.11
shows both the intensity spectra and the resultaatfémbgrams together with the

Gaussian fit for the three mentioned FUT.
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Figure 8.11 Intensity spectra and corresponding Fouriesftam envelope of: (a) and (b) emulator 1,
(c) and (d) emulator 2, (e) and (f) fibre cable.

The interferograms shown in figure 8.11 (b) and (d) aréherintensity traces of the
two emulators. It is immediately evident that the rifigieence envelope of both the
emulators is Gaussian in shape. The second emulatioa hat more PMF sections

coupled with the single mode fibre sections, hence moupliog sites which is
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apparent in the well defined fringes in the interferemoeel®pe. The fibre cable has a
less broad interference envelope shown in figure 8.11 (eheiving a PMD of
1.357 ps. A comparison of the FA technique using the Four@ysis method shows
good agreement with the interferometric technique. ItbhEaseen in figure 8.12 that
the FA Fourier analysis determined PMD value is very simiathe generalized
interferometric determined PMD value. Gisin stated irpaper, [15], that the
interference envelope from an interferometer is sino the Fourier transform of the
light intensity. As mentioned in this paper, the fringwedope produced by Fourier
transformation does give an accurate PMD value whiolwslgreat similarity to that
produced by the interferometers.
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Figure 8.12 Comparison of the FA technique using Fourier asaljth the GINTY
and JME techniques.

8.5 Length regime investigation for various fibre types

Birefringence induces a time delay between the orthogeigeihmodes and mode
coupling further complicates the effect of PMD. As aultesf mode coupling and
refractive index (RI) changes due to stress and temyeraPMD becomes a
stochastic phenomenon, randomly changing due to exteffieats like temperature,
pressure and vibrations. PMD no longer scales lineatly lngth but as the square
root of length for appreciable mode coupling. Thereforeimhmortant to know how a

particular fibre scales with length. The FA technique tiees added advantage of
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giving a numerical value for the length regime of thedj hence giving an indication
of the number of mode coupling sites present within tve fiThis very simple length
regime determination technique was used to carry out\astigation regarding the
length regime of the different fibre types.

When a fibre is in the long length regime, PMD scatetha square root of length and
has a Maxwellian probability density function [13]. Thiseg an indication that the
fibore has appreciable mode coupling sites. The ratio effitbre length and the
coupling length then tends to infinity. As shown in chaptethe ratio of the number
of extrema and mean level crossing/MN, gives a value of 1.54 for appreciable
mode coupling. When the fibre is in the short lenggime then PMD varies linearly
with length and is deterministic [13]. To indicate tlher$ length regime the ratio of
the fibre length and the coupling length is equal to zeronégligible mode coupling
the FA technique gives the ratio/Ny, as unity.

FA intensity traces were obtained for each fibre tyfil@e number of extrema and
number of mean level crossings were then counted andratiee of the two
determined. From this ratio it is possible to classifyethibr the fibre scales in the
long length regime or the short length regime. Tables@d®ws the fibre types with
both the number of extrema {Nand number of mean level crossings,(Kbund in
the intensity trace and thes/NN,, ratio. The unity ratio of the PMF is immediately
evident indicating that PMF has negligible mode couplingthnd it is in the short
length regime. The fibre shipping spool (FSS), fibre cabtethe emulator (EMU) all
have ratios different to one suggesting that they mligioskess appreciable mode
coupling sites. Just as the intensity trace of the fibvesgan indication of the
presence or absence of mode coupling, the ratio gives aiountication.

Table 8.2 Summary of ratio regarding the length regimedadous fibre types.

DUT Extrenmn Mean | evel Ne/ N
crossing

FSS 5 P 2.5

PMF (2 m) 23 27 1.05

Emulator 70 49 1.48

Fibre cable 32 25 1.28
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Figure 8.13 gives a graphic view of the level of the ratiotiie presence of mode
coupling and also in the absence of mode coupling. The emukE®S and the fibre
cable ratios all differ from the unity ratio line.igtnot clear whether ratios above one

and increasing imply that the mode coupling site densityinvé fibre is increasing as

well.
25}
20| . .
Infinite mode coupling (N /N = 1.54)
e m
; 15
Em ' No mode coupling (N/N_ = 1)
£ 10
©
o
0.5
OO | | | |
FSS PMF (2 m) Emulator Fibre cable
Figure 8.13 The MN,, ratios for various fibre types. Also indicated arewhleies for
which infinite mode coupling and no mode coupling.
8.5 Summary

This chapter focused mainly on the PMD measurement peafare of the home built
FA technique in the laboratory. Using PMF it has been demaiadtthat the intensity
fluctuation with wavelength does have a strong dependenttedaunch angle. Thus
if all the light is launched into only the fast axi§ the PMF then the intensity
fluctuation is minimal compared to when it is launchedhstmat both the fast and
slow axis are equally illuminated. PMD measurements \wer@®rmed on six fibre

types where each had a unique and distinct intensity spgcivhich depends on the
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magnitude of the birefringence and the degree of mode couplingnpreghin the
fibre. Both the extrema counting and mean level cngsanalysis methods showed
good agreement with the familiar and trusted commercialtgilable JME and
GINTY PMD measurement techniques. Furthermore, Four@ysis of the intensity
spectra agreed well with the generalized interferomégghnique in particular. The
last section of this chapter focuses on the length eegifreach of the investigated
fibre types. It was shown that the simple ratiatled number of extrema against the
number of mean level crossings can indicate whetteFUT is classed in the long
length regime or in the short length regime.
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CHAPTER 9

A COMPARISON OF PMD MEASUREMENT RESULTS OF
BURIED DEPLOYED FIBRE, FIXED ANALYZER VS
COMMERCIALLY BASED TECHNIQUES

This chapter focuses on field measurements of PMD oerdbdeployed fibres on the
Telkom network using the FA technigue and commercially albkEl PMD

measurement techniques. Due to the nature and length ofglogetk Telkom fibre it

gives a real representation of PMD measurement cigae with regard to PMD
measurement performance of the various PMD measureneehniques. This
investigation aims to determine the performance of théeEhnique on real deployed
fibres in optical networks. The FA technique and the 3Vt GINTY measurement
techniques were compared. When using a specific measurtzoknigue it is also of
importance to have knowledge and understanding of thmiteee’s characteristics.
Several characteristics of the FA technique pertainingNt measurements were
investigated using buried deployed Telkom fibre. These chasice included

wavelength window size, sampling and launch angle vaniati

9.1 PMD measurement performance of the FA technique oburied

deployed cables
(a) Suitability of FA techniques for deployed fibre cables

Deployed fibre cables differ in their PMD fluctuation &@P (state of polarization)
variation. Basically fibre cables are either deployetbdg on poles or they may be
buried and placed under ground. Aerial cables are disturbextbynal effects and
are subject more to vibrations, movement and a changgemperature. This causes
the output SOP to fluctuate considerably and in turn egultmore variation in the
measured PMD value. Buried deployed Telkom fibre is a lotenstable regarding
external effects; hence the SOP and the overall med&MD value fluctuate less. A
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lot of study has been performed regarding the fluctuaifoBOPs and the measured
PMD value in deployed aerial and buried fibre cablestf@ purpose of PMD
compensation and in an attempt to enable a better unathirgjaof PMD. In order to
carry out routine characterization of PMD in deployédre types, suitable
measurement techniques need to be employed. Hence thdicapeos and
characteristics of the PMD measurement technique nesdittthe fibre deployment

method under investigation.

The FA technique has the limitation of requiring that BMD of the DUT being
measured remain constant over a certain time periodceHere fibore must be in a
very stable environment regarding temperature changes and nadsbanical
disturbances. This reduces the chance of performing daedeMD measurements on
aerial fibre using the FA technique. The main reasonshigrlimitation of the FA
technique are the continuous and rapid SOP and PMD fluctu&ameron [39]
reported PMD measurements performed on both buried anal deployed fibre
using the interferometric technique. He found that changeBMD occur in the
buried fibre every 60 to 90 minutes, and that for the aébied is about 5 minutes
when the temperature changes rapidly. This led to trmelagsion that a strong
correlation exists between the PMD fluctuation and teatpez change, hence it was
concluded that the major contributor to the PMD fluctuain the aerial fibre was the
change in temperature. Due to the nature of the FA techdigizeacquisition, SOP
stability over a sufficient time period is imperatiWaddyet al. [40] observed SOP
fluctuation in an aerial fibre over a six day period usipglarimeter. They found the
fastest SOP change to be 1.824 seconds. It was also abdbatethe fast SOP
fluctuations occur during the day time and less SOP charges during the night
when the temperature is lower. Knowing that the aveRIg® does change very
rapidly and more so the SOP, it can be concludedthigaFA technique is not an
appropriate technique to perform PMD measurements orl éiere This is because
the intensity manifestation as a result of SOP fluainawould be affected by the
changing SOPs resulting into erroneous PMD measuremsatiste Thus PMD
measurements were only performed on buried deployed cables.
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(b) FA technique compared with JME

Due to the fibre stability in terms of strain and tempeea buried deployed cable
28.8 km in length was used to conduct comparative PMD measotenThe cable
links Sidwell and Linton Grange, in Port Elizabeth, whatk 14.4 km apart and is
looped to make an overall length of 28.8 km. The FA technigeasorement
performance was compared to the JME technique and then @INAeY technique.
For FA technique comparison with JME, the conventionakEfip using the M2100
broadband source was used to do PMD measurements ovanawavelength range
from 1510 nm to 1570 nm. The JME setup involved a polarimetepaladization
controller from Adaptif, and the Agilent 8164A tuneableetasource. The same
wavelength range from 1510 nm to 1570 nm was kept for the measuseosing
JME. Thirty sequential PMD measurements were made age ttifferent buried
deployed Telkom fibre links using both techniques. Figure 9olvshhe intensity

spectrum of each buried fibre link.
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Figure 9.1 Normalized intensity spectra for 3 diffedauntied deployed Telkom fibre links.

Both the extrema and mean level crossing density incfeasdink 1 to link 3, hence
the calculated PMD value will also increase accordlinthis link sequence. The non-
periodic signature evident in the intensity trace dfthtee links proves that a
significant amount of mode coupling sites are present nvithe fibre links. The
measurement period for 30 PMD measurements was approximagelgss than 30
minutes. As the fibre type was buried fibre the expected R¥M® SOP change is
negligible over 30 minutes. Colour maps of the intens#ége prove that the intensity
fluctuation during the 30 minute PMD measurement period is siggit if any for
each individual wavelength. Each intensity spectrum c@@prof 5000 points. A set
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of 200 points representing specific wavelengths were sdldoten each of the 30
traces and the normalized intensity plotted in a cotoap. Figure 9.2 shows two
such maps, one for link 1 and another for link 3 which hasieh higher PMD value.
The colour map for link 2 it not shown here but it hassdmme trend as link 1 and 3.
Both figure 9.2 (a) and (b) show that the normalized sitgistays fairly constant for
all wavelengths over the period of time during which theDPMeasurements were
conducted. This is represented by the unchanging colourfimaed from the left to
the right of the measurement number. Hence the n@edalintensity remains
constant to a high degree over the 30 minutes measurameribt both the low and
high PMD links.
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Wavelength (nm)
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(=]
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(a) Link 1 (b) Link 3

Figure 9.2 Contour colour map of (a) Link 1 [PMD = 3.2%§ (b) Link 3 [PMD = 9.679 ps]
consisting of the normalized intensity of 200/@lengths for 30 measurements.

Using extrema counting analysis and mean level ergsmnalysis the FA technique
raw data was analyzed and compared to the PMD measurezsahs from the JME
technique. Figure 9.3 shows the PMD measurement comparfigba 6A and JME

techniques, where the FA technique is represented by thmrsdnd the JME by the
blue and green bars.
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Figure 9.3 PMD measurement results of Telkom buried deplayesliinks for FA and JME

techniques.

Both the extrema counting and mean level crossing asatysthods compare very
well with both the RMS and average DGD values found ugwegJME technique.

According to the FA extrema counting analysis the tlirdes gives PMD values of:

2.76 ps, 5.13 ps and 8.98 ps. Table 9.1 gives a summary of thenidd8urement

results including the error determined from the 30 measmemperformed. The
abbreviations used in the table are: Ext for extremaC Ntir mean level crossing, Std
for standard, AVG DGD for average DGD and RMS DGD ffoot mean square
DGD.

The high (0.16 ps half range error) and low ( < 0.01 hatjeaerror for the MLC FA
method) error values found for the FA technique compareithdaJME technique
again suggest that the FA technique either slightly ovéimates or slightly
underestimates the change in the PMD value. The JMBitpehis fairly consistent,
indicating from the low errors that the PMD changes aslightly in the buried
deployed fibre link. These measurement results are ieeaggnt with theoretical
predictions performed by Heffnet al. [24] where a fibre was modelled using 2000
birefringent fibre sections of randomly chosen DGD andles. The FA technique

using extrema counting was found to compare well witlkJME technique.
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Table 9.1 Summary of results for the FA (Extrema - Exdamlevel crossing — MLC) vs JME methods
(AVG DGD AND RMS DGD refers to average DGD and roaan square DGD respectively).

Link 1
FA JMVE
Ext M.C AVG DGD RVS DGD
Mean PMD (ps) 2.76 3.02 2.986 3.218
Hal f range (ps) 0.11 [<0.01 0.042 0.005
Std deviation 0.08 [<0.01 0.015 0.002
Rati o (Ne/ Ny 1.42 +£0.04
Link 2
FA JME
Ext M.C AVG DGD RVS DGD
Mean PMD (ps) 5.13 5.87 5.527 5.812
Hal f range (ps) 0.05 [<0.01 0.004 0.003
Std deviation 0.02 [<0.01 0.003 0.002
Rati o ( N/ Ny 1.36 £ 0.01
Link 3
FA JME
Ext M.C AVG DGD RVS DGD
Mean PMD (ps) 8.98 9.24 9.106 9.679
Hal f range (ps) 0.16 0.08 0.022 0.028
Std deviation 0.08 0.08 0.014 0.021
Rati o ( N/ Ny 1.51+0.03

In an attempt to answer whether the results will agreeo measurement techniques
were used to measure PMD, P. A. Willams summarized thes®retical and
experimental results of four PMD measurement techniqugs If2is mentioned that
the average DGD from JME and the extrema analysis tpgesame PMD value
theoretically. This was confirmed in the same artif®¥)], from a large data pool
indicating that the average DGD from JME and the FA tegliwith extrema
analysis do give similar measured PMD values. From fi@uBeit is indeed evident
that there is a definite similarity between the P&rema counting analysis PMD
value (red bar) and the JME average DGD (blue bar).

Determination of the length regime entails a very sngpocedure regarding the ratio
of the number of extrema and the number of mean leradsings as discussed
previously, chapter 5 section 5.1. It is well known thahanlong length regime PMD
scales as the square root of length and has a Maxwellibalplity density function
(pdf). Poole and Favin [13] showed that the ratio of tkieeena and mean level
crossings are more than 50 % greater in the long leagtme than in the short length
regime provided that the statistical uncertainty of file@asurement procedure is less

than 50 % [13]. Table 9.1 shows the extrema, mean leessitlg ratio of the links to
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be 42 %, 36 % and 51 % greater than that of negligible modpling for the buried
deployed fibre links 1, 2 and 3, giving an indication that ale¢hlinks have a
considerable amount of mode coupling sites present witienfibre link. PMD
increases from link 1 to link 3 however this does not métehpattern for the ratio
where link 2 has the second highest PMD but the lowest rEbie low ratio suggests
that link 2 has the least amount of mode coupling sitesreshin the link.

Results from this study show that the intensity specemain unchanging and
constant for individual wavelengths throughout the measemneé time of
approximately 30 minutes for the buried deployed fibre linkss Buggests that the
PMD should also remain fairly unchanging. Slight changate PMD indicated by
the JME technique are evident though. These changes ntay as a result of
temperature changes or vibrations. The results pertainiting tcomparison of the FA
technique with the JME technique regarding PMD measuremefatripance show
that the FA technique does give similar results to thathef JME technique. In
particular a very good agreement was found between thex@#ema counting
analysis PMD measurement value and the average DGD foomdJME. Finally
length regime analysis gives an indication that a#eHibre links do fall under fibres
scaling in the long length regime hence housing considenadde coupling.

(c) FA technigue compared with GINTY

Both the FA technique and the generalized interferomet@¢NTY) PMD
measurement technique use broadband sources. Hence compaRID
measurement performance measurements between the &=&IAITY techniques
could be done using the same optical source. This giveadifentage of exposing
both techniques to the same optical characteristit®eatame time and also resulting
in PMD measurements being carried out at the same fiime.Fourier analysis
method is recorded in literature where its theoretindl experimental similarity with
the interferometric technique is mentioned [15, 19, 25, 26, 28, BMD
measurements were carried out on three buried deploykdnT &bre links using the
FA and the GINTY PMD measurement techniques. All thagalysis methods
(Extrema counting, mean level crossing and Fourier aislwere applied to the FA
data and compared with the GINTY PMD measurement results
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The conventional FA technique setup was applied where theOEKLS 5800
CD/PMD analyzer broadband source was used. PMD measureofahe link were
carried out at the same time. In order to feed the @@@urce exiting the FUT to the
OSA and the GINTY instrument simultaneously, a 50/50 bsegplitter was placed
right after the FUT. The schematic of this setup @shin figure 9.4.

Beam _
CD/PMD @ splitter 4 Optical
analyzer source FUT — —| Spectrum
Analyzer analyzer
GINTY

Figure 9.4 Conventional FA technique setup with the addiidhe GINTY technique for comparative
PMD measurements

This arrangement was used to conduct 30 consecutive PMD meesus for each of
the three fibre links. Both the FA and GINTY technique wsa€to perform repeated
measurements. The OSA measured the intensity of wavk&emgthin the range
1513nm to 1652 nm. Signatures of the intensity spectra are prdsenfgure 9.5

together with the Fourier interference envelope andtgssian fit.
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Figure 9.5 Intensity spectra and corresponding Fourier transfovelope with Gaussian fit: (a) link 1,
(b) link 2 and (c) link 3.

According to the Fourier analysis method link 1 has a RWIB.53 ps, link 2 a PMD
of 5.73 ps and link 3 has a PMD of 9.98 ps. The pattern ofcaeaise in the number
of extrema and a corresponding increase in the numbatesfarence fringes with a
broadened Gaussian pattern is proportional to an ireieadbke PMD of the links. N.
Gisin et al. shows that the information provided by the interferommeagchnique is
identical to that provided by the FA technique up to the Fourgrsform of the
intensity spectrum [15]. It is mentioned that the i@exhce envelope collected from
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the interferometer is the same as a Fourier tramstfrthe light intensity, hence the
Fourier transform of the transmitted light intendikyough a polarizer should yield
the same interference envelope. However the difteréetween the two techniques is
noted. The FA technique like any other polarimetric techniggeires the FUT to be
motionless, while the interferometric technique is namst#ive to vibrations [15].
They also caution that an insufficient number of pomégs/ result in high frequency
cut off, leading to incorrect PMD values [15]. In this stutie intensity spectra
consisted of 5000 points. Heffner also takes up the sameatakkhows that data
provided by the interferometric technique is directly relate data from the FA
technique by a Fourier transform [41]. Figure 9.6 shows bahgraf the magnitude
of the PMD delay for the three buried fibre links whiwére investigated. It is clear
that in general the FA technique compares very well aghGINTY PMD
measurement technique. In particular the Fourier anatysibod yields a PMD value
which is very similar to the GINTY PMD measuremermti@que.

10 L I FA Extrema counting analysis
B FA Mean level crossing analysis
| C—] FA Fourier analysis

| I GINTY

PMD (ps)

1 2 3
Telkom buried fibre link

Figure 9.6 PMD measurement results of Telkom buried deplayexllinks for FA and
GINTY techniques.

These results are also summarized very clearly e t8.2 where the percentage
difference in the PMD between the FA Fourier analysethod and GINTY were
4.4% for link 1, 1.95 % for link 2 and 0.63 % for link 3. All threlerés are again
predicted to be in the long length regime with link 2vgimg lower degree of mode

coupling within the fibre.
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Table 9.2 Summary of results for the FA vs GINTY measient techniques.

Link 1
FA A NTY
Ext M.C FFT
Mean PMD (ps) 3.303 |3.295 3.5633 3.683
Hal f range (ps) 0.050 |0.076 0.009
Std deviation (ps) 0.029 |0.041 0.005
Rati o 1.56 + 0.02
Link 2
FA G NTY (ps)
Ext M.C FFT
(Pps)
Mean PMD (ps) 5.040 |5.491 5.733 5.845
Hal f range (ps) 0.049 |0.077 0.011
Std deviation (ps) 0.033 |0.051 0.006
Rati o 1.43+0.02
Link 3
FA G NTY (ps)
Ext M.C FFT
(ps) (ps) (Ps)
Mean PMD (ps) 8.504 |8.561 9.978 10.041
Hal f range (ps) 0.099 |0.153 0.034
Std deviation (ps) 0.060 |0.109 0.019
Rati o 1.54+0.01

Theoretically it has been predicted that the numefabr relating the frequency and
time domain PMD measurements is 1.085 [19]. Since extrem@ing analysis gives

the average measured PMD value, the ratio of the PNi2 vaven by GINTY to that

given by extrema counting analysis should equate to timgerical value. Figure 9.7
shows the ratio of the PMD value for both GINTY tdrema counting analysis and
GINTY to mean level crossing analysis. This is plotiaghinst the predicted
numerical value of 1.085 as shown in figure 9.7. From thiglyais gives the

maximum percentage difference as 8.85 % for the ratioddr using extrema
counting and 8.11 % for the ratio formed using mean leveisarg analysis. If it is

assumed that the theoretical ratio is correct, tt@nslight deviation of the ratio
determined from the experimental results serves as dication that the extrema
counting and mean level crossing analysis methods dodegravsimilar average PMD
value according to PMD measurements operating in thedrecy domain.
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Numeric relation factor: 1.085
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Figure 9.7 Comparison of the ratio of extrema counting RsiDe with the GINTY PMD

value with the numerical factor relating time and frequatmypain PMD measurements.

PMD measurements were conducted simultaneously using the satical
broadband source for both the FA and GINTY techniquesa# found that the FA
technique compared very well with the GINTY PMD measurdéntechnique. In
particular the Fourier analysis method gave very sinkl&liD values to that of the
GINTY technique. By including the numerical factor which atet PMD
measurements operating in the frequency domain to thosatiogein the time
domain, it was found that both the extrema counting arahrterel crossing analysis

methods do give very similar PMD values to those of GINTY.

9.2 Wavelength window variation investigation

PMD measurements may be performed using wavelength windosferent sizes
keeping in mind that a broadband source is required whe@S¥# is used as a
detector. An interesting question arises as a resuisiof windows of various sizes
for PMD measurements. The question enquires whetheng¢hsured PMD value is a
function of wavelength window size and if so, is the fhating PMD value
significant? These queries were investigated by performMB Pheasurements for

various wavelength window sizes and carrying out PMD amaly
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PMD measurements were again performed on link 2 of tketsel buried deployed
Telkom fibre links, using the conventional FA setup arelINWE technique. The FA
data was analyzed using extrema counting analysisubecthis analysis method
yields the average PMD value. PMD measurements wer@rped for various
wavelength windows within the range 10 nm to 100 nm, in increnadrit8@ nm. The
range of the first wavelength window was 1525 nm to 1535 nm andeitond was
from 1520 nm to 1540 nm. Hence the range of the last wavelemgilow was from
1480 nm to 1580 nm where the central wavelength is 1530 nm. Figusead& the
PMD measurement results for all the wavelength windfmv$oth the FA and JME

techniques.

7.0
6.5 JME AVG DGD
ol —A— JME RMS DGD
6.0 - —O— Fixed analyzer
55k //A\A/A/A\A—A
P50t ‘\ i .
~ I A / \O/o ~co—o°
O 45} —
E I o/o
o 40r
35
3.0
25}
20 | | | | | | | | | |

0O 10 20 30 40 50 60 70 80 90 100 110
Wavelength window (nm)

Figure 9.8 PMD for wavelength windows within the ranged0to 100 nm.

From figure 9.8 it is very evident that the FA technique doksw the trend of the
JME technique for the pattern traced out for PMD vs wength window. In general
the number of extrema and the number of mean levesitigs depend on the product
of the magnitude of the average PMD and the size ofrdguéncy window [14],
hence the smaller the PMD the larger the required vagéh window. PMD is either
averaged over time or over wavelength. The FA technijgeages PMD over
wavelength. Thus the smaller the PMD value to be measthhedwider the
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wavelength range should be in order to take more waveemgthtributing to the

determination of the measured PMD value into account. Figune 9.8 it can be

seen that the PMD value is stable above 60 nm. Belo®Qmm wavelength window
the PMD starts to drop and starts fluctuating. Ovehalid is not much variation for
all the windows within the wavelength window range of 10 nrhG0 nm. The PMD

variation for all the wavelength windows is 0.77 ps fee RMS DGD, 0.86 ps for the
AVG DGD and 0.90 ps for extrema counting analysis.

It was found that there is no variation in the intensitya particular frequency with a
change in the wavelength window within the measuremest thmalysis of the trend
of the PMD with wavelength window variation confirmsttttzere is a decrease in the
stability of the PMD value as the wavelength window deses for any particular
PMD value being measured. Hence it is advisable to use ag wavelengths as

possible especially when low PMD values are measured.

9.3 The effects of sampling

Sampling plays a major role in all measurement techniguesthe FA technique is
no exception to this rule. When doing FA technique measursnsampling does
affect the resultant PMD value. Incorrect sampliragieto biased PMD values which
are different to the true PMD value. Hence it is impeeato understand the effects
that sampling has on the PMD value so that correcplsagncan be performed when

carrying out PMD using the FA technique.

Williams and Wang investigate the effects of sampling enPkID value and discuss
a simple correction algorithm which removes the e$f@ftthese biases within £1.7%
[14]. It is reported that both the number of extrema dedriumber of mean level
crossings depend on the sampling density which is a functithe number of points
used, the PMD to be measured and the frequency window [14$. ekpected that
sampling with too few points underestimates the PMD valigavever sampling too
densely is redundant, it leads to a magnification otffext of noise and also extends
the measurement time. It is reported that in orderitonmze the uncertainty at least
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2 At)Aw frequency points are required in the makeup of the injetrsite [14]. By
making use of this expression a quick calculation by sulistitin a PMD value of 5
ps and a wavelength range of 60 nm from 1510 nm to 1570 nm prediotsntber of
points to be 477 points.

PMD measurements were again performed on link 2 using thee€i#ique. This
time the number of points was varied from 50 to 10000 pdadth extrema counting
and mean level crossing analysis were performed oniritensity trace. For
confirmation of the PMD value JME measurements werglgoted on the link as
well. Figure 9.9 shows the results of all the PMD valdetermined for different

number of points used.

8 -

L | - = - RMS DGD . | —A— Mean level crossing
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Figure 9.9 PMD values for number of points which makéhefntensity spectrum, ranging
from 50 to 10000 points.

From figure 9.9 it is very clear that under sampling, using @@ points,

underestimates the PMD value. This underestimation ef RMD effect starts
occurring for below 500 points. This suggests that the expre2\t)Am does give a
very good indication of the minimum number of pointd&used. In figure 9.10 this
expression is used to plot the recommended minimum nuofbeoints to use for
different PMD values within the range 1 to 10 ps and foxedfwavelength range of
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60 nm (from 1510 nm to 1570 nm). If the PMD to be measured washépsust less
than 500 points would still have given correct PMD valwesaling to figure 9.10.

1000

\
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Figure 9.10 Recommended number of points for a wavelengtfowinf 60 nm dependent on
the PMD.

Over-sampling leads to the introduction of noise which aefinitely affect the PMD
value to be determined. Noise signatures may be mistakesxtrema or mean level

crossings, increasing the PMD and thus overestimateNti2 value.

Sampling as in any other measurement techniques playsjoa ro&e in the FA

techniques determination of the PMD value. Hence ihortant to sample correctly,
steering clear of both under and over-sampling. Willeamd Wang'’s technique for
determining the optimum number of points to use does se@mé a good indication

of the number of points to use.

9.4 Investigation of input polarization scrambling

Polarization scrambling has been proven to play a rteearning determination of
the average PMD value. PMD measurement results depetiee specific SOP input
into the fibre under test. An intuitive explanatiointlee effect on PMD measurement
results with respect to the FA technique is given in té&ien. The effect of input
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scrambling was investigated using manual polarization scrandtléhe input of the
FUT. The polarization state was changed between eaaebumanent and not while
the measurement took place. These scramblers allow fandom 96 polarization

states to be set.

In literature the effects which cause the input SORiwibptical fibres to evolve is
not only attributed to temperature changes or externahamécal perturbations but
also due to the topology of the fibre. Researchers Iskesvn that the angle of
rotation of linearly polarized light propagating down thardiis a direct measure of
Berry’'s phase [42]. Tomita and Chiao report experimengaifieation of Berry’s

topological phase [43]. The authors prove that the i§@® evolve solely due to the
overall geometry of the fibre of the path taken by lipbt [43]. The topological

nature of this phase is confirmed by the results that gmgreement was found
between the measured rotation angles and those pebdigtBerry’s phase for fibre
following a helix path. In many SOP scramblers the podéion state of the light is
controlled using stress birefringence. Frins and Dultz dédermine the rotation of
the polarization plane of light travelling in a singtede fibre that lies in a space
curve [29]. This in turn led to the invention of the manpalarization scrambling

cubes.

Figure 9.11 Manual polarization scrambling cube.

A polarization scrambling cube consists of a cube sittigle mode fibre wound into
a loop housed inside the cube. The loop occupies a spplafie within the cube.
Various orientations of the cube specify the randomrzalaon states. There exist a
total of 96 possible orientations for the cube and theeptae fibre loop occupies,

resulting in a total of 96 random polarization states.
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The conventional FA setup was assembled with the magmulatization scrambling
cube placed just in front of the input to the fibre undst.tPMD measurements were
conducted for a total of 96 random input polarization stasesy the FA technique.

Link 2 of the buried deployed Telkom fibre was again chdsethis investigation.

Results for both extrema counting analysis and meeaal lerossing analysis are
shown in figure 9.12 and figure 9.13 respectively. Both armlysthods basically
show the same fluctuation in the PMD value. This fluetueis a manifestation of the
variation of the input SOP and hence signifies the ingpog to average the PMD

over a range of input SOPs.

25 H Extrema counting
7 PMD = 4.920 ps
‘ —e— FA extrema counting ‘ 6=0.285 ps
6+
= 20
~ 5 ] X3 ﬁ..'ob. 7\ R { JPON ] 8
R SpTFARAN Ndge | S o
N~— L]
e Y ]
e
o o 10
3r S
o
2} o
L 5
0 10 20 30 40 50 60 70 80 90 100 0

4.4 4.6 4.8 5.0 5.2 54
PMD (ps)

Orientation number

Figure 9.12 FA extrema counting method: (a) PMD valuesdaious random polarization states, (b)

histogram of PMD values for various random polarizatiates.
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Figure 9.13 FA mean level crossing method: (a) PMD vdhregrious random polarization states, (b)

histogram of PMD values for various random polarizattates.



118

The fluctuating PMD may be explained by the principleopgration of the FA
technique. As discussed before, a broadband source @gasbevhere an OSA is used
as a detector) sends a polarized wavelength packet dowptiaal fiore where the
PMD transforms the input SOP as a function of wavelen§tdetector measures the
manifestation of the fluctuating SOP due to PMD as amnsity fluctuation with
wavelength. The fluctuating transmitted intensity through polarizer is a result of
the path traced out by the SOP. By positioning the manuaindder at the input of
the FUT, the position of the starting SOP of theettgry traced out on the Poincaré
sphere changes. Hence there should be 96 random input B@BEg 96 starting
SOP positions. The manifestation of the fluctuating S®Ruatuation of transmitted
intensity through a polarizer will thus differ for dfdrent input SOP. Figure 9.12 (b)
and 9.13 (b) shows histogram plots of the PMD for differaput SOPs. Both
extrema counting and meal level crossing analysis @g&@aussian distribution where
the centre PMD value specifies the average PMD valdarenFWHM 6) the error.
Extrema counting gives the measured PMD value average®6\mlarization states
as 4.920 ps £ 0.285 ps and mean level gives the PMD valuest04eps + 0.908 ps,
where the measurement error is the standard deviatior. JME technique
determines the average DGD to be 5.236 ps and the RMS DGB@S ps. These
results imply a 2.6 % and an 11.9 % difference betwezextrema counting analysis
PMD value and the average DGD and the RMS DGD valuectgply. The range of
the PMD values for extrema counting is 0.973 ps and for reaah crossing it is
2.175 ps, which gives percentages differences of 18.4 % and 33Hef6e it
becomes apparent that the measured PMD value is biadedlitptt SOP therefore a
PMD value averaged over a range of random SOP givesoge raccurate
representation of the true PMD value.

9.5 Summary

This chapter concentrated on PMD measurements performebouied deployed
Telkom fibre with a particular focus on the FA measunentechnique. The FA data

was analyzed using the extrema counting, mean leveliogoasd Fourier analysis
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methods. Other investigations included the wavelength wingmmmation, sampling
density and input polarization scrambling upon which conclusigne reached.

The FA technique compared well with both the JME and GINPIMWD measurement
technique. In particular the extrema counting analysihoaefrom the FA technique
gave very similar PMD values to the average DGD frbendME technique whereas
the Fourier analysis method from the FA technique agregdwell with GINTY
technique. According to the ratio stemming from the Féhiteque all three buried
fibre links were found to be in the long length regime.

In general it has been shown that the minimal flucbmabf the PMD value was
observed with a change in the wavelength window size wihereselected range of
wavelength windows was from 10 nm to 100 nm. For the mea$okedith a PMD
within the range of 5 ps, a decrease in the measured PMiE weas observed for
windows smaller than 50 nm. The effect of sampling densag also addressed
where both over- and under-sampling have been proverettt #ie measured PMD
value negatively. Williams and Wang’s modest predicabthe minimum number of
points to use does seem to serve as a good indicatarizRbion manual scrambling
has been shown to yield a percentage difference betlveanaximum and minimum
PMD values for extrema counting analysis. Hence scrageeds to be taken into
consideration when doing PMD measurements using the diitpie.
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CHAPTER 10

COMPARATIVE INVESTIGATION OF THE
TRANSFORMATION OF THE FLUCTUATING SOP TO A
FLUCTUATING INTENSITY SIGNAL

The FA technique uses two different detectors depending csothree used. When a
broadband light source is used the preferred detector aptical spectrum analyzer.
In the case of a tuneable laser a power meter is usddtéat the intensity of the

transmitted light through a polarizer. In this chapterDPiMeasurements using the FA
technique where a tuneable laser source was used as amdatectliscussed. PMD
measurement performance comparison between the FA qeehand a particular

Poincaré sphere method developed for this study is ddweePdincaré sphere method
differs from the FA technique in terms of the resth it offers regarding the PMD

dispersive effect. The nature of the setup introducestaresting question regarding
what information can be extracted before and aftemptilarizer. This chapter looks

into this query and other consequent questions.

10.1 Introductory concepts

The FA technique records the intensity of the transchiitght through the polarizer
for each wavelength, where each wavelength is related specific SOP. The
polarimetric techniques record the SOP of the light fametion of wavelength. There
exist several Poincaré sphere techniques where the m@mtal aim remains to
determine the DGD as function of optical angular frequeiging the normalized
Stokes parameters to calculate the rate of changleec$OPs with angular optical
frequency. These techniques differ with respect to therdgthms used to determine
what the rate of change is from the normalized statgolarization. Considering the
experimental setup of the FA and Poincaré sphere ama(iBZA) method the

fundamental difference concerning acquisition of data whidikts between the two
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methods, is that in the one method a polarizer isgplan front of the detector and not
in the other method. The other difference that existselated to the data being
recorded. The FA technique records the intensity tratesinthrough the polarizer
which is a result of the changing SOP caused by the Pliflinwhe fibre while the

PSA method records the SOP change directly. Ther@fonay be said that the FA
technique is an indirect method of determining the PMDBhef FUT. This chapter
seeks to investigate the effects of collecting data beford after the polarizer

pertaining to the determination of PMD.

In 1988 Poole first introduced Poincaré sphere analysis (PShod [9]. This
method requires at least one of the input polarizatatesto be circular, after which
it allows for the determination of the DGD and PSRg.t6en introduced a Poincaré
sphere analysis (PSA) method which requires only linear isfats of polarization
[12, 44]. This PSA method uses the same raw data as theeiMiique to calculate
the PMD. Both techniques have the inherent advantage llingethe DGD as a
function of frequency. Cyr proved the mathematical edenae of this particular
PSA method to the JME technique [12, 44]. A simulation ofc®@catenated
waveplates with random delays and orientations offrbigent axes was used to
generate raw data. Using this raw data the DGD vs frequeyures generated using
the PSA and JME techniques were proven to be idenfi2aki4]. Thus it can be said
that the accuracy of this PSA method is of the sarderaas that of IME. The PSA
techniques described require at least three input polanzstiades as is the case with
the JME technique. This deviates from the aim of this imya&bn, which is to sweep

across a wavelength range using only one input state afzatian.

10.2 Experimental procedures

In this investigation PMD measurements were conducted usngA technique and
the PSA method simultaneously. Conventional PSA metbods as those introduced
by C. D. Poole and N. Cyr [9, 44] require three input statgmlarization due to the
calculations involved. The PSA method developed for thissiiyation requires only
one input SOP, further details may be found in Appendix 2. Wais specifically
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done so as to perform the FA measurement at the samaeahd also allows for a
simultaneous measurement of polarization mode dispefBios section discusses the

experimental setup in detail.

For this particular investigation the conventional FAupewas assembled where a
tuneable laser was used as the source, requiring a pater as a detector shown in
figure 10.1.

Tuneable
laser source

Analyzer
Polarization @ — 4 Polarimeter
/

controller FUT 1

Polarimeter
2

Figure 10.1 Conventional FA setup with a tuneable Isserce coupled with a

convention PSA measurement setup.

Figure 10.1 shows the entire setup as used during this investigatis0/50 beam
splitter was used to split the signal into two polatiens. No additional power meters
were necessary since the Adaptif Photonics A1000 polarirhetea built-in power
meter. Polarimeter 1 was used to detect the transimittensity through a linear
polarizer, while polarimeter 2 records the evolving SOR amsction of wavelength.
The polarization controller shown in figure 10.1 contrdhe launch SOP. A
wavelength range of 1510 nm to 1570 nm was used with a step of OTharaweep
speed was set at 1 nm/s. These parameters determinenthéaken for an entire

sweep to complete, which is 60 seconds.

PMD measurements were done on polarization maintaining (PMF) 2 metres in
length. Measurements were also conducted on an emulatsistng of a
concatenation of PMF and single mode fibre sectionsieBa counting and mean

level crossing analysis methods were used to extractPMB value. The PSA
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technique yields more information regarding the polarizagicoup delay. From the
technique it is possible to obtain the DGD as a functiowavelength and also the
PSPs. The adapted PSA technique developed for this studysedsto determine
both the DGD and the PSP of the different fibre tygas the emulator.

10.3 Comparison of FA and PSA techniques with JME method
verification
Measured PMD results for 2 metre PMF

PMF is a standard optical fibre which should give cstesit results regarding PMD.
The expected transmitted intensity signature is periodnature. This same trace was
mapped out using the tuneable laser source as seen in figAreTheé. signature is
periodic in form as expected. The number of extrematl@aumber of mean level
crossings amount to the same number, hence since a® eooipling sites are present

in PMF the measured PMD value reduces to the same vialug7ops~ 2.6 ps.

0.010 L| PMF2m long
Extrema = 39; PMD = 2.570 ps
Mean level crossings = 39; PMD = 2.570 ps
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Figure 10.2 Intensity over wavelength spectrum for a 2eriehg PMF section.

The JME technique determined the average PMD value to be 2.56#gke root
mean square DGD as 2.564 ps as well. Hence there is agwed/ comparison
between the FA technique determined PMD value and th#i¥l&fwith only a 0.2 %
difference in the PMD value.
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Figure 10.3 SOP location of the light transmitted througblarizer with a change

in wavelength for 2 metre long PMF section.

Figure 10.3 shows the transmitted SOP through the polaflihes.specific polarizer
has PMF at the output directing the light away frompblarizer in order to maintain
the SOP exiting the polarizer. From figure 10.3 it is ctbdat the SOP through the

polarizer remains fixed with a change in wavelength.

While the SOPs were kept constant by the polarizer alpwnly a change in the
intensity, the variation of the SOPs was recordedhat output of the coupler.
Together with the wavelength this data was fed intoRB& algorithm program.
Figure 10.4 shows the DGD vs wavelength trace for the #remeng PMF

determined using the PSA technique, in blue, and also the edhBitjue, in red.
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Figure 10.4 PSA and JME determined DGD over wavelength cliang&® metre long PMF section.
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The PSA and JME traces resemble each other very,msholwing the same trend in
the DGD variation with wavelength and also falling mealy similar DGD band. The
PSA method showed a DGD variation range of 0.264 ps and Mike rdethod
0.145ps.

Table 10.1 Summary of FA, PSA and JME methods PMD measuateesults for a 2 m long PMF.

FA PSA JMVE

Extrema Mean Aver age RV DGD | Aver age RVE DGD
counti ng | evel DGD DGD
anal ysi s | crossing

anal ysi s

257ps 257ps 256 ps 2.563 ps 2.564 ps |2.564 ps

The mean DGD given by the PSA method is 2.562 ps and thenesot square DGD
is 2.563 ps. The average DGD gives the PMD value as 2.564 {¥iband 2.562 ps
for PSA, yielding a PMD difference of 0.02 ps. Hence pthecentage difference is
0.08 %. These results agree with PMD and DGD calculatusisg theoretical
simulations by N. Cyet al [44] where it was proven that the two techniques produce
the same PMD value and DGD over wavelength trace. Expetahinvestigations
have shown that the Poincaré sphere method gave the aamrage PMD value as
that given by the FA extrema counting analysis method. [#b]reference [19],
different laboratories also showed good comparison oDHR¥dtween the principal
states analysis method, the FA technique and an intedéronechnique. Further
analysis of the PSA method yields the PSPs. Figure howssthe PSPs for the 2m
long PMF determined using the developed PSA method and aldMEhéechnique.

The PSP computed through by the adapted PSA method (blue p®ieksictly 180
that using the JME technique (green points). Since batimigues determine only
one PSP and it is known that a PSP set is orthogorthe absence of polarization
dependent loss, 18@part on the Poincaré sphere, hence the orthoguatal of both
the JME and PSA determined PSP must appedrdr8the other side of the Poincaré
sphere.
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Figure 10.5 Rotation of SOP and location of PSP ohtiaiiseng the JME and PSA method.

As the PSPs in figure 10.5 are orthogonal it can be gdadlthat the PSA and the
JME methods agree to a high degree.

10.4 Summary

In this chapter the FA method in conjunction with a deyet! PSA method was
investigated using the setup pertaining to a tuneable laser sdureeissues of
measured PMD value comparison and differences inethats offered regarding the
polarization time delay within various fibre types was assid. The tuneable laser
source setup together with the power meter as a defgetsented the same results as
those found previously using the broadband source togettiethe® OSA. In general
from the results it can be concluded that the FA techreguees very well with the
average PMD determined by the developed PSA method whialrmnagrees very
well with the JME technique, hence correlating with prasi studies reported in
literature. From the results presented the developed R&Aod proved adequate in
computing the DGD over wavelength and the PSPs, morer $Mé&, showing good
agreement with the standard JME technique. Further thedretid experimental

investigation is required in order to determine whether tiesipitity of determining
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the DGD and PSP from the intensity spectra is lost duransmission of the light
through the polarizer.
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CHAPTER 11

CONCLUSIONS

This dissertation investigates the PMD measurement rpeaftce of the FA
measurement technique. The FA technique setup was assemblédeafndt FA

PMD measurements were performed in South Africa. Cheniatics pertaining to
PMD measurements of the FA technique were addressed. Inabdénéas been
shown that the FA technique is a very effective techniquedtermining the average
PMD of a link. The technique has three analysis metiaddsh all agreed very well
with the JME and GINTY PMD measurement techniques onnmkasured PMD
value. The FA technique is easy to implement and doegaket a long time to
perform PMD measurements. It proved to be suitabldidtst measurements as well.
The FA technigue has the added advantage of making use pkechestruments and

also that of giving numerical information regarding tegith regime of the fibre.

The effect that the launch angle variation has @nttAnsmitted intensity spectrum
was demonstrated in chapter 8. Polarization maintainioge fivas used for this
purpose. It was observed that by aligning the input SOP avith of the PSP, a
minimum fluctuating intensity trace resulted. This opnasent fluctuation may be
attributed to the fact that realistically speaking ihad possible to launch all the light
into only the fast or slow axis. If this ideal situataere possible then a straight line
would appear on the intensity trace and the PMD of th& RMuld be zero, as no
time delay occurred between the orthogonal polarizatiodes. When the input light
signal was launched such that both PSPs were equallyintisa, the DOP was
minimum yielding an intensity trace which gave a percenthijerence of 92% and
95% with respect to the intensity variation produced bgdaing the light into either

the fast or slow axis.

PMD measurements were performed in the lab on diffditene types. PMF is known
not to have any mode coupling sites present when not umder. #tll the other fibres

investigated had mode coupling sites present, produced from sfither or splicing
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or as a result of the manufacturing process. Thiswallb for the effects that
birefringence and mode coupling has on the intensity spedioube made visible.
The amount of birefringence determines the number otmwtrpresent within the
transmitted spectrum and mode coupling affects the petipdidi the intensity

spectrum.

A good agreement was found in the comparison between tievRiMes determined
using the FA technique, and the GINTY and JME techniques. tticylar the
extrema counting analysis method and the JME measurdawmtique agreed very
well, and the Fourier analysis FA method and the GINFMD measurement
technique showed similar measured PMD values.

The FA technique was further used to give some insighttir@dength regime of the
different fibre types. This techniques, showed PMF to behenshort length regime
and the rest (6 km fibre cable, fibre shipping spool andnamator made up of a
concatenation of PMF and single mode fibre sectianbgtin the long length regime,
that is having appreciable mode coupling sites.

The FA technique also performed very well in the field ondoudeployed Telkom
fibre links. For this study the same wavelength range wsed for the FA and the
JME measurements. In addition, the same source andemgtte window was used in
the comparison between the FA and GINTY techniques.t@tteniques agreed well
as before. The FA Fourier analysis method has thensalya of giving a graphical
representation of the mode coupling characteristicseoFtWT. The Fourier analysis
method also allows filtering out high frequency featuresluded by noise or
vibration that would be detected as peaks and valleys byextrema-counting
analysis method, Derickson [6]. It was found that tbarfér analysis method agreed

particularly well with its counterpart the GINTY technique

The question of whether the intensity at a particulavelength and hence the PMD
changes with a variation of the wavelength windove sias also addressed. It was
found that, the smaller the PMD value the larger theireduvavelength window
size. The PMD trend with wavelength window appeared sirfolathe FA and the
JME techniques. The smaller the wavelength window forptmréicular PMD which
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was being measured the more the PMD value started shogymgyaf deviating from
the true PMD value.

Williams and Wang [14] discussed the effects of samplingpaesented an equation
to determine the number of points to use for a given PkMDe and wavelength
range. In chapter 9 it is shown how the number of patollected for the intensity
spectrum can lead to incorrect PMD values. The equatiaepied by Williams and
Wang also proved to be reliable, hence it may be used éonaee the number of

points to use when performing PMD measurements.

State of polarization (SOP) scrambling plays a role nwhigerforming PMD

measurements using the FA technique. This was clearly simoetapter 9 where the
PMD fluctuated and depended on the input state of polarizatitamce it is

recommended that the average PMD value, determined frob Wllies for all the

input states, serves as a better indicator of thePiie of the FUT.

An additional study included in this dissertation is a campa between the FA
techniqgue and our developed Poincaré sphere analysis méthedfundamental

experimental difference between the techniques isixkd polarizer placed in front
of the detector for FA measurements. Hence this inveémstigassentially looks into

the impact of collecting data before and after the parBoth the FA technique and
the developed Poincaré sphere analysis method determiaeettagge measured PMD
value. The FA extrema counting analysis method agreddmitblthe average DGD

given by the developed Poincaré sphere analysis methodever the Poincaré
sphere analysis method does give additional informatiotihe form of DGD over

wavelength and the evolution of the PSPs.

This work proves that the FA method is able to deterntiree average PMD
accurately and the technique showed good reproducibility of th&sumed PMD
value. The FA method has the added advantage of giving manerformation

regarding the length regime. The highest PMD value thatFA technique can
measure is limited by the spectral resolution of the sddetector combination [13].
For low PMD values, the FA technique is limited by theesit the wavelength
window used. Using extrema counting to achieve a standard idevat20 % the
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frequency window is given by, 33 divided by the average PMIdevaHence
extremely broadband sources are required for very low R&e, for example for a
PMD of 0.1 ps a source width of 350 nm is required [13]. Thienigae has the
drawback of requiring stable measurement conditions. Heénsenot suitable for

performing measurements on aerial fibre.
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APPENDIX 1

Program structure and operation

After the appropriate application has been selected dritheakelevant parameters
have been set the user may start the program by cligkégun button. This sets the
program in motion which will in turn initialize a sessiwith the Agilent 86142B
optical spectrum analyzer (OSA) described in chapterhé. graphical source code
was written in the block diagram. This section presemstailed explanation of the
main operating procedures the program follows. The flowdtatvn in figure Al1.1

will diagrammatically illustrate the sequence of operat performed by the program.

A list of fiteen LabVIEW functions originating fromhé Agilent 86142B OSA
instrument drivers were used and coupled with general IEWWWYI's which were
mainly incorporated for the purpose of data handling, cortipnta and saving
preferences. The list of functions used are as follamisalize, vertical scale, get
vertical scale, set wavelength start and stop, geelagth start and stop, get centre
wavelength and span, set sweep time, get sweep timeyrabenof trace points, get
number of trace points, average trace, get average stot sweep, download traces
and close.

The flowchart type structure in figure Al.1 shows the segeieof the program
operation. As seen in figure Al.1 the flowchart considtd5 blocks indicated by
numbers placed next to each block. The operational ead@nof the flowchart will
focus on the PMD measurement normalize spectrum apiphoaf the program. Each
application starts with a sequence of questions follovaagh other. Subsequent
guestions appear depending on answers given to previous queskeds Blese
guestions are there to assist the user in making suralttthe requirements for the
experiments are met. For example one of the questiskasdaby the normalize
spectrum application is, ‘Has the spectrum to be matdleen selected?’ Depending
on the answer the program will either run or execute avsliggestion for the user to

provide the file path of the required spectrum. The prodhan initializes a session
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with the instrument placing the OSA in the remote adrgetting. Operations 2 to 4
consists of sending all the parameters needed ta loe $ke OSA for application and
also reading all the set parameters sent by the O3Retcomputer. Block 5 in the
flowchart represents the next step which generatesdkiel@ngth array. This is done
by a For loop which uses the starting and stopping waveldoggther with the
number of points to calculate the increments of theelemgth. The increments are
then in turn used to generate the wavelength array by addirgples of the
increments to the starting wavelength. The next op&sidwe starting a sweep and
downloading the measured intensity of the wavelengths then®SA.

ﬂ

Start
Start up questions

v

Initialize a session with
the instrument (OSA)

|

Set all the necessary
parameters

ﬂﬂ

Get the parameters
from the instrument (OSA)

Start a sweep °

| '

A for loop generates

. Dowr_1|oad the spectral all the wavelengths
intensity values from the

OSA

Y

Upload required intensity
spectrum from an already
existing file

i

SNENE
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Checks
whether the downloaded
intensity over wavelength
spectrum is of the same
type as the current measured
spectrum loaded. A difference
results into a warning.

[
o

Normalize the spectrum

!

[ —
[

Peak detector VI counts the number
of peaks and valleys found in the
intensity spectrum

|

Formula node calculates the
measured PMD value

[ —
a

[ —
a

The number of extrema, the PMD
value and the measured spectrum
are displayed on the user interface

|

All the relevant information is
organized and saved

v
Stop

The session with the instrument (OSA)
is closed

[
a1

[ —
. B

Figure A1.1. Flowchart type structure given a descrigiv@mary of the program operation.

This is then followed by uploading the existing file whishan intensity spectrum of
the source without the polarizer in place. Normal@atn then performed by dividing
the two spectra as previously explained. A special featdded to this program is its
ability to determine whether the spectra are compatiiies is done by comparing
the start and end wavelength, according to the numbeuooifts in the loaded
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spectrum with those of the current measurement. Iictmparison fails a warning
appears otherwise the program continues running. A peak detéctioen operates
on the normalized spectrum and counts the number of pamadksvalleys in the
spectrum. The peak detector VI either counts the numbpeais or valleys hence
two peak detector functions are required each countingremiaks or valleys with
the addition of the two giving the number of extremae Pleak detector VI requires
three inputs: the width, threshold and array to be opeérman. This VI is based on an
algorithm that fits a quadratic polynomial to sequenti@lugs of data points. The
width specifies the number of data points used. For the perpbthis program the
width input was converted to wavelength spacing. This islgidgne by multiplying
the width with the wavelength increment to get the wawgth spacing. The
wavelength spacing must then be no more than then eatfalfrwidth of the smallest
peak. The threshold rejects peaks and valleys whichoarermall, any peak with a
height lower than the threshold is rejected and angwalith a height greater than
the threshold is rejected as well. For each VI tmestold was set such that for the
peak detector the threshold was ten minus the lowest ityt@atue and for the valley
detector the threshold is ten plus the highest intemaitye. The next operation is the
calculation of the PMD value which is represented bylb2 on the flowchart. A
formula node uses the extrema counting analysis equaisonsded in chapter 5.
Finally both the number of extrema and the PMD valeedisplayed together with a
full view of the intensity spectrum. Any data to beeshis organized and saved in a
well ordered fashion by the program. The program then end<ldsing the
interactive session with the OSA. When using thiggpam besides following good
FA method experimental procedure it is of great importaihe¢ an appropriate
wavelength spacing is chosen for counting the number oéreat This is more so
important for PMD measurements conducted on fibres slypwirhigh degree of
mode coupling as the peak half width of the peaks show aegreariation in size

than in fibres with no mode coupling.

The program has proved to be successful at being able tte M@ measurements
on different fibre types and calculating exact andemirPMD values. A variation of
this program was also written in order to perform contisuBMD measurements,
meaning that the user may specify the number of PMD me@sunts that should be
done. This variation allows the user to specify any nurobeneasurements and also
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to dictate the time interval between consecutive measants. The data is saved after

each measurement.

The extrema counting analysis method program has siggIRFiMD measurements
and the calculation of the measured PMD value. The pmogesnoves the tedious
task of counting the number of extrema and substitutirggudue into the equation.
Throughout this study PMD measurements using the FA technigtee made using

this program and the continuous measurement version of it.
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APPENDIX 2

Theoretical description of adapted PSA method

A2.1 (a) Theoretical background

For the purpose of this investigation a PSA data analysthad was developed in

order to analyze the raw data obtained from experinidng raw data consisted of the
Stokes parameters of the SOPs as they evolve witklermgth. The whole algorithm

depends on vector analysis where the fundamental puipts@etermine the rate of
rotation of the SOPs with wavelength. As mentionedreévious chapters, frequency
domain techniques determine the DGD from the rate of ratatimut the PSPs where
the equation describing this is

AT =—. (A2.1)

This equation is the focus of the PSA method. SOPs ewwivthe Poincaré sphere
following a particular path depending on the magnitude obtrefringence and the
degree of mode coupling sites present within the FUT th@particular case of no
mode coupling sites present within the FUT the SOPsewdlve continuously about

a common axis formed by the line joining the two princigi@tes of polarization
which are orthogonal, implying 18@rom each other on the Poincaré sphere. In the
presence of mode coupling the SOPs frequently change direletioating from what
would have been a circular trajectory. Figure A2.1 shoesiperimental results for
SOPs traced out on a Poincaré sphere for an emulaaoe(ap of a concatenation of
single and PMF sections) within the wavelength range 151® 520 nm.



138

s3

Figure A2.1 SOP trace of an emulator for a wavelenggh §om 1510 nm to 1570 nm. The path is
made up of 3000 points.

Figure A2.1 clearly shows that the SOP path changestidine hence complete
circles are not evident. Considering the fact that RB#s remain constant over a
small wavelength range to the first order [38], a sraallmay be viewed as a circle
through which the line joining the two PSPs will point thgh its centre. The line
pointing through the centre of the circle gives the coatéis of the PSP and points in
the same direction as the PMD vector. The rate athwtlie SOP changes with

frequency for any arc determines the DGD.

Suppose the SOP traces out a path on the Poincaré.splsnall section of this path
will give an arc, which if the SOP continued on the patiuld form a circle where
the centre of the circle gives the PSP and the ratbarfge with wavelength gives the
DGD. The schematic drawn in figure A2.2 shows a smalli@edf a possible path
from point A to point B traced out on a Poincaré sphierdigure A2.2 the centre of
the arc is indicated by X and the centre of the Poénsphere by O. Points D, B, X, A

all lie on the surface of the Poincaré sphere.
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O

Figure A2.2 Schematic of the resultant vectors fromrartraced out on the Poincaré
sphere from point A to point B.

The algorithm chooses three points on the arc. Timese points are used to construct
two vectors which point away from the centre point. Ketie coordinates of B, X

and A are used to make the vectotB =B-X and XA =A -X . The method of
using the three points to determine the vectors was steghby T. Gibbon [46]. The
algorithm then runs through a sequence of four steps.

1) Determining the PSP.

The cross product of vectotB =B-X an XA =A -X give a vectorC whose unit

vector gives the coordinates of the PSP.

A=C

| ol é\
X
<

Ol
I
>

2) Find the angle using the law of cosines.
The vectorDA = A - Dis found by usingi and then used to calculate the angle

DA=h-A, where ‘m‘ =DA
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a= cos’l(

(OD)* +(0A)* = (DA)* | _ __ 4 1+1-(DA)’
2(OD)(0A) - 2

3) Finding the radius r of this circle.
. r
sing =—
1

r=sina

e <o .

r

A

Figure A2.3 Arc AB traced out with a change in wavelenggettoer with the resultant angle

4) Calculatingd and then the DGD.

OA-OB=AB
2
Then@ = cos‘{l— (ABZ) j
2r
AT = A_H
Aw

This developed PSA technique determines both thB B&a function of wavelength
and also the PSP. The drawback of this techniggardeng its calculations is that it
makes the assumption that the SOPs are not deggmlafPMD does depolarize the
input SOPs to a certain extent depending on thenituale of the PMD.
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A2.2 (b) Calculation of DGD and PSP using developed PSA meith

Theoretical calculations were done using equation A2.1 hadPISA developed
algorithm. For this purpose a set of 90 SOPs were genemtadwavelength range
starting from 1510 nm to 1529.8 nm. Figure A2.4 shows all 90 3¢is on the

equator.

Figure A2.4 Theoretical test data set consisting of@P $oints (red points).

Manual calculation:

Since there are 90 points in 36@or every point moved *4are covered. If every
fifteenth point is going to be used then the point span all30 points which is
equivalent to 120 Substituting all these parameters into equation A2.gsgihe

following result.

Ar:M Ady ) 1200 (A4 =1.297x10""s
2\ Ad ) 2%180°*cl A

Algorithm calculation:
The three chosen points also shown in figure A2.4 repreddry blue stars and their

corresponding wavelengths are:
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A: (1, 0,0) and 1510 nm
X: (0.5, 0.866, 0) and 1519.9 nm
B: (-0.5, 0.866, 0) and 1529.8 nm

XA = (1, 0, 0) - (0.5, 0.866, 0) = (0.5, -0.866, 0)
XB = (-0.5, 0.866, 0) - (0.5, 0.866, 0) = (-1, 0, 0)
XA xXB =(0.5, -0.866, 0) x (-1, 0, 0) €8, + 03, +(-0.866%, = — 0.8665,

The PSP is then

fi = XA x XB/[XA x X8| = -15,

The one PSP is plotted in figure A2.4 (orange @digre its orthogonal mate should
be located at the other pole of the sphere as8@away from the PSP.

DA =(1,0,0)-(0,0,-1) = (1, 0, 1)
\ﬁ\ = DA = 1.414

a= cos‘{LzDA)zj = cosl{z—_(zéxl =1571

r = sin@) = sin(cos(0)) = 1

\E\: | (-0.5, 0.866, 0) — (1, 0, P 1.732

2
6= cos‘{l—%} =2094

Substituting this into equation 10.1 gives the D@Dbe 1.297 x 1& s, giving an

identical result for the PMD value as given by thanual calculation. The PSA
method algorithm requires a lot of computationseseling on the number of data
points recorded. The chosen number of wavelengirfS®@P data points was 6000 for
this investigation; hence a computer program wasiired to assist in making these
computations. A program based on the PSA methoatithign was developed using
LabVIEW 7.1. The program does all the computatiand yields both the DGD vs
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wavelength and PSP values. It only requires the total nuofogata points and the
specified increments to be used.
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APPENDIX 3

Research Outputs

Publications in conference proceedings

Gamatham, R. G. G., Gibbon, T. B.,, Wu, L. and Leitegh, W. R. (2007),

“Investigation of the Fixed Analyzer Technique for Polai@a Mode Dispersion
Measurements on Optical Fibres”, Southern Africa Ta@ounication Networks and
Applications Conference 2007 (SATNAC 2007).

“A Comparative Investigation of PMD Measurement Perfaroeawith a Focus on
the Fixed Analyzer Measurement Technique”, Gamatham, &.GMNu, L., Gibbon,
T. B., and Leitch, A. W. R., ALC symposium 2008 (Kariegangaeserve).

Oral presentations

“Investigation of the Fixed Analyzer Technique for Polai@a Mode Dispersion
Measurements on Optical Fibres”, Gamatham, R. GGibbon, T. B., Wu, L. and
Leitch, A. W. R., SATNAC 2007.

“A Comparative Investigation of PMD Measurement Perfaroeawith a Focus on
the Fixed Analyzer Measurement Technique”, Gamatham, &.GMNu, L., Gibbon,
T. B., and Leitch, A. W. R., ALC symposium 2008 (Kariegangaeserve).

Poster presentation

“Characterization of Polarization Mode Dispersion iBaried Optical Cable using
the Fixed Analyzer Technique”, Gamatham, R. G. G., GibdorB., Wu, L. and
Leitch, A. W. R., SAIP Annual Conference 2007. (Awardedosdcprize in the
Lasers, Optics and Spectroscopy category).
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