POLARIZATION MODE DISPERSION ANALYSIS VIA SPECTRAL

POLARIMETRY AND HIGH-ORDER CORRELATIONS

A Thesis
Submitted to the Faculty
of
Purdue University
by

Li Xu

In Partial Fulfillment of the
Requirements for the Degree
of
Master of Science in Electrical and Computer Engjimg
August 2006
Purdue University

West Lafayette, Indiana



To my mother Maorong and my husband Zhi. Thankfgowll your love and support.



ACKNOWLEDGMENTS

| would like to thank Prof. Weiner and Prof. Weld the research opportunities
and the valuable advice they provided me, Dr. Daaild for his useful suggestion and
help on the experiments, and group mates Dr. MetameAkbulut, Xiang Wang, Zhenyu
Wang and Houxun Miao for all their educational dssions.



TABLE OF CONTENTS

Page
LIST OF TABLES. ... ...ttt ettt e e e e e e e e e e e e e e e eeeatesebennnnssesnnnnns Vi
LIST OF FIGURES......cuiiiiii ittt e e e e e e e e ea e e e eees vii
LIST OF ABBREVIATIONS . .....uiiiiiiiee it e Xiii
A B S T R A T ettt a e e e e e e e e e e e aaaaeeees XV
1. INTRODUCGCTION. . ..cotttttuuuiaaaaeeeee e e e st e e eeeeaetaaasnsaa s s s e e e e aeeeaaeeeeesseeeaneeeesnes 1
2. PMD THEORY ..ottt i it e e e e e e e e e e e e 3
2.1 PMD Fundamental......... ..o e e 3
2.1.1 Polarization of Light Beam............coeiiiiiiiinieeieiiiiieeeeeiiiiiene 4
2.1.2 Birefringence in Optical Fiber......ccccccviiiiiiiiiiie 7
2.1.3 Polarization-Mode CoupliNg..ccaeeeeeeeiiiiiiiiieiiiiiiiiieeeiiiiiiinees 10
2.1.4 Principle State of Polarization...........ccccovuviiiiiiiiiiiineeeeee, 11
2.1.5 PMD VECION. .. .ot e 12
2.2 PMD in Polarization Maintaining FIberaMP)...........ccccoeiiiiiiiiiiiiiinnnns 14
2.21 0One-pieCce PMFE. ... 15
2.2.2 TWO-pIeCe PMF... .. 15
2.2.3 Three-pieCe PMF........coo e 17
2.3  Multi-input SOP Method to Measure PMD Y&#C.............cccoivniennnn. 20
3. EXPERIMENTAL SETUP ...t cemmm e s 23
3.1 Multi-SOP producer and SOP componentsaie...............ccoeevvvviviinnnnn. 24
3.2 Spatial DISPEeISION. .. ....c.itit ittt e e e e e e e e e eees 26
4. EXPERIMENT RESULTS AND DATA PROCESSIONG..........ccceiiiiiieeeeeeennn. 30
4.1 SOP MEASUIEMENL. ... .. . ittt e e e e e eeeaans 30
4.2 Data fitting and differential Size CNOWBL..........ccoeviriiiiiiiiiiiiiiee e 34
4.2.1 Data fitling.....ccoeveeiiiiiiaeeeee e 35
4.2.2 Differential size ChOOSING.......cccomiiiiiiiiiii e 37

4.2.3  SIMUIALION. .. e e e e e e e e 38



Page
4.3 PMD Vector calculation............cceemiiiiiiiiiiiii e 43
4.4 PMD Vector measurement reSuUlt........c..euuvveeiiiiiiiiinieeeeeiieeeeeeiiiiieens 44
4.4.1 Measurement of differential refnge indexAn.................occee. 45
4.4.2 0One-pieCe PMF.... ... e e, 45
4.4.3 TWOo-piece PMF...... ..o 51
4.4.4 Three-pieCe PMF.......ociii i 56
S I o U 1= [ o 58
4.5.1 Measurement effilCieNCY....cccccceeeeeeeiiiiiiiiiiicrr e 58
4.5.2 Independence on iNPUL SOP.....ccc.viviiiiiiiiiieeeeeeeeeeeeeeeeiiiiies 58
4.5.3 Inter-piXel CrosSs talk. ... oeeeeeeeiiiiiieeiiiciree e eeeeeenn 58
4.5.4 PMD measurement limitation....ccccccoeeeeeeeeeivieeeeeceicceee e 95
455 APPlICALIONS.....cci e 59

5. RESEARCH ON PMD BY HIGH-ORDER CORRELATIONS......................60

5.1 INrOAUCTION. .. ...ttt e 60
5.1.1 Stochastic propertieS Of PMDu..uvveuiiiiiiiiiieeeeiieeeeieeiiiiiiins 60
5.1.2  MOUIVALIONS....ciiiiiiiie ittt 61
5.2 PMD SIMUIALION. ...ttt 62
5.3 Second-order COrrelations. ............ccececeeeeeiiiiiiiiiiiiiiieeeeee e 64
5.3.1 Intensity of the x-direction cooment field.................covvvvnnnnnnnn. 64
5.3.2 OUtPUL PMD VECION......ccticoeeiie et e e 65
5.3.3  OULPUL SOP ...ttt 67
5.4 The Properties of the X-direction compured the Output Optical
FIEI. e ———— 69
5.4 1 SIMUIALION........cooiiiii ettt 69
5.4.2 pdf of x-direction componentdiel..............cccccoceiiiiiiiiini e 70
5.4.3 EXPEIMENT......ccoviiiiiitceeeeeeeeieiitiiiiisas e e e e e eeeeeeeeeeeeesessrennnnnennes 73
6. CONGCLUSION. .. ..ttt r e e e e e e et ren e seanes 78

REFERENCES ... 79



Vi

LIST OF TABLES

Table Page
2.1 SOPs of different Kinds..........ooouiiiiiii e 4
2.2 Stokes vectors for different SOPS.........ccoooiiiiiiiiiiiiiee e 6
4.1 Compare the PMD measurement results and tinea@®n............................ 54

5.1 The details of the PMF sections in the PMDl@bou............ccoooveveeieiiinnenn.. 75



vii

LIST OF FIGURES

Figure Page
2.1 Poincar sphere.(Adapted from [9]) .....uuiiiiiiii i 7
2.2 (a) Idealfiber (b) Internal perturbatiofc) External perturbation...... . 8
2.3 (a) decompose a SOP to an orthogonal SOP p@&iySOP on a circle on
the POINCAre SPNEIE .......uuiiiiiiiiiiiiii et e s .9
2.4 Model long fibers by concatenation of wavegsdavith birefringence axes
oriented randomly along the fiber l[ength ..o, 10
2.5 (a) output principle state of polarization forideal short fiber is the
birefringent axis and is the same for all frequencfp) output PSP
of a certain frequency for a long fiber......cciiii s 12
2.6 Concatenation rule of PMD VECLOIS......coumeeeuuiiiiiiieeeeeieeeeeeeeviiiiii e 14
2.7 (a) Concatenation of two-pieces of PMF witgla ¢ between two slow
axes. (b) Concatenation of two PMD VECOr...ueeervviiieiiiiiiiiiieeeeeeeeee, 16
2.8 the output SOP for a certain frequency chafrges A to B if the length of
one-piece PMF increases by half of its beat length...............cccocceeeeeeen. 17
2.9 (a) Concatenation of three pieces of PMF.

(b) The concatenation rule of the total PMD vedétorthree-piece PMF.
(c) The total PMD vector of three-piece PMF farestain frequency.
(d) The total PMD vector of three PMF for anotfrequency.................... 18

2.10 (a) the total PMD vector of 3-piece PMFdarertain frequency.

(b) Compare to (a), only without the rotation gem , the total DGD
remains the same with (a).
(c) Using the operations in (b), the end of t&MD vector is on

tNE CIFCIE ... 19



viii

Figure Page

2.11

2.12

3.1

3.2

3.3

3.4

3.5

3.6

3.7

4.1

4.2

4.3

The simulation result for the total DGD ofe&-piece PMF. In case 1
(solid curve), the length of each piece of PMFQsri, 80cm and 60cm,
the slow axis angle offset between the first dredsecond PMF i45° ,
and between the second and the thir80° . The beat length of the
PMF is 3.7mm. We increase the length of the se€v#& by half
of the beat length to get the case 2 (dashed curve).........ccccoeeeeevieennennnn. 20

(@) Two set of outpusSOR«) on the Poincaré sphere for two different
fixed input SOP.

(b) If the frequency increases by a small spaactiange of the output
SOP at certain frequency is orthogonal to the dUR3P of this frequency.
This also works for other output SOP sets.

(c) Extract DGD and output PSP from the out@®Ra sets.............. 21

The PMD measuremMent SEUD ......covue i eeeeeeeeiiiiiiiiiaaa e e e e e e e e e e e eeeeeeeesnneees 23

The fast axis of the FLC retarders: (a) +8lage applied.

(b) +5v voltage applied ............eiiii i 24
The truth table of the multi-SOP producCer .. ....cceeeiiiiiiiiiiiiiieeiiiis 52
The truth table for the SOP component selector.............cooovvvveiiiiiiiiinnnn. 25
The spatial diSPEersion SEIUP .........uueeeiiiiieiiiiiiiiirr e eeeeeee e 26
Light diffracted by @ grating............ceeeeiice e 27

(&) the light is diffracted by the grating.
(b) The concave lens focuses the beams on itsfoleme........................... 28

Use single frequency input to test the bea® an the CCD array. The
FWHM of the intensity is about 2 pixels, or 200um...............ccceevevviiirnnnns 31

The measurement df35° SOP for all frequencies (on Poincare sphere):
(@) before calibration. (b) After calibration.............cccccceeeeiiiiiinneeennn. 32

The output SOP measurement result for a §MR without PMD.
(@) The intensity of four SOP components vs. CG&Imumber.
(b) The output SOP on the Poincare SPhere e ooeeeeeeeeeeeiieieiiiiiiinnnnn. 32



Figure

4.4

4.5

4.6

4.7

4.8

Page

The output SOP measurement of one-piece PMF38.9cm length.
(@) The intensity of four SOP components vs. CG@lpnumber.
(b) the output SOP traces a circle on the Poingginére.
(c) Zoom in the output SOP on the Poincare sptwesee the differential
S @ Y= Tod (0] /AN @ = 33

The output SOP measurement of one-piece PM38i9cm length.
(@) the output SOP traces a small circle on thedace sphere.
(b) Zoom in the output SOP on the Poincare sptoesee the
differential SOP VECIAESOP .........cooviiiiiiiie e 34

(a) fit a polynomial of degree 1 to data.
(b) fit a polynomial of degree 1 to every 4 conbns points ............cce....... 35

Use two angles to express SOP. (a) Angleand & of a certain SOP.
(b) The relation betweerg, 6 and Stokes vector...........ccccceeeveiiiiiiinl) 63

Apply data fitting to angleg and & respectively. The points are
measured SOP on the Poincaré sphere, and bladck isuthve fitting curve..37

4.9 ASORw, )for different differential Sizes.............ooeeeeiiiiiiiiiiiiiiiiiee 37

4.10

411

412

The effect of data fitting and differentiddeschoosing on PSP

calculation. The size of the noise addedtror = . 0:Be points on a

circle are the theoretical PSPs. Others are fronDRilIculation.

(&) no data fitting, smallest differential siZ\c. (M=2).

(b) with data fitting (N=10), smallest differertsize 2Ac (M=2).

(c) No data fitting, differential sizd0Ac. (M=10).

(d) The PSP error parameter D (°) of (a), (D) LC)eevvvvrrrrmmiiiiiiiiiieeeeenee. 39

PSP calculated from output SOP with no error.
(a)N=10, and M=2 (smallest differential size).
(b)no data fitting, M=10...........ccovrriiiiiimeeeeeiin e e 40

PlOt OFf D' VS, BITOF oeeeeeeeee e e e e e e e e e e eaae eeeeaea e e e e e e e e e e e eaias 41



Figure Page

4.13 PSP calculated from measured output SOPfidéreunder test and
frequency span as well as the sample numbers sathe with those
in the simulation.
(a) No data fitting and smallest differential sigd=2).
(b) N=10, M=2.
(c) No data fitting and M=10.
(d)N=10 and M=2 (PSP in (b) and (c) are also ptbitethis figure)............ 42

4.14 The componens, of output SOP Stokes vectds;,s,,S; Vs.

WAVEIBNGLN. ... e 45
4.15 (a) Output SOP measured. (b)Output SOP @dtter fitting. (N=10).............. 46
4.16 PMD calculated from fitting data (N=10) wdliferential sizAc .

(B)PSP (D) DGD... .ooeiiiiiieieeiee e 47
4.17 PMD calculated from fitting data (N=10) witdrger differential size

(LOAG ). (B)PSP (D) DGD.... ceeeiiiiiiiiieee et 48
4.18 Output PSP for one-piece PMF with length 40.9cm

(a) measured output SOP (b) Output SOP after @¢ateyf(N=10)............... 48
4.19 PMD calculated from fitting data (N=10). (8P (b) DGD. .........ceeeeeeeenn.. 49
4.20 PMD calculated from fitting data (N=10) witdrger differential size

(LOAG ). (B)PSP (D) DGD.....uuiiiiiiiiiiiiiiieeeeee e ceeee e e e e e e 49
4.21 PMD calculated from fitting data (N=10). (8P (b) DGD..........cccceeeeeeeennnn. 50

4.22 PMD calculated from fitting data (N=10) witdrger differential size
(10A@ ). (B)PSP (D) DGD....ccoeeiiiiiiiiiiieeeee e eevvraee s 51

4.23 (a) the PMD concatenation rule.(b)output PSRrequency for two
piece PMF traces a circle on the Poincare sphete..........ccccceeeeeeeeeennee, 51

4.24 PMD vector measurement for PMF No.3 (70cm#v)0c
(B)PSP (D) DGD. ...ttt 54

4.25 PMD vector measurement for fiber No 1~Noay RSP (b)DGD. ................ 55

426 PSP measurement result for Fiber No.1 an@8.NO........ccoovvviiiiiiiiiiee 55



5.1

Xi

Figure Page
4.27 Result for three-piece PMF
(a)measured output SOP (b) output PSP (C) DGD.cceceev oo, 57
The statistical properties of PMD vector estied from simulation................ 63

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

(a)x-direction component intensity spectrum f0A7 >= 3ps,6ps
respectively.
(b)Second-order correlation of the x-direction comgnt field intensity for
< AT >=1PS,3PS,6PSIESPECHVEIY. ..ot eeeeaeeees 65

Figure 5.3 The second-order correlations.

(@) <r(wr(w+Aw)>(1,is the component of the PMD vector in stokes
space)

(b) <7(a)*T(w+Aw)> (the second-order correlation on the dot product

of PMD vectors.)
(c) simulation and theoretical result fer 7(«)* 7(w + Ac) >

(d) the fluctuationsonthe base. ..................coiiiiiiiiiiii ... .66

The second-order correlations.

(@) <§(w)S(w+Aw) > (Sisthe component of the SOP vector in stokes
space)

(b) < é(a))- é(a)+ Aw) > (the second-order correlation on the dot product
of SOP vectors.)

(c) Simulation and theoretical result foé(a))- é(a)+ JAN7Y) 1R 68

Simulation on the properties of the outpuirection component field.
(a) pdf of the fieldP,(x),x = E,orE,

(b) pdf of the intensity? (1)
(c) pdf of the phas@, (8 .).... ..ccooiieii e 70

(x,y) is distributed in the unit CIrCle.....c....oooeoviiiiiiiiii e, 71

pdf of the field. (The dot and square are ftbmsimulation, the solid line
IS from the derivation.)............ouuuuiiiii e 72

The intensity of x-direction component fiel@asurement setup. ................... 73

PIMD @MUIAEOT. ...t e e e et e e e e e aa e aeneanens 74



Xii
Figure Page
5.10 Simulation on the emulator
(a)one output SOP trajectory
(b)twenty output SOP trajeCtories...........vcccecceevvviiieeeeeeiiiiieeeeeeeiiiineeeeeenn 0 7
5.11 The intensity spectrum of the output x-diectomponent field (The
blue solid curve and red dashed curve are measautsiiwe two different
EMUIALON STALES).. .oii it me e e e e e e e e e e e e e e eeeeeeeebbnnnnnees 76

5.12 The histogram of the output x-direction comgrat intensity........................ 77

5.13 The second-order correlation of the x-dimttomponent output field
11T 0 IS /TR 77



ASE
BER
CCD
DGD
DUT
FLC
FUT
FWHM
HWP
LHC
JME
MMM
OSA
PC
pdf
PDL
PMD

PSP

LIST OF ABBREVIATIONS

Amplified Spontaneous Emission
Bit Error Rate

Charge Coupled Device
Differential Group Delay
Device Under Test
Ferroelectric Liquid-Crystal
Fiber Under Test

Full Width at Half Maximum
Half Wave Plate

Left-Hand Circular

Jones Matrix Eigenanalysis
Muller Matrix Method

Optical spectrum Analyzer
Polarization Controller
Probability Density Function
Polarization Dependent Loss
Polarization Mode Dispersion

Principle State of Polarization

Xiii



PMF
QWP
RHC
rms
SMF
SOP

WDM

Polarization Maintaining Fiber
Quarter Wave Plate
Right-Hand Circular

Root Mean Square

Single Mode Fiber

State of Polarization

Wavelength Division Multiplexing

Xiv



XV

ABSTRACT

Xu, Li, M.S.E.C.E., Purdue University, August B00 Polarization Mode Dispersion
Analysis via Spectral Polarimetry and High-Orderr@ations. Major Professors:
Andrew M. Weiner and Kevin J. Webb.

Polarization Mode Dispersion (PMD) is a fundamemaénomenon that limits the
bandwidth of high-speed optical fiber communicatsystems. It arises from the residual
birefringence of the optical fiber and the randonemtation of the birefringence axes.
PMD causes a differential group delay between whffe polarizations. If the delay is
comparable to a significant fraction of the bitipdy adjacent bits may overlap, leading to
an increase in bit error rate and decrease inmsyg&formance.

PMD monitoring is essential in PMD mitigation andngpensation schemes for
improving system performance. PMD is fully desedbby the PMD vector as a
function of frequency. In our work, we demonstrateefficient scheme to measure this
vector. We use fast switching ferroelectric liquidystals functioning as variable
retarders to produce multiple input states of poddion (SOP), and measure the output
SOP with our fast wavelength-parallel polarimetefhen, we calculate the PMD vector
from the differential output SOP vector. This teicjue allows PMD monitoring on a
millisecond scale.

In the second part of this thesis, we demonstradatstical study of PMD. The
stochastic nature of PMD arises from the changenwironmental factors such as fiber
stress and temperature variations. Here, we igastto study PMD statistics by
second order and third order frequency correlatant extract post-PMD signal phase.
Our simulations show that the second order coroglabn the output SOP or PSP
contains the information on the mean differentiaup delay. From both simulation
and experimental results we study the propertiehefoutput optical filed and show
that an arbitrary component (for example, x-di@ttcomponent) of the output optical
field is not zero-mean circular complex Gaussiastriiuted. Based on this, we
conclude that that we cannot obtain phase of ttemgity temporal response from third-
order correlation on the field intensity of a certeomponent.



1. INTRODUCTION

Polarization mode dispersion (PMD) in optical fibkas become an important
limitation in the high-capacity and long-haul oplicommunication systems. Usually the
mean differential group delay (DGD) less than amlt of the bit period is allowed. For
modern low PMD fibers, the mean DGD coefficientless than O.lps/\/Wn, which
means that it only allows 5~10 Gb/s over transocedistances (up to 10,000 km) [1].
With the explosive development of current internethnique and the information
exchange among personal computers, it is a musbrgpensate PMD and gain higher
capacity in the optical communication systems. Khewledge of PMD has become a
key issue in the design of the systems. In thisitheve study PMD via a spectral
polarimetry and high-order correlations.

In our work, we develop a scheme to measure thanteneous PMD vector as a
function of frequency, which fully describe PMD,ing our fast wavelength-parallel
polarimeter [2]. In this scheme, we produce foufedent input states of polarization
(SOP) (each time the SOP is fixed for all frequegkto the device under test by the fast
switching ferroelectric liquid crystal cells, andeasure the four output SOP sets. The
PMD vector is calculated from the output SOP s8ts4]. This method measures 128
frequencies in parallel in a milliseconds scalerddwer, the measurement is independent
of the input SOP, unlike JME method [5], which givié potential to be applied in the
long-haul optical fiber communication systems. didiion to the measurement scheme,
we also perform PMD simulations and investigate stady PMD by high-order
correlations. We show that second-order correlatioseveral output parameters, such as
x-direction component field intensity, output PMBctor, and output SOP, contains the
information of mean DGD. We also study the propsrtof the output x-direction
component optical field. From these properties, esnclude that the third-order
correlation [6, 7] on the x-direction component tbk output optical field intensity
doesn't give the phase of the intensity temporsphoase.

This thesis includes 6 chapters. Except for theodhiction in chapter 1, firstly we
introduce the basic PMD theory in chapter 2, inclgdPMD fundamentals (the
polarization of light beam, the birefringence irtiogl fiber, polarization mode coupling,



and the PMD vector), PMD in polarization maintagnifiber (PMF) (1-piece, 2-piece,
and 3-piece PMF), and our PMD vector measuremerthade Then in chapter 3, we
introduce our experimental setup for PMD vector sse@ment. The measurement result
and the data processing details are shown in ahdpta chapter 5, we use second-order
correlations on the output x-direction componentensity, output SOP (State of
Polarization), and output PMD vector to study PMDsimulation. We also investigate
and find that the third-order correlation on thdisection field intensity does not give the
phase of the temporal intensity response. Finafty,chapter 6, we make a short
conclusion of this thesis.



2. PMD THEORY

The PMD basics are introduced in section 2.1, sholg polarization states of light
beam, the two origins of PMD in optical fiber (dimegence and polarization mode
coupling), the concept of principle state of paation, and the PMD vector. We discuss
in section 2.2 the PMD vector of PMF sections (@epi 2-piece and 3-peice), which are
chosen to be the device under test (DUT) in ouregrpent. The PMD measurement
fundamentals of our scheme are introduced in se&id.

2.1 PMD Fundamental

The polarization state is an important parametelight beams. A device can
change this polarization state. People use twoermifit methods to describe the
polarization state and the effect of a device ianging polarizations: Jones calculus
( Jones vector and Jones matrix), and Stokes gfaokes vector and Muller matrix)[8].
The details are shown in section 2.1.1. In opfiikedr, the existence of the birefringence
makes the two polarizations of the light beam Itiseir degeneracy in propagation
constant, and thus cause the differential groupaydg]DGD) between different
polarization states. Section 2.1.2 discusses ttedrinigence in optical fiber and its effect
on polarization. Polarization mode coupling is &eotcause of polarization mode
dispersion, as shown in section 2.1.3. This cogpiagether with birefringence make the
PMD complicated in long fibers. However, the coroafpprinciple state of polarization
describes the PMD in a simple way. This importamtoept is introduced in section 2.1.4.
People use PMD vector as a function of frequertcidally describe PMD. Section 2.1.5
discusses the properties of PMD vector.



2.1.1 Polarization of Light Beam

As the light beam propagates in the z directioa,dlectric field, which lies in the
x-y plane, can be viewed as the superposition ofdvthogonal linearly polarized fields:
x and y components. In time domain, for any poirgpace, the electric field is [8]:
E(t)=a,E,,cost +¢)+a E coset+q) 2.1)
In the above equationE,, and E, are the amplitudes of the x and y
component respectively, whilgg, and ¢, are the phase of these two components. We

can see that the electric field varies with timet the variations are different due to the

difference in amplitudes and phases of the comgsnélle use State of Polarization
(SOP) to name this variation. In the case ¢,, the field direction, which is determined

by the ratio of E,, andE , is constant, and we get linear polarization. the

yo !
casey, # ¢,, we get elliptical polarization, which means tife¢ end of the electric field
vector evolves on an ellipse in the x-y plane withe. Ifg, >g,, the ellipse is left-

handed, which means the evolution is counter-cldckise, while ifg, < ¢,, the ellipse is
right-handed, which means the evolution is cloclsewi(We always assume that the

observer looks towards the propagation directiotheflight.) Table 2.1 summarizes the
SOPs in different cases.

Table 2.1
SOPs of different kinds
condition @ =9, @ >4 @<,
SOP linear polarization, Left-handed Right-handed
_Eyp elliptical elliptical
tand =—=, polarization. polarization.
X0
(@ is the field 7 P
direction from +x | If g =@ +—- and| If ¢, =g+~ and
axis) 2 2.
E, = E,, Left- E,, = E,,, Right-
hand circular (LHC)| hand circular (RHC)

Jones calculus is a simple and clear way to des&MP and the media where the
light propagate and its SOP evolves. Jones cladaklades 1x 2 Jones vectors which
describe the SOP, andx 2Jones matrices which describe the media. In Joalesluas,
the electirc field of a certain SOP is written as:



= |7 i,
v] [ Ev® 2.2)
If we normalize the Jones vector, all the SOP eaawlhtten as:
cos?d 2.3)
singxe/® % '

The normalized Jones vector for horizontaly andieaty linear polarization and the
right-hand and left-hand circular polarization are:

B

If the two SOPsSE, and E, are orthogonal, this means these two Jones veatisfies:
Dot(E,,E,) =0, whereE, is the conjugate ofE,. Obviously, Horizontal linear

polarization and vertical linear polarization, Rld@d LHC are two orthogonal pairs. Any
SOP can be decomposed to the combination of tvimgoinal SOP pairs.

When the light propagate in a media, its SOP ewlWe use Jones matrix to
describe how this media changes the input SORetoutput SOP. The relationshiop is :

{Exout:| — |:'J11 ‘]12:||: E><in }
Eyout NPYRRUPY = (2.5)

J J
where J :[ 1 12}5 Jones Matrix. For example, here we introducedimple but
21 22

frequently used Jones matrix. One is for the retafor waveplate) which has the fast

axis at x axis:
R@p=®" 9%,
0 e?

it retard the phase of y field component gy The other one is for rotating the

coordinates by anglé relative to the +x axis:

S(6) = co.sé? sin@
-sin@ cosd

For a complicated or composite optical device, &b s Jones matrix, we can just
multiply the Jones matrix of the simple operationghe individual elements in order. In

a system with no loss, the Jones matrix can belgieypressed as the products of the
Jones matrix for retarders and axis rotations.



Similar to Jones calculus, stokes vector and Muthatrix in stokes space is
another way to describe SOP and the media. Stokeasmeters §,s,s,,s;) are
measurable parameters [9,18]:

SO=|O+I90=|45+|135: IRHC-'-ILHC =E30+E50
Slzlo_lgozEfo_Eio

S, Tlys—lis = 2ExOEyO Cos@y _(ox)

S; = lruc —ine =2Ex0EyOSin(¢y _(ox) (2.6)
where |, is the intensity of the horizontal component, ahé meaning ofl,,,
| s 11350 | re @Nd 1, are similar. The stokes vector is the normalizatbrhe vector
(s,s,,s;). This vector is always plotted on the unit sphiarewn as Poincaré sphere in
3-D space. By this tool, SOP can be visualized emaveniently analyzed. Figure 2.1
shows the SOPs denoted by different points on Ra@nsphere. (In this figure, thes;+
axis points downward, but in the rest part of tiissis, we choose this axis upward.)
Table 2.2 shows the stokes vetor for some speQ@&IsS

Table 2.2
Stokes vectors for different SOPs

(58,8, SoP
(1, 0, ® Horizontal linear polarization
(—1, 0, O Vertical linear polarization
0, 1, ® 45 degree linear polarization
(0, —1, O 135 degree linear polarization
(0, 0, L Right-hand circular polarization
(0, 0, —1 Left-hand circular polarization
s;=0 Linear polarization
;<0 Left-hand elliptical polarization
s;>0 Right-hand elliptical polarization




Figure 2.1 Poincare sphere. (Adapted from [9])

On the Poincare sphere, all the linear polarizatimon the equator. The north pole and
the south pole are LHC and RHC respectively. SOQPdedt-hand elliptical on the north
of the sphere, and right-hand elliptical on thetso&very pair of orthogonal SOPs are
the two points symmetric about the center of theesp.

In stokes space, 8% natrix called Muller matrix describe the media’teet on
the SOP evolution.

Jones calculus and the stokes vector have theiramivantage comparing to each
other. Jones vector and matrix are smaller in sapel, they describe the field directly.
However, Jones vector can only describe polariagt,|while stokes vector can also
describe partially polarized light and unpolariziggit. Moreover, visualization is also an
advantage of stokes space.

2.1.2 Birefringencein Optical Fibers

In optical fiber communication systems, although eal the optical fiber as
single mode fiber (SMF), there actually exist twethogonally polarized HE11l
modes[10,11]. If the fiber has not only perfectfynsnetric core and cladding geometry
but also perfectly isotropic material (as showrFigure 2.2 (a)), these two modes have
the same group delay. However, in the real wonanmeetry of the fibers is broken
according to the internal perturbation and/or th@emmal perturbation. So that the
degeneracy of the two orthogonally polarized maddsoken: birefringence exists, or in
other words the phase and group velocities ofwlrerhodes are different.



The internal perturbation comes from the manufawguprocess and has two
kinds [1]. One kind is that the core is ellipti¢as shown in Figure 2.2 (b)). In this case,
geometric birefringence arises and the two HE11 emodave different propagation
constants. The other kind is that though the cereiicular, there exist asymmetric
internal stress (as shown in Figure 2.2 (c)), wiuahses the material density difference,
and thus the difference of the propagation consthtite two modes.

The external perturbation [1,10] (as shown in Feg@r2 (c)) includes Lateral
stress, bending, and twist. The first two have #milar effects as the internal
asymmetric stress, so they cause linear birefriogdyy introducing material density
difference. Unlike all the other perturbation,diltwist creates circular birefringence.
We only discuss linear birefringence in this thesis

O

. elliptical core asymmetric stress
core cladding

(a) Ideal fiber (b) Internal perturbation

:@: 2 @

Lateral Stress Bend Twist

(c) External perturbation

Figure 2.2 (@) Ideal fiber (b) Internal perturbatic) External perturbation

The birefringence of single mode fibers is on thgeo of 10™° ~107 [1,10], which

is small compared to the refractive index of therecq~1.5), but in the long
communication optical fiber it can cause largeatdéhtial group delay between fast mode
and slow mode compare to the pulse width of opsgghal. The perturbation on single
mode fiber is randomly distributed along the lendtieally, in a short section of single
mode fiber, the birefringence can be consideretbtmi In this case, it can be viewed as
a wave plate. The slow mode and the fast mode ki#ference in the propagation
constant:

_ _ang N o _ aAn
Aﬂ_ﬁslow_ﬁfast - gow - C - c

2.7)




Where c is the speed of lighte is the angular frequency of light, and,,,,and n.,,

are the effective refractive index of the slow meael the fast mode respectively. If the
input wave is linearly polarized along the birefigmce axis, only one mode is excited,
and the SOP is maintained along the length of ittex.f Otherwise, both of the fast and
slow modes are excited, and the input SOP is decsetpto the two modes which are
orthogonal. As shown in Figure 2.3 (a):

ast mode P

slow/mode

(b)
Figure 2.3 (a) decompose a SOP to an orthogonBl [&@. (b)SOP on a circle on the
Poincaré sphere.

Point A and point B denote the two orthogonal mo8€&¥1 and SOP2 on Poincaré

sphere, and they are symmetric about the spherercdPoint C denotes an arbitrary

SOP3. If we project C on the section AB, and cunib two sections with length,
2

a _|

andl,. We get this relatiorE, = a,e'E, +a,e’”E,, and -4 =2, where the Jones
1

vector of SOP3 is written as the combination of thithogonal pair. The intensity ratio of
each components is determined by the ratio lof and,. With fixed intensity ratio, if
the phase difference of the two components chai®@B3 evolves on a circle, as shown
in Figure 2.3 (b). We know that as the two excitedde propagate along the fiber, the
phase difference between them increases whilentieasity ratio remains the same. So
the SOP evolves on the circle with line AB as ksand return to its original SOP after
a length named “Beat Length”[10] along the fiber.
The beat length is:
L, = 2n _2n _ A

Bow™Brs  ¢N/C AN
For 1550nm wavelength afd ~107, the beat length is-15m, and for polarization
maintaining fiber (PMF) witihn ~ 4x10™ , the beat length is about 3mm.

(2.8)
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If the input SOP is fixed, but the light frequen@yies, the output SOP for a fixed
length short fiber evolves in a similar way. In ttese that only one mode is excited, then
the output SOP from this ideal short birefringen@ntains the same with the input SOP
for all frequencies. While when two modes are @dithe output SOP traces the circle
on the Poincaré sphere surface as the frequenaried. The circle also has line AB as
its axis.

For this ideal short fiber, considering the twodes in time domain, there is
differential group delay (DGD)A7 between them. The birefringence is considered
uniform along the fiber length, and the DGD is mrdjnal to the fiber length. Naturally,
the polarization mode dispersion (PMD) is usualigiracterized as:

At _dB,, 9Bus _ d ,Anw, An  wdAn
S e (29)
Where the first term is independent of frequencg #re second term is the dispersion

of An. In this thesis, we ignore the second term insbeulation.

2.1.3 Polarization-Mode Coupling

In the short length of single mode fiber, where gregturbation is considered
uniform, the DGD is deterministic. However, in thieng-haul optical fiber
communication system, the perturbation on fiberaisdom. Not only the scale of the
birefringence is not uniform, but also the axeghs birefringence are random. These
random axes cause polarization mode coupling. Tow and fast polarization modes
from one segment are both decomposed to the slowiaah mode in the next segment.
People use the concatenation of wave plates wittlora oriented birefringence axes to
model this long fiber[10]. As shown in Figure 2.4.

DO OO

Fiber
axes )

h'd

N waveplates

Figure 2.4 Model long fibers by concatenation afre plates with birefringence axes
oriented randomly along the fiber length.
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In such a long fiber, DGD does not accumulate lilyeaith fiber length. The
perturbation on fiber can be affected by the emrrent temperature and the stress added,
so the DGD changes randomly with these factorsst&istics is needed to analyze PMD
in long fiber. The average DGD of a long fiber iogortional to the square root of the
fiber length [12].

214 Principle State of Polarization

In time domain, when pulse propagates along a fdvey, it has random mode
coupling as the birefringence axes changes. Theemglits at every axis change and thus
become complicated. In frequency domain, the outpOP for different frequencies
traces an irregular trajectory on Poincare spherd986, Poole and Wagner developed
the Principle States Model for long fibers [13]clitaracterizes PMD both in time domain
and frequency domain. In time domain, when peagimd¢h the signal of different SOP
into the long fiber which has PMD much smaller thitwe pulse width and has no
polarization dependent loss (PDL), there exist ntbogonal launch SOP so that the bit-
error rate are minimum. In these two cases, theegudre undistorted, and are the slowest
and the fasted pulses of the entire different S@Bached. These two SOP is called
principle state of polarization (PSP). In frequemimmain, input PSP is defined as the
input SOP such that the output SOP is independeint@uency over a small span to the
first order. The corresponding output SOP is catlatbut PSP. Without PDL in system,
the input PSPs and output PSPs are two orthoganal @he output PSP is related to the

input PSP by the transmission matrix of the fiber.Jones calculus, the relation is
E,..(w) = JE, (w) . In stokes space, the relation is:

S (@) = R(@) S, (w) (2.10)

For ideal short fibers, the PSPs are just the tigénce axes. As shown in Figure
2.5(a). The output PSP is the same for all theueagy. For a fixed input SOP, the output
SOPs for different frequencies are on a circle ihaymmetric about the birefringent axis.
Though for long fibers, with a fixed input SOP thetput SOP for different frequencies
traces an irregular trajectory rather than a cincoh Poincaré sphere, but within a small
frequency span centered at certain frequency, @R S approximately on an arc which
is a part of the circle symmetric about the PSPtlics certain frequency . As shown in
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Figure 2.5(b), for a certain frequenay and a small spah, SOP(a)l—A—Za) and

SORw, +A_2a) are approximately on the circle symmetric allRSRw) .

S
SORa - 2%
PSP(,)
SO A
dg R SOR@ + )
’Ss,
s SOR«)

(b)

Figure 2.5 (@) output principle state of polaiizatfor an ideal short fiber is the
birefringent axis and is the same for all frequerfby output PSP of a certain frequency
for a long fiber.

Assume that the angle of the arc betwe@@P(wl—%) and SORw +A7C°) is dg,

then the DGD between the two orthogonal PSP otigaqy «j is:
I(w) = ‘%}‘ (2.11)

2.1.5. PMD Vector

In Principal States Model, PSP and DGD are the key parameters to
characterize PMD. We use PMD vector to combine these two parameters together
[10]. This vector is a vector in stokes space.ditection is the slower PSP, and its
magnitude is the DGD between the two PSP. Thatidazp, where Aris DGD and
pis slower PSP. Correspondingly, the other PSPfaister PSP, is p. If we choose the

output PSP as the direction, then we get the olRMID vector, and if we choose input
PSP, we get the input PMD vector. They are relbted’,, = R7,, .

ut
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PMD vector also has mathematical definition. Ecurat?.10 gives the relation
between the input SOP and the output SOP. If tipaitirlSOP is fixed for different
frequencies, after differentiate both side of #asiation, we get [10]:

dS,..(4) _ dR()

2.12
dw dw Sh (2.12)
Using Equation 2.10, we can replace the input SQPgat:
BBule) _ IR g0y, (0) (2.13)
dw dw

In the Equation 2.13,0“3% R*(w) can be replaced lya)*, and we get [10]:

95u@) _ (xS (@) (2.14)
dw

Where 7(« )s the PMD vector at frequenay. This equation gives the mathematical

definition of PMD vector. The PMD vector describesw the output SOP precesses

around the PSP as the frequency varies given xkd fnput SOP. The relative direction
of S, (w)and 7(« ) determine the local radius of the trajectory, &mel magnitude of

PMD vector, or the DGDA7T between two PSPs determine the rate of the pliegest
S,i(w) around’ (. ) The relation ig = AAa, where ¢ is the rotation angle. If the

S.i(w) is aligned with 7(a Jor-7(a), then%:o, and the output SOP is

frequency independent.

PMD vector is a function of optical angular freqaenif we apply Taylor-series
expansion on PMD vector around the carrier frequeagwith spama, we get [14]:
T(w) =T(w) +MAC¢)+...
dw (2.15)
We call the first term as the first order PMD, #seond term the second order PMD, and

etc. If the bandwidthA« is small enough so that the second order and higiaer

PMD can be ignored, then the PMD vector is considiéo be constant in this range. We

call this bandwidth as PMD vector bandwidthe,,, which is estimated as [10]:
n 1

Aw,  =——

P 4(ar)

(2.16)
Where (A7) is the mean DGD for the fiber.

PMD vector concatenation rule is a powerful rwedetermine the total PMD

vector of concatenated elements concatenation WieRPMD vector for each element is
known. For concatenation of two elements with outplMD vector 7, and 7,

respectively, the total output PMD vector is [18]:1
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7(w) = T2(w) + R, (@) T1() (2.16)

Where R,(w) is the transmission matrix of the second elem&rgure 2.6 gives a
simple interpretation. Furthermore, if we applystleiquation repeatedly, we can get the
total PMD vector for the concatenation of more thaa elements.

Similarly, there is also a concatenation rulef@ihput PMD vector:

Tin(@) = Tun (@) + R () " T2n (@)

where ;'ﬁn(a)) and ;Zin(a)) is the input PMD vector of the first and the settefement
repectively, R (w)is the transmission matrix of the first element.

The relation between the output PMD vector andrtpat PMD vector is:

7(@) = Ry(WR (&) Tin(c9)

7, T, R(w) 1,
Figure 2.6 Concatenation rule of PMD vectors
2.2.  PMD in polarization maintaining fiber (PMF)

For regular single mode fiber, the differentialraetive index An is~10", and
even if there is no mode coupling to reduce them@&D, the 3000-meter long fiber
only has 1ps mean DGD. However, for polarizationmaaning fiber (PMF), higher
differential refractive index is intentionally imsluced in the manufacture process. The
differential refractive index of PMBn is~10™. So only 3 meter such PMF can have
1ps mean DGD. In our PMD vector measurement exggrinwe choose PMF as device
under test (DUT), because in this case we don'd iddF of very long length, and thus
we can measure the fiber length and splice the fibeded more easily and accurately.

In our experiment, we test three kind of PMF: ormeep PMF, concatenation of
two-piece PMF, and concatenation of three-piece Pafid measure their output PMD
vectors.
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221. OnepiecePMF

One-piece PMF is modeled by a wave plate. For edfimput SOP for all the
frequencies, the output SOP traces a circle oPtiecare sphere as the frequency varies.
This circle is symmetric about the slow axis of #MF. If the length of this one-piece
PMF isl and the differential refractive index4s, then the frequency spafic within
which the output SOP traces exactly one circlesBas:

Aatnl _ o, (2.17)
o
From this equation we know that this frequency span
w=2% (2.18)
|An

The PMD vector of this one-piece PMF is the same @l the
frequenciest = A1p. The direction of the PMD vector or the PBR the slow axis, and

for all the frequencies it is one point on the lRane sphere. The DGIAT satisfies:
0¢, (<) =04,(¢) _(~en,))=(-anJ) _1an
ow C o

AT = (2.19)

22.2. Two-piece PMF

The PMD vector of the concatenation of two pieceBMF can be obtained from

the concatenation rule. As shown in Figure 2.7w@&)splice two pieces of PMF together.
The length of them id,and |, respectively, and the angle between two slow agés i

From the concatenation rulé(w)= ;z(a))+R2(a));1(w , Jirstly we rotate the PMD

vector of the first PMF by the rotation matrix dietsecond PMF, and then add it to the
PMD vector of the second PMF so that we get thal 8eMD vector. By applying the

rotation matrix of the second PMF, the first PMDctee is rotated around the second
PMD vector. As shown in Figure 2.7 (b), the rotatimatrix R,is different as the

frequency varies, as a resBjf;, traces on the circleC, for different frequencies. After
adding R,7, toT,, we get the total PMD vector, which traces ondineleC,.
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(@) (b)

Figure 2.7 (a) Concatenation of two pieces of PMifRangle 8 between two slow axes.
(b) Concatenation of two PMD vectors.

The PMD vector of two-piece PMF has the followingerties:

1. PSP for all frequency in a certain span on Poinsph&re is on a circle. This
is similar to how the output SOP traces arounddlog axis in one-piece
PMF. The spanAa with which the PSP traces exactly one circle also

satisfies Equation (2.16), and it i&w= 27C .
Anl,
T,
2. The radius of this PSP circle is determined A’?)yndH. As shown in Figure
Z-2

T,
2.7 (b). For example, if26 =90, then the larger 'f|
T

|, the larger is the
2

radius.
3. DGD is the same for all the frequency, becauseatigde betweeR,7; and
7, remains the same for all the frequencies.

Except for the above properties, there is anothe mteresting phenomena
caused by the rotation matriR, of the second PMF, and it should be consideredun o
PMD vector measurement experiment. We know that,ofee-piece PMF, if the input
SOP of a certain frequency is not aligned with bivefringent axes, the SOP evolves
repeatedly along the fiber length. The beat lengith which the SOP returns to itself, is
about 3mm witthn~4x10™. This means that the rotation matrix of one-pi€ddF
changes repeatedly with length of the PMF, andrmetoi itself with the increase of one
beat length. Therefore, if the length differenca isaction of beat length, even as small
as 1mm, the rotation matr, changes in an obvious way. As shown in Figurei\ge
assume that the SOP along the length of one-piédeM¥ evolves on a circle on
Poincaré sphere, with one more half of the beajtkerthe SOP can be rotated from point
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A to point B by the rotation matrix. Unfortunateiyy our lab, the measurement error

is~Immwhen measuring the length of one-piece PMF. Assalt, we don’t know the
exact location of R,7; for a certain frequency on the circlg, (Figure 2.7 (b)), and thus

neither exact location of’ on circleC,. However, we are still confident theR,7, for

all frequency is on circl€,;, and 7 is on circleC,.
S

Figure 2.8 the output SOP for a certain frequem@nges from A to B if the length of
one-piece PMF increases by half of its beat length.

2.23. Threepiece PMF

The PMD vector of the concatenation of three-pidddF is much more
complicated than two-piece PMF. Figure 2.9 (a) shtlwe concatenation of three-piece
PMF, and Figure 2.9 (b) shows the concatenatiom o@ithe total PMD vector. We can
see that the total PMD vectar is determined by the PMD vector of each PMF, the

rotation matrix of the second, and the third PMEnk the concatenation rule for two-
piece PMF, we know that the total PMD vectdi(w 0J the first two-piece PMF is on

the circleC,with different location for different frequency. &h this PMD vector is

rotated by the rotation matrix of the third PMF ahdn added to the PMD vector of the
third piece PMF to get the total PMD vector. Foammple, (as shown in Figure 2.9 (c)),
for a certain frequenay, the total PMD vectorT («j )of the first two-piece PMF,
whose end is on the circl€,, is rotated by the rotation matriR,(«y 0 the third PMF
and added to the PMD vectati, to get the total PMD vector («)) of three-piece PMF.
However, the total PMD vector (w,) varies much for frequeney,, as shown in Figure

2.9 (d).
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| I , @ l, R R . R
TRV T RO R, T(@) =T+ R(@)(T2+ Ry(@) 1)
ot U2 g8 ) -

I, T, r, | I (w)
(b)

Ry (w,)T (w,)
(c)

R; (w,)T (w,)

(d)

Figure 2.9 (a) Concatenation of three pieces of PFThe concatenation rule of the
total PMD vector for three-piece PMF. (c) The t&®MD vector of three-piece PMF for a
certain frequency. (d) The total PMD vector of thRMF for another frequency.

Though the total PMD vector (w, Yf the first two PMF has the same length
with 7 (ay), the end of this vector is at different location e circle C, due to the
frequency dependence of rotation maRjXw). The rotation matrix of the third PMF
R,(w,) for frequency w, also rotates? («w, in a different way. As a result, the total

PMD vector T varies with frequency in a complicated way, esgécithe direction of
the vector.
However, the length of the total PMD is a peridiection:
T (w+Aw)| =|T(w) (2.20)
2ic
Anl,

whereAw=

. This can be easily understood by Figure 2.10:
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—rp

3
(©)
Figure 2.10 (a) the total PMD vector of 3-piece PidFa certain frequency. (b)

Compare to (a), only without the rotation operatidime total DGD remains the same
with (a). (c)Using the operations in (b), the efidotal PMD vector is on the circle.

Figure 2.10 (a) shows that the end of total PMDtated of the first two PMF lies on
the circle C,, and for a certain frequenay, the angle betweer («, #nd 7, (the

PMD vector of the third PMD) isf,. Apply the rotation matrixR,(c On 7 (« ), the
angle betweenR,(«w)7 (e, Jand 7, is still §,. Since the rotation doesn't change the
length of 7 either, we can get this equation:

7] =|Ry(@)7 (&) + 7,00 = |7 (&) + 75 () (2.21)
This equation means that, if we omit the rotatiperationR,, as shown in Figure 2.10

(b), we still get the same DGD, though the direttod 7 have changed. Figure 2.10 (c)

shows that by the operation in Figure 2.10 (b),ethe of 7 lies on the different location
of circle C,for different frequency. The circl&€, is the shift of C, by 7, in 3-D

space (stokes space). So just like the end ofries with frequency evenly on ciree,
the end of 7 varies with frequency evenly on cir€dg. So |f| changes with frequency
2

Anl,

The simulation result also confirms the periodiogarty of |f(a))|, the total

repeatedly and the period is the same with thegeir : Aw, =

DGD, as shown in Figure 2.11. In the simulation,apely the PMD vector concatenation
rule in the computer program to get the DGD of ¢bacatenation of three-piece PMF.
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The length of each PMF is 50cm, 80cm and 60cmslihwe axis angle offset between the
first and the second PMF i45°, and between the second and the thi®D° . The
differential refractive index of the PMF iAn=4.1434x10", and the beat length is
3.7mm. The wavelength span is from 1542.86nm td&X@Emm. In this optical frequency
span, the second PMF can rotate a fixed input SC&bout one and one half circles on
the Poincaré sphere. The total DGD is the solidreun this figure. It is a periodic
function (not sinusoidal, becauaetb, as shown in the figure.) with the period

27C . 758x10Hz.

Aw, =
*Anl,

DGD (ps)
2 v T

18F e .
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15
x 10

frequency ( Hz)

Figure 2.11 The simulation result for the total DGf three-piece PMF. In case 1 (solid
curve), the length of each piece of PMF is 50cnen8@nd 60cm, the slow axis angle
offset between the first and the second PMR , and between the second and the third
—50° . The beat length of the PMF is 3.7mm. We in@ehs length of the second PMF
by half of the beat length to get the case 2 (dhsheve).

If we increase the length of the second PMF by lwalé-of the beat length,

1.85mm, we get the dashed curve, which is shifiedda. /2 from the solid curve. This
is because that th&,(w) gives one more half circle’s rotation, and let #vel of the

vector ' rotate one more half circle on the ciro®, (as shown in Figure 2.10 (a)) for

each frequency. This makes the curve of DGD vgukeacy shifts one-half period.
2.3. Multi-input SOP Method to Measure PMD vector

For the fiber under test (FUT), we give a fixeduhOP for all the frequencies in
a span, and measure the output SOP for each freguéfe repeat this process several
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times by giving different fixed input SOP and measy the output SOP sets. Then we
can calculate the PMD vector for each frequencynftbe output SOP sets [3, 4]. The

principle is shown in Figure 2.12.

PSP ,)

SORw) 1
.\QOH:CU.L)
SORa +Aa)
ASO})
Eo ~ SOP(w +Aw)
SPP(w)
(b)

SOR, +A«)

@)

ASORW) XASOP(O.{)
=> direction of PSR

DGD: 1(w) = ‘%‘

(©)

Figure 2.12 (a) Two set of outplBORa 9Qn the Poincare sphere for two different

fixed input SOP. (b) If the frequency i
SOP at certain frequency is orthogon

ncreasealymall span, the change of the output
al to the duR8P of this frequency. This also

works for other output SOP sets. (c)Extract DGD angput PSP from the output

SORw) sets.

As shown in Figure 2.12 (a),

in the case that tipui SOP is fixed for all the

frequencies, the output SOP for all the frequenteses a curve on the Poincare sphere.
Within a small frequency sp#@ft., SOR«)can be approximated by an arc on the

Poincaré sphere. The axis of the arc
The angle of the arc is proportional t

is along itleettbn of the output PMD vectdfa .)
o the DG . These rules hold for other output

SOP sets no matter what the fixed input SOP isa Assult, the differential output SOP

vectors such as(SORw +Aw)-SO

Ra)) and (SOP(w, +Aw)-SOP(, ))are all

orthogonal to the output PMD vectdi(«,), as shown in Figure 2.12 (b). So the output
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PSP at frequencyy can be obtained by the direction of the cross geodf the
differential SOP vectors(SORw, +Aw) - SORw)) and (SORw +Aw) - SORW)) .
Moreover, the DGD is obtained by the ratio of the angle to the differential spafha
[3, 4], as shown in Figure 2.12 (c).

We can give more input fixed SOP, and measure titpud SOP sets. Then we
can calculate PSP from each pair of differentiaipatt SOP vectors and improve the
result by averaging. In addition, the DGD is obgéairfrom each output SOP sets and
averaged to get result that is more accurate.

Since PMD vector is frequency dependent, we shohftbse small enough step
sizeAw to calculate PMD. We are safe to choose the PSRIWidth given by

4<n N [10], where <7 > is the mean DGD. Within this bandwidth, the PMD
T

vector is constant reasonably.

We disperse the light frequencies to an arrayara Epace by grating and lens set,
as a result the output SOP can be measured ftneafrequency simultaneously. So we
can get the PMD vector for all the frequency eéfidly.

Aw=
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3. EXPERIMENTAL SETUP

We use the multi-input SOP method to measure PMilovef the device under test
(DUT). As shown in Figure 3.1, our experimentalupetncludes several parts (in the
order of the light propagation): ASE (Amplified Sganeous Emission) source, single
mode fiber, collimator A, multi-SOP producer, colator B, PMD emulator, collimator
C, SOP components selector, telescope, grating, lene-dimensional CCD(Charge
Coupled Device) camera.

S

POL(0) FLCA FLCB PMD emulator Flcc  FLCD

Dl” He s H ”)

source

Multi-SOP producer SOP components selector

(1100g/mm)
%era (1-D)

Figure 3.1 The PMD measurement setup

Grating

We choose ASE source because it can provide higlkepand broad bandwidth.
Single mode fiber of suitable length is used tonsm the laser and the collimator A.
Collimators can be used to couple a free space Iessen into an optical fiber as well as
to collimate a laser beam propagating out of theé e@han optical fiber. In our setup,
collimators play an important role in transformitig light propagating between the free
space and optical fibers. Collimator transforms lkser beam to free space so that the
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multi-SOP producer can be applied. Collimator Bxsictly the same with collimator A
SO as to reduce the coupling loss as much as pes¥e made a simple PMD emulator
by splicing PMF, and then connect it with collima® and C by single mode fiber.
Collimator C also provides a free space laser bddma.telescope, grating and lens are to
disperse different light frequency to an array rieef space. The one dimensional CCD
camera is used as detector. We use computer tootdhé multi-SOP producer, SOP
component selector and the camera by DAQ board.

We show more details about the main componentieoketup in the following
content.

3.1  Multi-SOP producer and SOP component selector

The multi-SOP producer and SOP component seleptoveay similar. They both
contain two quarter wave plate (QWP) retarders nfeol® ferroelectric liquid crystal
(FLC) [16, 2] and one linear Polarizer.

When we add voltage to the FLC cells, the molecaleenges their orientation,
and so is the polarization vector. The birefringaris can be switched between two
stable states, which are designed to4 apart. As shown in Figure 3.2, the fast axis
switches when we apply two different voltage +5d abv, and the switching time can be
less than 100us. We use a voltage driver to prawidet 5vvoltage. Computer via DAQ
board controls the driver.

In the multi-SOP producer, first we use one po#&riavith extinction ratio 1000:1)
to produce horizontal linear polarization. Afteethorizontal polarizer, we use two FLC
retarders to change the state of the polarizagomce the fast axes of FLC cells can be
switched, we can produce four different SOP. Ththttable is as shown in Figure 3.3.

4

/
.

(@) (b)

Figure 3.2 The fast axis of the FLC retarder+® voltage applied. (b) +5v voltage
applied.
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Polarizer (0° ) Fast axisof FLC A Fast axisof FLC B Output SOP

+5v
(@ 135°
+5v

90°

-5v <D 0°
+5v
v RHC
5v

Figure 3.3 The truth table of the multi-SOP pragtuc
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-5v
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© 45°
+5v
+5v
(d) RHC j

Figure 3.4 The truth table for the SOP componeldcsor.

In our SOP component selector, we put a horizqrakdrizer after two FLC cells.
The input SOPs0°45°90° and RHC are transformed into horizontal linear SOP
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respectively by switching the fast axes of FLC <¢H]. The truth table is as shown in
Figure 3.4. As a result, the intensity of these pgonents (,,!,,lq. 1y c) Can be
selected by the horizontal polarizer. These intgrc@mponents are just what we need to
determine the Stokes vector of the SOP under test.

3.2  Spatial Dispersion

In order to measure the PMD of all frequencies #iameously, we use a grating
to disperse the different frequency component eflipht beam to an array. To design
this dispersion device, we should consider two etspe

(i) The beam size should be comparable to thedizbe camera pixel. We use
one-dimension CCD camera as detector. This canzrd 28 pixels that are aligned in an
array, and the size of width of each pixéd@am. So the beam on the CCD array should
have the diameter comparable to 50um.

(i) The light should be dispersed enough so tl& measurement has high
enough frequency resolution. The frequency resmudit the CCD array is determined by
the both the grating and the focus length of the kfter the grating.

telescope

———

f:|30mm f:250m|'n

7

f=500mm Grating

(1100g/mm)

CCD camera (1-D)
Figure 3.5 The spatial dispersion setup.

Our design is shown in Figure 3.5. The diametethef light beam before the
telescope is 2.7mm. The telescope contains a cerleag with focus length of -30mm
and a convex lens with focus length 250 mm. Wetpatfocuses of these two lenses
together so that they form a telescope that caargalthe beam size b25/3 times. As a

result, the beam’s diameter becomes 22.5mm after téhescope. Then a grating
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(25mmX 25mm), as shown in Figure 3.6 diffracts the ligbtilm. We use the -1 order
diffraction, which means that the output light &hd input light are on the same side of
the normal. So the grating equation is:

sing +sinéd, :% (3.1)
Where 8 and 6, are the input angle and the diffraction angle reSpely, and dis the

grating constant, which is determined by the graoegquency of the grating. Our grating
has 1100 grooves per millimeter, de (/1100mm. This equation shows that the

diffraction angle is different for different wavelgth, and this is how the grating
disperses the input beam to a spatial array.

Figure 3.6 Light diffracted by a grating.

The grating also changes the beam size, as shokigune 3.6. Assume that the
diameter of the input beam and the output beamg &nd ¢, respectively, they satisfy the

equation:

. (3.2)
cosd cosf,

We choosed > 6,to enlarge the beam size.
After the grating, we use a concave lens with fdeagth f =500mm to focus

the beams. The beam waists are approximately ofothus plane of the lens, where we
locate the CCD array of the camera. By the lens,cam reduce the beam size. The

relation between the beam size before and aftdetiwis:
4N

out —

(3.3)

n
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From this equation, we can see that the largenasiniput beam size; the smaller is the
output beam size. This is why previously we notyame the telescope but also choose
large input angle of the grating to enlarge thenbsee.

(€] (b)

Figure 3.7 (@) The light is diffracted by the gngt (b) The concave lens focuses the
beams on its focus plane.

Both the grating and the lens determine the frequepan on the CCD array after
the grating. By differentiating both sides of thratgng Equation (3.1), we get:

00, . 1 (3.4)
31 (cosd,)d

So the larger i8,, or the smaller i§, the larger is the differential diffraction angle.
However, we also need a largg to enlarge the beam size, so there is a tradeofitd .

After the grating, the concave lens transformsdiferential diffraction angle into the
differential length on the focus plane, or the Céibay, as shown in Figure 3.7 (a). The
transformation is :
ox = foé (3.5)

Finally, our measurement setup has the followingupeters:
0] The beam is about 200 um, and covers two CG@lpi

In our design, the beam size is supposed to berdOHowever, in the experiment,
we try our best and get 200um beam size. Sincesétp works, we just leave the
improvement to the future work.. We show how wecgkite the design beam size in the
following: (1) 2.7 mm (the width afl/e? of the maximum intensity) beam size after
collimator C. (2) 22.5mm beam size after the telpscthat enlarges the beam size by
25/3 times. (3) 32.0 mm beam size after the grathrg enlarges the beam size by
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cosf, _ cos53.0°
cosd  c0s65.0°

=142 times. (4) 97um beam size after the focus lens @mdhe

camera pixels (obtained from Equation (3.3)).

The camera has CCD 256 pixels, and each pixelusn5@ width. The control on
128 odd numbers of pixels and the control on 128newumbers of pixels are
independent. Moreover, the sensing value has obyioup between even and odd pixels
even the input optical field intensity is the saimeall pixels. Currently we just open half
of the pixels by choosing all the odd numbers, aitidchoose all 256 pixels in the future.
So 200um beam size covers 2 of the 128 pixels westh
(i) On the CCD array: 1542.9~1556.9nm over 128 pix@l43.6G Hz / pixel

The diffractive angle of the grating is 53.0°. Tloeus length of the lens before
the camera is 500mm. The grating constantlis 1/1100nm. The 128 pixels of the
camera cover 12.8 mm in width. From Equation (2#4d (3.5), we get the wavelength
span on these 128 camera pixelsdis =14nm. We tune the camera, and have the span
be 1542.9~1556.9nm.
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4, EXPERIMENT RESULTSAND DATA PROCESSING

In our PMD vector measurement method, we give adfimput SOP for all the
frequency in a span and measure the output SOFrsat. by giving multi-SOP input, we
measure several output SOP sets. After the measateme calculate the PMD vector
for each frequency from the differential output S@&ttor. Briefly speaking, our job
includes two parts:

0] Output SOP measurement.

(i) Data processing.

Though we try to reduce the measurement error dabgethe FLCs and the
camera noise, the error can still ruin the calooatof PMD vector, because the
differential SOP vector is not large enough comgare error. Therefore, we use data
fitting technique to smooth the measurement data.al¥o perform simulation to see the
effect of noise and how the data fitting works. Haer, except for the measurement
error, there is some output SOP itself not suitablealculate PMD vector, and so we
need to make a rule to get rid of the ‘bad’ SOP.

After the measurement and data processing, wehgé®MD vectors and compare
them with the estimation from the PMD vector coeaqation rules. They show good
agreement to each other, making sure that our merasmt method works well.

4.1 SOP Measurement

Our SOP component selector can select the intealfgur components of SOP:
Loy loos lass lrue DY SWitching the birerefringent axis of two FLAIseWe use grating
to diffract the different frequency componentsia# tight beam to a spatial array, and
adjust the beam size to CCD sensing pixels by telde use 128 pixels of the camera,
and thus we have 128 evenly distributed sampléiseofrequency span that covers the
CCD array. We check the beam size on the CCD &y ayving a single wavelength
input. The intensity of one of the four SOP compudseneasured by the camera is as
shown in Figure 4.1:
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Intensity
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Figure 4.1 Use single frequency input to testttéam size on the CCD array. The
FWHM of the intensity is about 2 pixels, or 200um.

From this picture, we can see that the full widtthhalf maximum of the intensity covers
about 2 pixels, or 200um. So the intensity pro\agle@ certain pixel is not a pure intensity
from a certain frequencyv which centers on this pixel, it also contains tbatdbution

of other frequencies near this certain frequentyvd assume that the frequency span
covering one pixel iA«, the intensity of the frequencies fromy —2Aw to «) +2Aw
contributes. As a result, if the SOP changes mum fay - 2Aw tow, + 2Aw, the SOP

measurement can have large error. However, evéreifSOP changes in this span are
small, they still cause measurement error.

Another error is from the background noise in thenera. This noise is random
and cannot be subtracted. As to reduce the effeitteonoise, we increase the signal to
noise ratio by tuning the intensity as high as fiibsso far as the camera is not saturated.

The two FLC cells in the SOP component selector alan cause error in the

following two ways:

(1) In our setup design, for each FLC cell, the switchagle of the slow
axis is 45°. However, actually one ig4°, and the other one is
44.3° .

(i) The FLC cells are supposed to be quarter wave g@WP). But

except for the center wavelengftb50hm, they are not exact QWP for

other wavelength.
We use a calibration matrisM_ to correct the measurement error from FLC cells

[2]. Let the relation between the measuremeért (1, 1oy, 1,1 guc)’ (the intensity of
four components) and the real SG=(S,,S,,S,,S,)" (four Stokes parameters) be:
SM, =1, and obviously we can geS=IM_". The calibration matrixM_ is a
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4x 4matrix, so it has 16 parameters. We give six knawput SOPs to the FLC cells:
0°90° 45°135°,RHC,LHC , and measure | =(Iy,lgp,l g, lpe)’ - By the
relationSM, =1, we can get 24 equations about 16 unknown parasneéBy solving
these equations in the least square sense, weetaheycalibration matrix. Figure 4.2
shows the measurement resultI85° SOP before and after the calibration:

@ (b ®
135 1 135 100

100 10°

Figure 4.2 The measurement b85° SOP for all frequencies (on Poincaré spher®): (a
before calibration. (b) After calibration.

Actually the calibration matrix itself has errore@use to get the calibration matrix, we
have to produce 6 known input SOPs by the comlmnatf polarizer and quarter wave
plate and can’t avoid error. For example, the ecer be caused not only by the rough
scale of the rotation stage of the polarizer arel @QWP, but also by the frequency
dependence of the QWP. However, Figure 4.2 shouaistllis calibration increases the
accuracy of the SOP measurement significantly.
After all the improvement of the SOP measuremeumt,result is shown in Figure

4.3, Figure 4.4 and Figure 4.5.

Intenstiy of four SOP components
2000 T T T T

B LY S W v W
|
1400 I I I I I ‘
1200
1000
800
600

4DDD 20 40 60 g0 100 120 140 10°
pixel MO,
(@)
Figure 4.3 The output SOP measurement result $twoa SMF without PMD. (a) The
intensity of four SOP components vs. CCD pixel nemfb)The output SOP on the

Poincaré sphere.

(b)



33

In Figure 4.3, we use a short section of single enfiidaer as the device under test
(DUT). This means that there is no PMD in the DitHqugh the single mode fiber can
change the input SOP, the output SOP remains tine $ar all the frequency. So the
output SOP is supposed to converge to one poitherPoincaré sphere. Figure 4.3 (a)
shows the intensity of four SOP components meashyethe camera. Each curve has
fluctuations. This can be explained in two wayse@®ason is that after the ASE source
go through the polarizer in the multi-sop produiter spectrum is not constant. The other
reason is that the camera CCD pixels have diffembility to transform light intensity to
electrical voltage. Therefore, the measurementregonot shown in these intensity
fluctuations, but shown in the SOP on the Poinealtere. Figure 4.3 (b) shows the SOP
on the Poincare sphere. Due to the measurememf #reoSOPs do not converge to one
point, and thus introduce extra differential SORteASOP. We call this as error of
ASOP.

The intensity of four SOF cormponents
1500 T T T T

1000

500

I I I I
0 20 40 G0 80 100 120 140
pixel MO,

@ ©
Figure 4.4 The output SOP measurement of one-pidtie with 96.9cm length. (a) The
intensity of four SOP components vs. CCD pixel nemtb) the output SOP traces a
circle on the Poincaré sphere. (c) Zoom in the @u§OP on the Poincare sphere to see
the differential SOP vectoASOP.

Figure 4.4 shows the output SOP measurement fopmee PMF with 96.9 cm
length. The wavelength span on the CCD array5434 ~15530nm . The differential
refractive index An of the PMF is 415x10™. In Figure 4.4 (a), except for the
fluctuations similar to Figure 4.3 (a), each culwv@pproximate to a sinusoidal function.
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This can be explained by Figure 4.4(b), where thgput SOP on the Poincare sphere
traces on a circle, and the trajectory is aboutamgk one half circles, so the intensity of
an arbitrary component is a sinusoidal functiorhwihe and one half periods. Zoom in
the Figure 4.4 (b), we get Figure 4.4 (c). It shokat the differential SOP vectohASOP

is very small and can be affected by the erroxdOPshown in Figure 4.3 (b).

(@ (b)
Figure 4.5 The output SOP measurement of one-pigtle with 96.9cm length. (a) the

output SOP traces a small circle on the Poincdrérsp (b) Zoom in the output SOP on
the Poincare sphere to see the differential SO MASOP

Figure 4.5 is the output SOP measurement of thee sane-piece PMF as in
Figure 4.4. The only difference is that we giveifiedent fixed input SOP for all the
frequencies. The output SOP is near to one of itledringence axis, or the PSP direction,
and thus the output SOP trace a small circle onPthieacare sphere. In this case, the
differential SOP vectorASOP is as small as the error A§OP, and the circle is
distorted significantly. It is obvious that we daardly get accurate PMD vector from this
kind of ASOP.

4.2 Datafitting and differential size choosing.

The differential SOP vector is very small, so thabr in the measurement can
ruin the calculation result of PMD vector. We calesithree ways to reduce the effect of

measurement error:
0] Use data fitting technique to reduce the measuregreor.
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(i) Choose larger differential si2e., so that the differential SOP vector
ASORa) = SORw + Aw) - SORw —Aa) is large enough compare to
the measurement error.

(i)  Combine (i) and (ii).

We will study these three cases by simulation drabse a suitable one.

4.2.1 Datafitting

Our purpose is to use data fitting to reduce theref ASOP. In this thesis, we
use polynomials of 1 degree to fit the data inastesquares sense. For example, a series
of number y,,y,,....y, is fitted byy, =an+a,. In other words, if we ploty, vs. nin

n

a plane, they are a series of points, and we uaglst line to fit this series of points.

(@ (b)
Figure 4.6 (a) fit a polynomial of degree 1 toaddb) fit a polynomial of degree 1 to
every 4 continuous points.

Figure 4.6 (a) shows an example of the fitting gdoints. The data is smoothed
significantly. We also noticed that the fittingdsite different from the original data. If
these points are measurement results with erronkhown magnitude, it is hard to say
that the smooth data obtained from this fitting legs error than original data.

In our measurement, we have 128 points, and thesdspsometimes trace a
complicated curve. Thus, it is reasonable to fit dlata piece by piece rather than use one
straight line to fit all the points, and in eacleq®, data are approximately on a line. We
also need to sew these pieces together smoothly.

Due to all above considerations, we choose tovirye N continuous point and
average them. The choosing of N depends on theurerasent data. If the error of
ASORP is large, we should choose large N. WhileASOP is large, we choose small N
to make sure this N points are still approximatafya line. This method can introduce

small extra error to the ‘real’ measurement datdlemeducing the noise. As shown in
Figure 4.6 (b), we fit a straight line to every tionoous 4 points. Linel,fit the points
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from No.1 to No.4, while linel, fit the points from No. 2 to No.5. B is the No.dinqt.
We can see that point B is beloly and abovel,. By averaging, the final fitting result

at point B is approximate to B.

In our experiment, we measure the intensity of fds®P components
l oo logs 14s: 1 rye  @Nd calculate the Stokes vedi8r S,, S, . The SOPs on the Poincare

sphere are points in three-dimension space. Weatsm use two anglez and 8 to

express a certain SOP, as shown in Figure 4.7. Wnen we consider applying data

fitting on the measured SOP, we try these two selsem
0] Fit each component of the Stokes vec(®, S,,S, reppectively.

(i) Fit angle ¢ and @ respectively.
Actually we are supposed to fit the SOP itself eattinan fit its parameters respectively,
but we can not find a math tool to fit 3-D pointsedtly and have to take these two
schemes. Scheme (ii) seems better than scherbe¢guse only two parameters are fitted

respectively. However later we find that schemég ¢an introduce big error. In this
scheme first we transform the Stokes vector expessto ¢ and &, and then fit these

two parameter respectively. For the north or thelspole, angle¢ is arbitrary. So for
the point near the north of the south pole, anglenhas large error, and this error can
affect the data fitting. As shown in Figure 4.8 thoints on the Poincaré sphere is the
measured SOP, and the black curve is the fittingulteafter we fit ¢ and 8
respectively. We can see that thought this fittvayks for the points far from the pole,
the error caused by the fitting is significant foe points near to the pole. So we choose
scheme (i) rather than scheme (ii). We will useuwation to confirm scheme (i) in
chapter 4.2.3.

6:[0,7]
¢ :[0,27]

S, =sindcosy
s, =singsing
S, =cosd

(b)
Figure 4.7 Use two angles to express SOP. (a)Aiggland & of a certain SOP. (b)
The relation betweery,8 and Stokes vector.
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Figure 4.8 Apply data fitting to angle and & respectively. The points are measured
SOP on the Poincare sphere, and black curve ifttihg curve.

4.2.2 Differential size choosing

We can also choose large differential size to gelahSOP to reduce the effect
of error ofASOP. Assume that the frequency span on each pixekisif we choose the
differential size asMAa (M is an even number), thASOP for a certain frequency

w, is written as in the equatioASORw,) = SORw, +%Aw)—SOF(a)O—%Aa)).

Figure 4.9 showsASOP in the case of differential siz€A« and 6A« respectively.
The latter one is more robust to measurement eHomvever, the differential size
shouldn’t be too large. We need to make sure thithirwthe differential size the PSP is
reasonably constant, otherwise the PMD vector &atlied from ASOP can have
noticeable error. More details are show in the $tnan in the chapter 4.2.3.

ASOR@,) = SORw, + Aw) — SOR @, —Aw) ASORw,) = SORw, +3Aw) - SORw, - 3Aw)

Figure 4.9 ASORw, jor different differential sizes.
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4.2.3 Simulation

We use simulation to study the effect of datarfgtand differential size choosing.
In the simulation, the fiber under test is the @anation of two pieces of PMF with the
following parameters:

0] The length of the first PMF is 47.5cm, and the selcone 67cm.
(i) Their slow axes are45° apart.
(i)  The differential refractive index ig\n = 415x10™.

We give four different fixed input SOR0{90°,135°, RHC) for all frequencies,
and calculate the corresponding four output SOP. Jeist like our measurement in the
lab, we give 128 samples in the wavelength spam f1643.45nm to 1553nm. The PSP
of this two-piece PMF in this span traces a ciariehe Poincare sphere and the trace is a
little bit more than one circle. We add noise te thutput SOPs, and then apply data
fitting to them. The noise added is in this form:

S =S@+rxerror), i =123 (4.1)
Where r is a random variable uniformly distributed fromtell, error defines the size
of the noise.§ and S are the Stokes vector elements after and beforiegddise.

As mentioned in chapter 4.2.1, we fit the three gonents of the Stokes vector
respectively. More specifically, we use one degrelynomial to fit every N continuous
points and average them to get the final fittinffeAdata fitting, we choose a differential
size MA« to calculate the differential SOP vectors andthsen to calculate the output
PSP (The calculation details are in chapter 4.8)clganging N and M, we can see their
effects in PMD vector calculation.

We also define a parameter D to describe the efritre PSP:

(4.2)

Where @ is the angle between the theoretical PSP and aleulated PSP, n is the
number of all the frequencies. D is the root megurase of 4 .

In Figure 4.10, we add random noise to the out@®P with the
parameteerror = 0.2which defines significant noise. In Figure 4.H), (ve don’t apply
data fitting, and just use the smallest differdntit\e. as the differential size to
calculate the PSP for each frequency, and show thwerthe Poincare sphere. We use
different color points to indicate different freaquoges. To make a comparison, we display
the calculated PSP and the real PSP on the samedP®isphere. We can see that the
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calculated PSP is far from the real PSP. The rcedamsquare of the angle between the
calculated PSP and the real PSPOs=17.4°. In Figure 4.10 (b), we choose N=10, and
M=2, which means that we apply data fitting to gv&0 continuous points while not
choosing larger differential size. We can see tha, calculated PSP is significantly
improved. In this caseD = 25°. In Figure 4.10 (b), we don’t apply data fittinigut
choose larger differential siz&0A«w . The calculated PSP is also improved, with
D = 4.3°. Both methods improve the PSP calculation a lot.

(@ (b) (©)

The PSP error parameter D in (a), (b), (c) :

@
Figure 4.10 The effect of data fitting and diffetial size choosing on PSP calculation.
The size of the noise adde@rror =  OPhe points on a circle are the theoretical PSPs.
Others are from PMD calculation. (a) no datarfgtismallest differential sizA«
(M=2). (b) with data fitting (N=10), smallest diflntial size 2A« (M=2). (c) No data
fitting, differential size10A« (M=10). (d) The PSP error parameter D (°) of (), (c).

We note that though the noise given in Figure 4e@or = 020) is very large (In
our experimengrror =0. 037We will talk about the method to estimagégror in this
chapter later.), these two methods reduce theteffeaoise efficiently. They are very
robust to noise. However, they also have defedtg. first defect is that these methods
cannot recover the real PSP even if the noiseres 2es shown in Figure 4.11, we add no
noise to the output SOP. In Figure (a), we choosgéONand M=2 (smallest differential
size), the error between the calculated PSP andetlePSP i® = 024°. This error is
very small. In Figure (b), we choose large différ@nsize (M=10) without data fitting,
the error is D = 0.7°, which has become noticeable. The reason is thahwve choose
large differential siz€0A« , in the span the PSP changes noticeably anthes@&®©P
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trajectory is not an accurate arc. As a result, tlfferential SOP
ASORw,) = SORw, +5Aw) - SORw, -5Aw) is not strictly orthogonal to the PSP at

frequencyw,. We also try to choose N=10 and M=10 simultangousl this case the

error is even largeb = 0.75°.

/ D=0.70° \ﬁ
eal PSP
(b)

Figure 4.11 PSP calculated from output SOP witemor. (a)N=10, and M=2 (smallest
differential size). (b)no data fitting, M=10

We also simulate another case with noise. We chaoser = 005. Firstly we
choose no data fitting and no larger differenti@les The error of PSP 3= 422°.
Secondly we choose N=10 with no larger differensizke. We get the err@r= 068°.
Then we choose M=10 without data fitting, and@et111°. If we choose N=10 and
M=10, the PSP error 3= 080°. In conclusion, applying data fitting only is thest
choice in this case.

The second defect of these two methods is that tiee@y the edging frequencies
unfairly. As for the data fitting, say N=10, we @very continuous 10 points and average
to get the final fitting result. However, the firdd and the last 10 are only fitted less than
10 times which the middle points enjoy. So thenfiteffect is less for these points. If we
choose large differential size, say M=10, we cgett ASOP of the first 5 and the last 5
points. From these, we know that N and M shoullde’'too large.

By comparing these two methods we have the follgvpioints of view:

0] They are both efficient and robust in reducingeffect of noise

(i) In the case of no noise, choosing larger diffeedrsize may introduce noticeable
error. While data fitting only introduce minor erro

(i) If choosing larger differential size introduce methble error, then using these two
methods simultaneously doesn’t work better thangidata fitting only.
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(iv)  They neither give good result for the edging points

From these points, we tend to choose only dataditin priority to reduce the
effect of measurement error. Only if the differahttOP vector is too small so that we
can not reduce the measurement error by datagfitimly, we consider choosing larger
differential size simultaneously.

We estimate the measurement error by the reld@ivween noise and data fitting
effect on the SOP. In our simulation, we choose WNaid apply data fitting to the output
SOP with 8 different size noiseerfor =0.01, 0.02, ...,0.08). We calculate the root mean
square of angle between the SOP after and beftwagfifor all the frequencies,

6%

i=1

sayD = . We plot the figure of D" vs. error, as shown in Figure 4.12. The

points are approximately on a straight line. In eMperiment, our fiber under test is a
two-piece PMF having the same parameters as isithelation, and the frequency span
on the 128 CCD camera pixels is also consistertt e simulation. We measure the
output SOP, and apply data fitting (N=10), andjet 0.365°. According to the fitting
line in Figure 4.12,error is 0.0373 for our measurement.
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Figure 4.12.  Plot ofD" vs. error.

This method to evaluate the measurement error is strict, because the
measurement error has different properties fromrémom noise we simulated. For
example, the measurement error caused by thepikelrcross talk of camera CCD does
not cause the random variation of the measurentémicever, this evaluation at least
gives us a reference. We use this evaluation insauaulation, and find that the data
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fitting on every 10 continuous points (N=10) withathoosing larger differential size
works well . We apply the same data fitting on exjperiment data, and analyze the result.
We calculate PSP from our measurement output S@R@mnfirm the conclusion

from the simulation. Figure 4.13 is the calculatresult. The real PSP traces a circle on
the Poincare sphere. However, we cannot estimateexact location of this circle,
because the single mode fiber using as leads aéntlsh location, and moreover the
estimation error of the length stop us from deterng the location of PSP for different
frequencies on the circle. So we just observe tiapes of the PSP trace. In (a) we don’t
apply data fitting (N=2) and neither choose lardifierential size (M=2). The calculated
PSP traces a distorted circle with bumps. The distois due to the measurement error.
In (b), we apply data fitting (N=10) while not clsiog larger differential size (M=2), we
can see that the PSP is approximately on a cifthes means that the effect of
measurement error is reduced significantly. In @), don’'t apply data fitting (N=2) but
choosing larger differential size (M=10), the effe€ measurement error is also reduced
obviously. In (d), we put the traces in (b) andt@@ether. Furthermore, we add the trace
in the case of N=10 and M=10 simultaneously. ltvghahat these three trace are very
close. In conclusion, applying data fitting onlyeisough in this case. This also shows that

e

though the error estimation is not strict, it stibrks anyway.

(a) (b)

5y

(© (d)
Figure 4.13 PSP calculated from measured outp& $Qe fiber under test and
frequency span as well as the sample numbers satne with those in the simulation. (a)
No data fitting (N=2) and smallest differentialesiZM=2). (b) N=10, M=2. (c) No data
fitting and M=10. (d)N=10 and M=2 , and PSP indhy (c) are also plotted in this
figure).
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4.3 PMD Vector calculation

PMD vector T =A1p contains the differential group delafr and the slow
PSPp. We can calculate output PMD vector from the outp@P measured. After we

measure the four different output SOP sets andyaghgtia fitting to them, we choose

2A« as differential size to calculate the differenti8OP vectors for each
frequencYASORw,) = SORw, + Aw) - SORw, —Aw). This differential SOP vector is

orthogonal to the output PSP, and this propertd$@r all the the output SOP sets. So if
we choose a pair of differential SOP vecthSOR(w, anyl ASOR(«,),(i # j )from

different output SOP set, their cross prodd&3OP (w,) X ASOP(w, givés the direction

of output PSP [3].
We can decide the differential group delay after BSP direction is determined.

In the frequency spar2Aa the output SOP is approximately on a circle il PSP as
its axis. Assuming that within the frequency spadsa , the angle of the SOP arc 15, we

can calculate the differential group delay Ag = ‘g—ﬂ :

We have four output SOP set, so we have six cortibma of

ASOPR(aw,) xASOP(a) , and four

%. We can average to get more accurate PSP and

differential group delay.
However, we can’'t decide whether the direction &BOR(«,) xASOPR (), is)

the slow PSP or fast PSP. We solve this probleroaigulating PMD vector as a whole

rather than calculating PSP and DGD respectivaiymRhe relation between the output

SOP and the output PMD vector%zf(w)xsom(w) and the vector

identityax (bxc) =(a*c)b—(be a)c, we get:
a5, 95
dw dw
=[(Tx§)e S]7 [T+ (T xF)]S;
=[(TxS)+ ST

Where S is the SOP vector in stokes space for one of the datput SOP set. Thus we

=(FxS)*(FxS)

immediately express the PMD vector from a pairutpat SOP by Equation (4.3):
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ds _ds
i EE VRN
7=dw dw 4.3)
ds
.S
dow '
In our calculatio (%) g SOR(&, +A&) =~ SOR(a, —Aa)
dw 20w

Though we have applied data fitting to the measuraigphut SOP before PMD

calculation, big errors occur in two cases:
(1) The cross product oASOR(«w,) xASOP(w, i3 too small, or in other words, the

angle betweenASOR(w, gnd ASOP(w, )is too small.
(i) The output SOPSOR(w), i¥ near to one of the slow and fast outpout PSP.
We use the following criteria to choose good pama the bad pairs before
averaging [4]:
[ASOR(a,) x ASOP (¢,

|ASOR(a)|ASOR(a,)

>0.707, and

‘ f)ij ()% SOF(CUO)i‘ >0.707,
where |?)ij (a, )is the direction of 7 calculated by Equation (4.3)

4.4 PMD Vector measurement result

We calculate PMD vector and compare the resuhecestimation by PMD vector
concatenation rules. For the estimation, we medsine differential refractive indexAn
using our setup. We also need to measure the lefdgtie each piece PMF. However, the
length measurement has error about 1milimeter, wisi@ significant fraction of the beat
length of the PMF. This length error make it impbkesto estimate the PMD vector of n
piece PMF (n>3). So we only analyze three kindlwéif under test: one-piece PMF, two-
piece PMF and three-piece PMF. We use single mibee &s lead to insert these PMF
into our measurement setup. As a result, the ol®@R vs. frequency is rotated by the
single mode fiber on the Poincare sphere as a whitteits shape unchanged. So we can
only estimate the whole shape of the output PSRreguency rather than the exact PSP
for each frequency.
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44.1 Measurement of differential refractiveindex An

We splice PMF pieces and use them as device urderTio evaluate our PMD
vector measurement, we plan to compare the restlitthe estimation from the PMD
vector concatenation rule. So we need to know iffierential refractive indexAnof the
PMF.

We can measure this in our setup. The DUT is oregoPMF with 96.9cm length.
We give a fixed input SOP for all frequency, andaswee the output SOP. It traces a
circle on the Poincare sphere. So any one compaighe Stokes vector is a sinusoidal
function, as shown in our measurement result imifgigt.14. This sinusoidal function has

a period of Aw, ZIZA_H;\:’ where | is the length of this one-piece PMF. Obviouslytlg

relation we can easily calculaia, and the result n = 415x10™.

h A
k! AN
3 ; 3
&X }I ]
3 5

X\/” \..ﬂ\,{".
1543 1544 15¢5 1546 1547 1548 1549 1550 181 1552 1553 (nm;
1544.955nm 1550.923nm
Figure 4.14  The componerd, of output SOP Stokes vectds,,s,,s, Vs.
wavelength.

442 One-piece PMF

For one-piece PMF, the output PMD vector is indelee of frequency. This
means the output PSP vs. frequency is a point onc®e® sphere, and the DGD vs.
frequency is constant. We estimate the DGD from mgth of PMFI and the

differential refractive inde&n:
ar=2 (4.4)
C
As for PSP, the single mode fiber leads of onegkIF rotate it on the Poincare sphere
so that we cannot estimate the exact location. M8egheck if it converges to one point

on the Poincare sphere.
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We measured a series of one-piece PMF of diffdeggjth. The wavelength range
over 128 pixels is from 1543.45nm to 1553nm. Ddferal refractive index of PMF
isAn = 415x10™. Our PMD vector measurement result is as follows:

(1) One-piece PMF with length =17.8cm.

The output SOP is about one third of a circle @ PRoincare sphere. Figure 4.15
(a) shows one of the four output SOP sets. ZoorthenSOP, we can see that , the
differential SOP is very small, and the fluctuatisnobvious. We apply data fitting to
every 10 continuous points, as shown in Figure 45 the output SOP is smoothed
significantly while remaining its whole shape.

Zoomin

—
710

JI — _

(a) Output SOP

Zoomin \

(b) Output SOP after data fitting (N=10)

Figure 4.15 (a) Output SOP measured. (b)Output &@P data fitting. (N=10)

We calculate the PMD vector from the fitting date=(0), as shown in Figure 4.16:
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Estimated DGD 0.246ps

0.051

0 . L L . . L . L .
1543 1544 1545 1546 1547 1548 1549 1550 1551 1552 1553
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Figure 4.16 PMD calculated from fitting data (NF1dth differential siz€Aa« . (a)PSP
(b) DGD

The PSP vs. frequencies is estimated to convergméopoint, and the DGD is
Anl _ 415x10™x0.178
c 3x1C°
result in Figure 4.16 shows obvious error. As fog PSP for different frequencies, they
cover a range about(°x10° on the Poincare sphere (each griis10° ). As for DGD,

the root mean square error is 15.4% of the estin&€&D. The mean DGD for all
frequencies i9.244ps, with the standard deviati®%x0.244ps. This is because

estimated to beAr = =0.246x10*second. Nevertheless, the

differential SOP vectorASOP is too small so that the measurement error carpacen
to it. As a result, even if we apply data fittimygmooth the data, there still exists residual
error.

Now we try to choose larger differential slfA« for the fitting data in order to
reduce the effect of measurement error. In thige @dsone-piece PMF, since the PMD
vector is estimated to be independent of frequesoylarge differential size won’t
introduce extra error. Figure 4.17 shows that PMé&xter calculation is improved
significantly. In (a), the output PSP cover a raafeut 3°x3° on the Poincare sphere.

In (b), the measured DGD is very close to the estiah value. The root mean square error
is 2.2% of the estimated DGD. The mean DGD foffraelfjuencies is0.242ps with the

standard deviatioB.2%x 0.242ps.
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0 . . . . . . . .
1544 1545 1546 1547 1548 1549 1550 1551 1552 1553
wavelength (nm)

(a) PSP (b) DGD

Figure 4.17 PMD calculated from fitting data (N3>1@th larger differential size
(10Aw ). (2)PSP (b) DGD

(2) One-piece PMF with length= 40.9cm.

The output SOP traces about two thirds of a ciodléhe Poincare sphere. Figure
4.18 (a) shows the measurement. Zooming in on itperef, we can see that the
differential SOP is larger than in Figure 4.15 @)d the trace is also smoother. This is
because the error becomes smaller compare to fferediial SOP. The data fitting
(N=10) result is shown in Figure 4.18 (b). The é&ras smoothed while its shape is
retained.

We calculate the PMD vector from the fitting datd=(0) without larger
differential size (just choogAc« ). The result is shown in Figure 4.19. In (a), BfeP
covers a range abosfitx6°. In (b), the estimated DGD is 0.566ps, and tret roean

square of the calculated DGD is 6.5% of the estohddGD. The mean DGD for all
frequencies is0.571ps with the standard deviati@¥%x 0.571ps.

Figure 4.18 Output PSP for one-piece PMF with fleng= 40.9cm (a) measured
output SOP (b) Output SOP after data fitting (N=10)
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Figure 4.20 PMD calculated from fitting data (N3>1@th larger differential size
(10Aw ). (2)PSP (b) DGD

To improve the calculation, we can also choosecladifferential size J0A« ) on
the fitting data without introducing extra errohd result is shown in Figure 4.20. In
Figure 4.20 (a), the PSP covers a range akBut4°. In Figure 4.20 (b), the root mean
square of the DGD is about 4.53% of the estimat€&DDThe mean DGD for all
frequencies 190.568ps , with the standard deviatioh5%x0.568ps. The PMD
calculation result is improved by choosing largéiedential size, but the improvement is
not as much as in (1). This is because the difteleB8OP is larger in this case so that
data fitting itself is approximate to be enough.
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(3) One-piece PMF with length= 96.9cm.

We apply data fitting (N) on the measurement, addutate the PMD vector. The
result is shown in Figure 4.21. In (a), the PSPec@a/range abobtx5°, and in (b) the
root mean square of DGD is 5.4% of the estimated[1G40ps. The mean DGD for all
frequencies i%.345ps, with the standard deviati&@®%x1.345ps. We also choose
larger differential size 10A« ) to calculate PMD from the fitting data. The uléss

shown in Figure 4.22. In (a), the PSP cover a raigm6°x5° . In (b), the root mean
square of DGD is 4.7%. The mean DGD for all freques isl.345ps, with the standard

deviation465%x1.345ps. Because the differential SOP between two camesal |5
even larger here than in (2), so choosing largéeréntial size on the fitting data or not
doesn’t make significant difference.

We observe fluctuation of DGD both in Figure 4.20daFigure 4.22. The
fluctuation in Figure 4.22 is even larger. We exphbts due to the inter-pixel cross talk of
CCD camera. The beam size covers two pixels, statiger is the SOP change between
two continuous pixels; the larger is the cross.t@lke measurement error caused by cross
talk can hardly removed by data fitting and chogdarger differential size.

Estimated DGD 1.34ps

o]
@
F 2

-l

"% 0

{ " 0.5}
T\ 1
100 ]9543 1544 1545 1546 1547 1548 1549 1550 1551 1552 1553
wavelength (nm)
(a) PSP (b) DGD

Figure 4.21. PMD calculated from fitting data (NF1(a)PSP (b) DGD
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Figure 4.22 PMD calculated from fitting data (N3>1@th larger differential size
(10Aw ). (2)PSP (b) DGD

443 Two-piece PMF

In this experiment, we calculate the PMD vectornfrehe output SOP and
compare DGD and PSP with the estimated value. ™M@ #ector of two-piece PMF has
the following properties:

0] PSP vs. frequency traces a circle on the Poingdrers.

(i) The DGD is constant for all frequency.

(b)

Figure 4.23. (a) the PMD concatenation rule.(ljatuPSP vs. frequency for two-piece
PMF traces a circle on the Poincare sphere.

These properties are interpreted by Figure 4.230 BMF piece with length, and
|, are spliced together. The angle between their akas is 8, the PSP vector of them is
r,and T7,respectively, and the rotation matrix (in stokeacg) is R and R, . The total
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PMD vector is 7. (a) gives a visualization of concatenation rulé°®D vector. In the
Stokes space, the angle betwegmand 7, is 26 . 7, is rotated by the rotation matrix

of the second PMF around,. For different frequency, the rotation is diffeteso that
the end of the vectoR,(w)7, traces on circl€,. Then R,(w)7; and 7, is added to
get the total PMD vectar. The end of this total vector is on cir€lg. It has the same
length for all the frequency. The angle betweeandr,, sayg, is determined by
26 and, /I, . On the Poincare sphere, the total PSP is orckeeiith radiusr =sing, as
shown in (b). We use the angle to describe the radius.

From the analysis above, the PMD vector can berg¢ftieally estimated if we
know the following parameterd, |,,8, the slow axis of each PMF and the differential
refractive An. However, in our experiment, we have the follggyomoblems:

)] SMF is used as lead, so that the output PSP igetbtss a whole on the

Poincare sphere in an unknown way.
(i) The measurement off, has error ~1 millimeter due the ruler we use. This

little length difference affects the rotation matriR, significantly.

Because the rotation matrix for a certain variethwhe fiber length and
repeat itself after a beat length (~=3milimeter ur @xperiment). As a
result, we can’t determine the accurate locationP&P for a certain
frequency on the PSP trajectory.

(i)  The spanA« within which the PSP traces exactly one circleoals

satisfies Equation (2.17), and it i&w= A2n|c
n 2

, Which is determined by

l,.

The key parameters of our experiment are:

0] The wavelength span is 1542.9~1556.9 nm (1.748Thigjy 128 camera
pixels, or 13.6GHz/pixel.

(i) The beam size covers 2 pixels.

(i)  The differential refractive index of the PMFAB = 415x10™.

(iv)  The angle between the two birefringence axesiggiven by the fiber
splicer, and need to be checked).

(v) The length of the second PMF is 70 cm. This makesutput PSP traces

about 1.68 circles.1(748x10%rad / s/ Aﬁl =168)
2

(vi)  The length series of the first PMF is: (1)102 ciB2cm (3)70 cm (4)60
cm (5)50 cm. (We cut back the first PMF to perfdraxperiments.)
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We apply data fitting (N=10) on the output SOP aftbose the smallest
differential SOP size2Aa to calculate PMD vector. Figure 4.24 shows traultefor
fiber No.3 (70cm+70cm). We study this PMF firstchese the two PMF piece have the
same length. So by the PMD vector concatenatia@snul Figure 4.23,¢ = 6. So we can

estimate the angle between the two birefringen@s.ak Figure 4.24(a), we show the
PSP vs. frequency. The trajectory is on a circlethwp =39.6°, and the trajectory is

about 1.6 circles . This is close to the estimati@ue, 1.68 circles. So we take
6 = ¢ =39.6° rather than the angle given by the fiber splic@=@5°). By this angle, we
estimate the DGD to be 1.49ps. As shown in Figu2d(®), the DGD fluctuate around

1.49ps with the root mean square error 4.0%. Ftoenctlculation, we also get that the
mean DGD for all frequencies isl.489ps , and the standard deviation is

398%x1.489ps. So the estimation o¥is reasonable.

The PMD vector calculation result for all the fimeeasurements are shown in
Figure 4.25. In Figure 4.25 (a) PSP for fiber N&N©-3 are approximately on concentric
circles. And just as expected, the PSP for a eeftaguency has the similar location on
each circle. (We use different color to indicatéedent frequency.) Figure 4.26, which
only contains PSP trajectory of fiber No.1 and N&Bows this more clearly. In Figure
4.25 (a), PSP for fiber No.4~No5 are also approx@hgaon concentric circle, but they are
rotated away from No.1~No.3. This is because tlael lat the second piece PMF side
are touched a little bit when | cut back the firdlF piece from fiber No.3 to get fiber
No.4. Figure 4.25 (b) shows the DGD measurementltreShe straight lines are the
estimated DGD in the cas€=39.6°. The measurement DGD fluctuated around the
estimated DGD. We can see that, as we cut badkrghé&MF, both the radius of the PSP
trajectory and the DGD become smaller. The speaifimbers are shown in Table 4.1.
The estimation on both DGD and PSP is basedden39.6°. We use root mean square
of the error from the estimation to describe DGDaswement error. The DGD error in
these five cases is in a reasonable range. We calkollate the mean DGD for all

frequencies and the standard deviation. They arg alese to the estimated DGD and
measurement error (based on the estimated DGDgcegply. The angleg is used to

describe the radius of PSP trajectory by sing. The error of ¢ is also reasonable.
We think that the error ofp and DGD arise from the inter-pixel cross talkfué tamera
CCD. We also note that, if we take the angle betwthe two axes given by the fiber
splicer, 6 =45°, the measurement error of DGD amgd are both as high as 15% in all
five cases. Especially the DGD are above the eitmastead of fluctuating around the
estimation. So our estimation @ is much more accurate than the fiber splicer.
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Table 4.1
Compare the PMD measurement results and the egtimat

PMF No. 1 2 3 4 5
Length (cm) 102+70 82+70 | 70+70| 60+70| 50+70
Estimated DGD (ps) by PMD | 1.85 161 1.49 1.39 1.29
vector concatenation rule
Root mean square of difference 5.4% 51% | 4.0%| 29% 4.1%
between measured DGD and

estimated DGD

(percentage of estimated DGD

Mean DGD(AT) (ps) 187 | 161 | 149 138 1.3

std of DGD (percentage ofA7)) | 53% | 5.1% | 4.0% 2.8% 4.0%
Estimated ¢ 48.3° | 43.0°| 39.6°| 36.09 31.8°
Measured ¢ 48.8° | 42.4°| 39.6°| 385 33.7°

Error of ¢ 1.0% | 1.4% | N/A| 4.2%| 6.0%

Estimated DGD
& 1.49ps

0 . . . . | 1 |
1542 1544 1546 1548 1550 1552 1554 1556 1558
wavelength (nm)

@ =39.6°(r =sing)
(@) (b)

Figure 4.24 PMD vector measurements for PMF NoO@itv+70cm). (a)PSP (b) DGD



@) (b)

—

——— —
=S s

Figure 4.26 PSP measurement result for Fiber BiodlNo.3.
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444 Three-piece PMF

Our experiment parameters are as follows:

0] The wavelength span is 1542.9~1556.9 nm (1.748DMe) 128 camera pixel,
or 13.6GHz/pixel.

(i) The beam size covers 2 pixels.

(i)  The differential refractive index of the PMFAB = 415x10™.

(iv)  The length of three PMF piece are: 59.3cm, 118.&80th83cm.

(v) As a reference, the fiber splicer gives the andbetween the slow
birefringence axes: 45° and 125°.

As we have discussed in chapter 2.2.3, becauderigth measurement error is a non
trivial fraction of the beat length (~1 millimeterror comparing with ~ 3 millimeters beat
length), the rotation matrix of the second and ttied PMF can’'t be estimated. As a
result, we can’t derive the accurate PSP and D@D fthe PMD vector concatenation
rules. The only thing we can check is that the DGR periodic function of frequency

with the period\w, :AZ_nlC’ where |, is the length of the second PMF piece. From this
2
relation, we expect the DGD period for our threeegi PMF is

Aw, = 27TX3_):<108 = 383x10%rad/s.
4,15x107" x1.18¢E
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Figure 4.27 Result for three-piece PMF (a)measatgput SOP (b) output PSP (c)
DGD

Our measurement result is shown in Figure 4.27) si{aws the output SOP. It traces
a complicated curve on the Poincare sphere. THerdiftial SOP is large so that the
effect of noise can be reduced, how ever, the-pitezl cross talk is more in concern. We
apply data fitting (N=10 ) to the output SOP, amadtalate PMD vector with differential
size 2Aa . (b) shows the calculated output PSP. This trajgds more complex than a
circle. (c) shows the DGD. It is approximate to exipdic function as expected. The
period is:

Awp:Zm(i—i)=2n><3><108><( _l —— ! —~
A A 1547.7x10°  1552.55x10

Comparing to the estimation 3.880rad /s, the error is only 0.8%.
We can estimate the DGD by the PMD concatenatitas ronly if we know the exact
angle between the birefringence axes. This is plessf we perform experiment to

calibrate the angle given by the fiber splicer. Ewample, if we splice two PMF section
with the same length, the angle (PSP circle has radius= sing) is exactly the angle

) =380x10%rad/s

between two birefringence axes.
However, for the concatenation of more than 4 @esePMF, the estimation can
hardly provide any parameter for comparing. We haveirn to other PMD measurement
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method such as Muller Matrix Method (MMM) [17] atite Jones Matrix Eigenanalysis
(JME) [5]. These are our possible work plans infttare.

45 Discussion

451 Measurement efficiency

In our scheme, we measure 128 wavelengths inlplavathin 80ms and have the
potential for 256 wavelengths in parallel within &nCurrently, the speed is limited by
the computer, which gives slow timing signal to tohFLC cells and read data from the
camera. If we make a circuit to produce fast timigignal, we can improve the
measurement speed significantly. Since the timé mFLC switching is100us, and the
camera sensing time is a little bit less than 1060s every output SOP set, we need 1
millisecond to measure (FLC switches 5 times, alc tdata 4 times.) We measure 4
output SOP sets to get PMD vector, and thus 4 nteesshortest time we can reach.
Moreover, 256 pixels of the camera CCD can be usdde future, thus improving the
spectral resolution.

4.5.2 Independenceon input SOP

This method calculates the output PMD from thgoouSOP. The input SOP can
be arbitrary as far as they remain the same fothallfrequency and almost unchanged
within the measurement time. We also don’t neekinmv what the input SOP is. While
for Jones Matrix Eigenanalysis [5] people needhitoose known input SOPs to measure
the transmission matrix first in Jones Space awma talculate PMD from this matrix.
Our method is thus more convenient to measureotigthaul optical fiber.

45.3 Inter-pixel crosstalk

Since the beam size covers two camera pixelse tieists inter-pixel cross talk.
The cross talk increases with the increase of S@&ehce between two adjacent pixels.
Unlike random noise, the SOP measurement erroedaon this cross talk can hardly be

reduced by data fitting.

454 PMD measurement limitation
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In our scheme, we choose frequency step dize to calculate frequency
dependent PMD. However, within this step size,RMD should reasonably constant. To

satisfy this condition, the relation between theem®GD and the frequency step size is:
n

Aw=
4<7>

[10]. By this, the largest mean DGD we can measareur experiment

setup is ~9ps.

455 Applications

Our PMD measurement scheme has the following pateayplications:

0] Mean DGD measurement. Mean DGD is an importantnpat@r to describe the
PMD and its effect in optical communication systgifl]. We can calculate the
mean DGD over the frequency span from the PMD venteasured in our
scheme. If we perform the measurement many times long period, we can
calculate the mean DGD over this period.

(i) Second-order PMD. Since we measure the PMD vestarfanction of frequency,
by differentiating this function, we can get the@ed-order PMD.

(i) All-order PMD compensation. For example, it is i@ to compensate all order
PMD by rotating the PSP for all frequency to omedion and then compensating
the DGD [4].
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5. RESEARCH ON PMD BY HIGH-ORDER CORRELATIONS

The stochastic nature of PMD arises from the chamgavironmental factors such as
fiber stress and temperature variations. Here,nvestigate to study PMD statistics by
the second order and third order frequency coroglatand try to extract the information
of PMD, and even the post-PMD signal phase bymgettie intensity pulse response. Our
simulations show that the second order correlatmnghe output x-direction component
of the field intensity, output SOP and output PM&tor contain the information of the
mean differential group delay (DGD). While from bosimulation and theoretical
analysis we show that the x-direction componenthef output optical field is not zero-
mean circular complex Gaussian distributed.

In this chapter, firstly we introduce the stochagtioperties of PMD and our research
motivation in 5.1. Then we show the details of simulation in 5.2. By this simulation
tool, we perform second-order correlations in FiBally, in 5.4, we study the properties
of the x-direction component of the output opticealld.

5.1 Introduction

5.1.1 Sochastic propertiesof PMD

In long single-mode fibers, polarization variesdamly from fiber to fiber due to
the randomness birefringence caused by intrinsicextrinsic stress and elliptical core.
The extrinsic stress varies with the fiber enviremmnalong the length such as pressure
and temperature. So PMD varies randomly with cafrequency and the environment.

The stochastic properties of PMD vector is derivad Foschini and Poole [14].
According to their research, the probability densit a componentr; of PMD vector

r=(1,1,,1,)is:

P. (7)) :%e’(zﬁmz/”, Gaussian (5.1)
with E{r}=0 (5.2)
and o2 = E{z.%} =§T (5.3)

where T is the mean DGD<AZ'>. These three components of the output PMD vector
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are independent and identically distributed (i)i.80 the probability density of the length
of the PMD vector, or DGD(A7) ((Ar)=|7]), is Maxwelliam:

2
%(?j "@mImx2 0 (5.4)

For such a long fiber, the output SOP is randodisfributed on the Poincare
sphere if we give a fixed input SOP for all thegirencies. The x-direction component
and y-direction component of the output opticaldfi@lso varies randomly with frequency.
These can be interpreted by Equation (5.5):

{Ex(w)} {an Jm(w)}[a} 5)
E,(@)] , [Ja(@) Jn(@) | E, |

where the Jones matrix of the fiber varies randomly
5.1.2 Motivations

We are encouraged by the research on laser speiekleigh-order correlations
[6,7], and investigate to study PMD by high-orderrelations. In laser speckle research,
the laser beam is scattered by a random mediagratize image plane the interference of
partially coherent beams has spatial fluctuatiamgl thus forms a field-intensity pattern
called speckle pattern. The statistics such aladions on the speckle pattern carries the
information on the scattering media. Especiallg, ithitensity temporal response(t of
a random media can be obtained by second-ordethartdorder intensity correlations

together, provided that the probability denstiy dion of the complex amplitude
E=x+ jy ofthe field is a zero-mean Gaussian[6], as shioviquation (5.6):

5.6
2o’ 2 o’ ] 56
Equivalently, if we express the complex amplitudehe term of intensityl and phase
6: E=+/l cosf+ jx/l_sine, the marginal probability density functions fotanstiy and

P, (X Y) =

phase are:
1 I
p ()= 257 exp(- 202)" 20 (5.7)
Py (6) =%T,—ﬂs o<m (5.8)

These statistical properties of the field enabléousbtain the Fourier magnitude ¢?(t )
by second-order intensity correlations, and therieoyhase ofP(t )by third-order

intenstiy correlations.
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Similarly to the random media which causes thecldpepattern, optical fiber
with random PMD causes the random properties gbuduPMD vector, SOP and x-
direction component (y-direction has the same pt@sewith x-direction) of the output
field. This means that it is potential to extrde information on PMD of the FUT (fiber
under test) by the statistical treatment in lagerckle, such as second-order and third-

order correlations. So we investigate to applyehagh order correlations on PMD by
simulation, and the information we wish to extr&ctthe mean DGD<AT>, and the

intensity temporal response.

5.2 PMD simulation

We use wave plate model in our PMD simulation. Ldibgrs are simulated by
the concatenation of wave plates with random oe@nbirefringence axes [10]. We
calculate the Jones matrix for all the frequencidsen we can extract the output PMD
vector by Jones matrix eigananalysis. Moreovenyéf give a fixed SOP for all the
frequencies, we can calculate the output SOP amdig¢ld of x-direcion and y-direction
components. We realize this simulation many timeth wlifferent random oriented
birefringence axes in each time; so that we canstatéstical tools to analyze the output
PSP and SOP, and x-direction component of the odigld and intensity (y-direction
component has the similar properties, so we ontypsh x-direction component).

The key parameters in our simulation are as folhavi

I. Choose N wave plates. HereN = 5000r more to make sure
the statistics of PMD in our simulation agree witie PMD theory.

ii. Each wave plate has equal length We choose different to
simulate different mean DGIAT), because the mean DGD is

expected to be[19]:

(AT) =\/g[% Lj (5.9)

where (@ Lj is the DGD of each wave plate.
c

ii. The slow axis of each wave plate is randomly oednt~or each
realization of simulation we choose different ramdoumber set.

\Y2 Simulation is realized M times, so that we haveugiodata to
apply statistical data processing
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V. 1024 or more Sample pointsw in frequency span of
1545nm~1555nm.
Vi. Input vertical polarization for all frequencies

In our simulation, we apply statistics on PMD vedtocheck this simulation tool.
We calculate the PMD vector, and apply statistaralysis on the 500 simulations and
over all 1024 frequencies. Thus we hab@0x 1€#ple points. Figure 5.1 shows the
result. We plot the simulation result and the tle&oal result together. We choose the
mean DGD to be 800fs according to Equation (5.8), lay Equation (5.1) and (5.4) we
can calculate the theoretical pdf function gf and A7, which are the solid curves
shown in (a), (b), (c), and (d) respectively. Thelgability density of these parameters
calculated from simulation is expressed by theolistms. We normalize both the
simulation and the theoretical result by set tine&iximum to be 1. We can see that the
simulation results match the theoretical resultyweell, showing that the simulation
works.

Figure 5.1 The statistical properties of PMD veetxtracted from simulation.
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5.3 Second-order correlations

Mean DGD < Ar > is an important parameter to describe the PMDtbkaoptical
fiber communication system. The larger is the mB&D <Ar >, the more serious is
the PMD in system. We also know that the outpuapeaters, such as output field, output
SOP, and output PMD vector, are functions of fregies. These functions vary with
frequencies more intensely if the PMD is largererBfore, we investigate the relation
between the mean DGD<Ar > and these output parameters via second-order
correlation.

By simulation, we apply second-order correlatiomstie x-direction component
field intensity, output PMD vectors, and output SOBspectively. Then we study if these
correlations contain the information of mean D&Dr7 >. The parameters chosen in the
simulation are as follows:

0] Fixed input SOP and intensity for all frequesti

(i) 5000 wave plates, 1000 simulations, the stetiharoperties of PMD vector from
(5.1) to (5.4) are maintained.

(i) 4,096,000 points in total. (4096 frequenciaghe span 1510nm~1590nm for each
simulation).

(iv)  Apply the second-order correlations, and agerthem over all 1000 simulations
(v) Choose different <DGD> (1ps, 3ps, 6ps), ancaei)~(iv).

5.3.1 Intensity of the x-direction component field

For each of the 1000 simulations, the output eation component intensity is a

function of frequency fluctuating between 0 andFigure 5.2 (a) shows the intensity
spectrum for<Ar >=3ps,6ps respectively. We perform second-order correlation o

this intensity, and gek | (a)l (o« +Aa) > by averagingl («)l (e«+Aa dver all 4096
frequencies and in all 1000 simulations. Figure B2 shows the correlations for
<A1 >=1ps3psbpsrespectively. For each case, there exists a nasmwoth peak

nearA« = Q The width of this pulse is related to the meanlD& A7 > in this way: the
larger is <Ar> , the smaller is the width (the FWHMAw.,,, for
< A7 >=1ps3ps6psis ~3.2x10%rad/s,~0.65x10%rad/s and ~0.45<10%rad/s).
Though the relation is not strictly inverse propmrf the productAar,,,, <A7 > has

the magnitude ~1. This can be interpreted by thetdbtion of the intensity spectrum. In
Figure 5.2 (a), the fluctuation is more dense<fAr >=6ps than for <Ar >=3ps.
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According to C. D. Poole’s study [19], the dengifythe crossings on the mean level of
the x-direction component intensity spectrum ispprtional to the mean DGD. So the
small peaks in the spectrum are narrower for larger >. As a result the pulse in the
intensity correlation is narrower.

<Ar >=3ps <A7>=6ps
1 . ‘ ; ' . 1 . ‘
| |
09} J 09l
08} J 08l
07 J 07k
06 J 06
05 1 (a) 05f
04 u 1 04f
03 1 03t
0.2 1 0.2f
0.1 U 1 01f
o s s s s s o ‘ ‘ ‘ ‘ !
188 190 192 194 196 198 200 188 190 192 194 196 198 200
a(x10%rad/s) w(x10%rad/s)

< (@) (w+ha) > <Ha)(w+bw)>

1

®) .

0.951 .95

L i i <A7>=1ps
09 Zoomin |

0.85} 1

—_—
0.85¢
<A7>=3ps

08r <Ar>=6ps
0.75%
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0.8r

0.751
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Figure5.2 (a)x-direction component intensity spauatfor
<A1 >=3ps,6psrespectively. (b)Second-order correlation of thdinection component

field intensity for < At >=1ps3ps,6psrespectively.

5.3.2 Output PMD vector

We also apply second-order correlation on the @u®MD vectors. For the PMD
vector 7 =(7,,7,,7, ), we have two kinds of correlations: 7, (w)7, (w+Aw) > (where

r;,(i=123) is the component of PMD vector) and&7(a)ei(a+Aa)> (The
correlation of the dot product of PMD vectors). &nr, (i = 123) are i.i.d., we just
choose one of them to studxr (w7 (w+Aw)> , say 1, . We notice
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3
that, 7(w) * T(w+ Aw) :Zri (w)* 1, (w+Aw) so we expect thak 7, (w7 (w+Aw) >
i=1

and <7(a)* 7(w+Aca) > are close to each other if the maximum of theetation is
set to 1. The simulation result is shown in Figur&.3 for
<At >=1ps3ps6psrespectively. In both (a) and (b), the larger ig tmean DGD
<Ar >, the narrower is the width of the peak. Howevieg, peaks in (a) are not exactly

the same as in (b) as expected. Firstly, the a&s) ihas larger fluctuation. Secondly, the
peak in the case ok A7t >=3ps is narrower in (a) than in (b). This is probablyedo

3
T(w)e T(w+Aw) = ZTi (w)* 7. (w+Aw), which makes the< 7(a)e* 7(a+Aw) > based
i=1

on more samples so that it is more smooth and cilose to the real value.

<r(@)n(w+ba) > <f(a)s Fle+Da)>
1

cabe1gs |_—$A7>=1ps

AR : M

A TN e | T s/ ] L\ el
a AL NN~ AR

/ N
SN A ol o
4 3 =2 41 0 1 2 3 4 4 3 2 14 0 1 2 3 4
Acf(x10%rad/s) Aa(x10%rad/s)

1.2 T T T T T T T T T
esult <#(a) #(w+Aw)> Dashed line: theoretical result

jalline: smulation

Acw(x10%rad/s) Aaf(x10%rad/s)

Figure 5.3 The second-order correlations. €a,(w)7,(w+Aw) > (1,is the
component of the PMD vector in stokes space)<€bi)w) e 7(a +Aa) > (the second-

order correlation on the dot product of PMD vecforg c) simulation and theoretical
result for < 7(a)e* 7(«+Aca) > (d) the fluctuations on the base.
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We notice that Magnus Karlsson [20] and Mark SHtl] have independently
derived the theoretical resultof (w) e 7(« +Aw) >:

< 2(a) » T+ M) >= —— (1—g0r"0e13) (5.10)

AoF

In Figure 5.3 (c), we plot the simulation resuldaihe theoretical result together. The
simulation result is close to theory result as<fdir >= 6ps, except for fluctuations on

the base. The simulation result has noticeablermiffce for < A7 >=3psfrom the theory.
The difference is even larger A7 >=1ps. We notice that the larger is the fluctuation
on the base of the curve from simulation, the largetheir difference from theoretical
result, as shown in Figure 5.3 (d). These flucaratiindicate that the sample number is
not enough to get good correlation. This problenuldide more serious in experiment if
we investigate to extract mean DGD from the seaangigr correlation of output PMD
vectors.

5.3.3 Output SOP

Similarly to PMD vector, we apply second-orderretations on the output SOP
vectors (§= (S,S.,S) ) to get <S(w)S(w+Aw)> (where S(i= 123) is the
component of the SOP vector) an:dé(a))- é(a)+ Aw) > (the second-order correlation
on the dot product of SOP vectors). The simulatesults for <Ar >=1ps3ps,6ps are
shown respectively in Figure 5.4. The correlationg&) are very close to the correlations
in (b), except that it has a little bit larger fluations on the base, just similar to the
correlations of PMD vectors. In both (a) and (bg targer is the mean DGDAT >, the
narrower is the peak width.
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Figure 5.4 The second-order correlations. 8§ (w)S (w+Aw) > (S is the

component of the SOP vector in stokes space) <(I§Ia))- é(a)+ Aw) > (the second-
order correlation on the dot product of SOP vec}td@c3 Simulation and theoretical result
for< S(w) e S(w+Aw) >.

Magnus Karlsson also derives the theoretical tésul < é(a))- é(a)+ Aw) >[22]:
< S(w)* S(w+ D) >~ expAa? < AT >? [3) (5.11)

Our simulation result agrees with this equationslaswn in Figure 5.4 (c). Moreover,
the fluctuation on the base of the correlationsnfreimulation is almost neglectable.
Here the sample number is the same with the PMIoveorrelation, but the result is
much more close to the theory. Moreover, the ou§P is easier to be measured than
the output PMD vector, so the correlation on outpOP vector is more practical to be
used to determine< At >.
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5.4 TheProperties of the X-direction component of the Output Optical Field

We investigate to use second-order and third-ocderelation on the output x-
direction component field intensity to extract timensity temporal response. This is
possible only if the output x-direction componemd is zero-mean complex Gussian
distributed. So we study the properties of thifdfi@rst. However, our simulation result
shows that the field is not zero-mean-comples gussin order to make a further
confirmation, we derive the pdf of the x-directioomponent of the output optical field
and intensity by some reasonable assumptions aodl&dge of random variable. This
result is consistent with C. D. Poole’s researcfilB]. So we have to withdraw the plan
of applying third-order correlations. However, weaka a simple PMD emulator, and
measure the output x-direction component fieldnsty spectrum. In the data processing,
the histogram of the intensity shows that it is enolose to uniformly distributed than
negative exponential distributed. We also applypsdeorder correlation on the intensity,
and the result shows good agreement with the asaty$.3.

541 Simulation

We perform simulation to study the stochastic prips of the x-direction
component output field of long fibers with stoch@$tMD. The details of the simulation
are as follows:

0] Fixed input SOP and intensity for all frequesti

(i) 5000 wave plates, 1000 simulations, <DGD>=30pworeover, the stochastic
properties of PMD vector from (5.1) to (5.4) areim@ined.

(i) 4,096,000 points in total. (4096 frequencieghe span 1510nm~1590nm).

(iv)  The histograms on the field, intensity and gdaare calculated to show the
corresponding pdf.

The simulation results are shown in Figure 5.5(a)y the pdf of the imaginary

and real part of the field are close to each otAeGaussian function with the same
2

0?(0?=<E?>=<E’>): p/(x)= exp[—%x—z] is also plotted, which is quite
o

2mo’?
different form the other two curves. In (b), we wisothe pdf of the intensity, and it is
close to the pdfPR (1) =20<1 <1(which indicates the uniform distribution), but tgui

different from the negative exponential functiorowin in Equation (5.7). In (c), the pdf
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of the phase is close to the pé(6) =2i,—ﬂs <. In a summary ,the output x-
T

direction component field is not a zero-mean cecuwdomplex Gaussian distributed as
described by equations (5.6)~(5.8).

B 10

0.9
dot: E,

Gaussian with

0% =<E*>=<E’>

08y square E, |

------

1 |
1=t exp——
| osf ) 20?2 expt 202

(02 =<E’>=<E?>)
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Figure 5.5 Simulation on the properties of the atspdirection component field. (a) pdf
of the field:P,(x),x = E,orE, (b) pdf of the intensity?, (1) (c) pdf of the phasé&,(6 )

5.4.2 pdf of x-direction component field

According to the simulation results, we just assubhat:
(1) pdf of the intensity is:
P()=10<I<1 (5.12)

(i) pdf of the phase of the optical field is:
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P,(8 =L _p<os<n (5.13)
2

(i) the intensity and phase are independent.

We also know that the relation between the fiéld= E +iE;, and the intensity

| and & are:
E, =+/I cos# (5.14)
E =+/Isin@ (5.15)
From these relations together wWRl{l),P,(¢) and the knowledge of random

variables, we have the pdf of the field:
P (x) = 241- ~1< x<1(x = E orE ) (5.16)
T

Figure 5.6 (x,y) is distributed in the unit circle

The details of the derivations are as follows {23]
At first, let x=FE, =4/l cosd, and y=FE =4/1siné. Obviously, x and y

are two functions of two random variablésand &. We also have:
X*+y*=1<1 (5.17)

In the x-y plane, point (x,y) are distributed hetunit circle, as shown in Figure

5.6.
From (i) to (iii), we know that the joint pdf of and & s :
1 1
P,(1,8) =P () P,(0) =1- =— 5.18
6(1,60) =R (1) R(6) =10 — = (5.18)

The jacobian of the transformation is:



72

oxX OXx 1 )
2 22 | —=co0sfd -4/l sin
00| —|2V1 —

1
J(,8) =|9 = (5.19)
oy oy 1 . 2
— 2| |—=sin#@ | cos@
al a8 |21 v

So the joint pdf of x and y is:

PX,Y(X’ y)=———=££ == (5.20)

Thus we can calculate the pdf of x (y has the sawelt):

1.2
P()= [Ryxydy= [ =dy==y1-x (5.21)
N et

This is just the conclusion in the Equation (5.H8)d the derivation is completed.

We plot pdf in Equation (5.16) together with thenslation result of the pdf of
E, and the pdf of E, in Figure 5.7. They match very well. This not oslyows that the
assumptions from (i) to (iii) are reasonable, debahows again that in the simulation,

the pdf of the field is not zero-mean circular cdempGaussian, because for zero-mean
circular complex Gaussian, the pdf & orE, should be Gaussian respectively.

P« (%) |
0.9

dot:E, A
081 square E -
0.71
0.6
05f
0.4
0.3

0.2

0.1r

15
X(EorE,)

Figure5.7 pdf of the field. (The dot and squaefasm the simulation, the solid line is
from the derivation.)

We also notice that the PMD measurement schemateddy C. D. Poole in [19]
is based on the assumption that the output SOPallfdrequencies over a long time
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period is evenly distributed on the Poincare sphByethis assumption, the x-direction
component field intensity is uniformly distributg¢di9]. Since this PMD measurement
scheme is mature and widely used, the assumptiontrustable, and thus
PR(1)=10<1 <1 is also trustable. This also proves that the pldthe x-direction

component output field is not zero-mean circulanptex Gaussian, because in the latter

1 I
casep, ()= 257 exp 202), | >0.

54.3 Experiment

We perform an experiment to study the statisticedpprties of x-direction
component optical field. As shown in Figure 5.8, wge an ASE source and a polarizer to
produce a fixed SOP for all the frequencies to &R&hulator, and then use a horizontal
polarizer and an optical spectrum analyzer (OSAnh&asure the intensity spectrum for
the output x-direction component field. Two collitmapairs in the experiment enable the
light source propagate between optical fiber aee Bpace, since the polarizers are free
space cells and other components have single nibde [eads. We also measure the
intensity spectrum before the light goes to the P&tbulator, so that we can divide the
output spectrum by the input spectrum. After thigisibn, the output spectrum is
constant for all frequencies providedI that no PMi3ts.

— () -

IPMD emulator

Colimator 1 Col.2 1 Col. 3 Col. 4 OSA
Ase source Polarizer 1 Pol. 2

I
I
; I

(1526~1568nm) (horizontal) I (horizontal)
I
I
1

- OSA

Figure 5.8 The intensity of x-direction compongeld measurement setup

Our PMD emulator [10] is shown in Figure 5.9. Twegpi8ce PMF (slow axis
randomly oriented) and one 15-piece PMF (slow axmslomly oriented) are connected
by two in-line polarization controllers. The desadf the PMF pieces are shown in Table
5.1. The polarization controller can rotate antasby SOP to almost an arbitrary SOP.
For a SOP trajectory (SOPs for all frequencies), gblarization controller rotate it as a
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whole. This PMD emulator is far from an ideal omdnich is supposed to have a large
number of PMF sections and polarization controlletewever, when we operate these
two polarization controllers randomly, and the PMDthis emulator changes randomly
for each frequency, while the mean DGD of the PMibukator only changed within 5%

(estimated by simulation). Moreover, if we give igetl SOP for all frequencies, the
output SOP trajectory has a complicated shapesi{a#n in figure 5.10 (a)). When we

operate the polarization controller for 100 timaadomly, we get 100 SOP trajectories,
which cover the Poincare sphere almost evenly, s@swvn in Figure 5.10 (b), 20

trajectories). Therefore, we can assume that thefpthe output x-direction component
field intensity is close to what we get in the cHse output SOP is evenly distributed on
the Poincare sphere.

(@RDELM@:%D

PMF A (8 sections) PMF B (15 sections) PMF C (8 sections)
Polarization Polarization
controller controller

Figure 5.9 PMD emulator

Figure 5.10 Simulation on the emulator (a)one BUKOP trajectory (b)twenty output
SOP trajectories.



The details of the PMF sections in the PMD emulator

Table 5.1

N—r

PMF A (8 pieces)

PMF piece DGD (ps) Angle offset (§
1 0.37 -
2 0.45 133
3 0.41 162
4 0.35 73
5 0.48 166
6 0.25 148
7 0.25 39
8 0.22 152

PMF B (15 pieces)

PMF piece DGD (ps) Angle offset (°)
1 0.80 -
2 0.98 122
3 1.50 88
4 1.24 131
5 141 169
6 0.75 29
7 1.19 33
8 0.67 156
9 0.85 19
10 1.17 16
11 1.31 112
12 0.91 83
13 0.97 173
14 1.09 56
15 0.57 102

PMF C (8 pieces)

PMF piece DGD (ps) Angle offset (§

1 0.58 -
2 0.32 77
3 0.39 122
4 0.61 115
5 0.41 138
6 0.50 123
7 0.63 60
8 0.22 94

N—r

75
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We measure 1250 frequencies from 1526nm to 1568nansingle measurement.
We change the state of the PMD emulator for 10@sinand perform 100 measurements.
As a result, we getl25x10°intensity measurement points for statistical tresatm
Figure 5.11 shows the intensity spectrum of th@uutield. The blue solid curve and the
red dashed curve are the measurements for twaehtfemulator states. They are quite
different from each other. From th&25x10’intensity measurement points in 100
intensity spectrums, we get the histogram of thensity, as shown in Figure 5.12. This
histogram shows that the pdf of the output x-dicectomponent optical field intensity is

1 . : .
more close toR (I) =—,0<1 <a rather than a negative exponential function.
a
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Figure 5.11 The intensity spectrum of the outpdinection component field (The blue
solid curve and red dashed curve are measurenwerttsd different emulator states).
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Figure 5.12 The histogram of the output x-dirattomponent intensity

We also perform the second-order correlation o xkdirection component
output field intensity, as shown in Figure 5.13eTorrelation< | ()l ( +Aa) > has a

smooth narrow peak arounddaa= 0 The FWHM of this pulse is
Ay ~0.5%10%rad /s. We estimate the mean DGD to be ~7.8ps by sinnmgfThe
Jones Matrices of PMF A, PMF B and PMF C are calewdl according to Table 5.1. The
Jones matrices of the Polarization controllersranelomly set for different value in each
simulation. So we use concatenation and get tla¢ Johes matrix, and thus obtain DGD
for each frequencies in each simulation. By 1000u$ations, we calculate the mean

DGD. The average is based on the DGD for all fregies in 1000 simulations.) The
product Ac,,,» <AT > is ~3.9, which is of the magnitude ~1 as discussechapter

5.3.
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Figure 5.13 The second-order correlation of thtrgetion component output field
intensity.



78

6. CONCLUSION

Polarization Mode Dispersion (PMD) limits the bandth of high-speed optical fiber
communication systems. PMD monitoring becomes itgmbrin PMD mitigation and
compensation schemes. In this thesis, we demoastratefficient scheme to measure
PMD vector as a function of frequency, which fullgscribe PMD of a device. We take
advantage of our fast wavelength-parallel polaraneind allow PMD monitoring on a
millisecond scale. This measurement scheme usesitiFinput SOP method, and does
not need to know the information of the input SORe measurement result has potential
applications on the mean DGD measurement and @drd?MD compensation.

We also investigate to study PMD statistics by sdaarder and third order frequency
correlations in PMD simulation. We show that theos&l order correlation on the output
field intensity of an arbitrary component (for exalm x-direction component), output
SOP, and output PMD vector contains the informatiothe mean DGD. Moreover, it is
easier to extract mean DGD from second order adrogls on output SOP than the
second order correlations on output PMD vectortHaamore, we study the properties of
x-direction component of the output optical fieldnd conclude that third-order
correlation on this field intensity does not givepe of the intensity temporal response.
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