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ABSTRACT

Polarization Mode Dispersion (PMD) is a serious barrier that limits high-speed optical fiber

telecommunication systenls. PMD is the result of random birefringence in single-mode fibers

along the transmission path. This leads to wavelength-dependent polarization states and phases at

the output that eventually results in inter-symbol interference and system performance

degradation.

In this thesis work, analytical models have been developed to assess and compensate for the

effect of PMD considering different modulation and detection schemes; such as, intensity

modulation-direct detection (lM-DD), continuous phase frequency shift keying (CPFSK) direct-

and heterodyne detection. Based on the analytical model, the average BER performance of an IM-

DD optical transmission system is evaluated considering Maxwellian distribution for the

differential group delay (DOD). The probability density functions (pdfs) of the random output

signal phase fluctuation due to PMD in a CPFSK direct- and heterodyne detection system are

analytically developed. The pdf of the signal phase fluctuation is used to evaluate the average

BER as a function of mean DOD. As the passive PMD mitigation techniques do not require any

dynamically adjusted components, and are bit rate independent, an analytical model of PMD

compensation technique is also developed with several Iinecoding to make the single channel

optical transmission system more tolerant to PMD.

The impact and compensation of PMD in multi-channel optical transmission system is also

analytically investigated considering the interaction of cross-phase modulation (XPM) and PMD.

XPM changes the state-of-polarization (SOP) of the channels through nonlinear polarization

rotation and induces nonlinear time dependent phase shift' for polarization components that leads

to amplitude modulation of the propagating waves in a wavelength division multiplexing (WDM)

system. The angle between the SOP changes randomly and as a result PMD causes XPM

modulation amplitude fluctuation random in the perturbed channel. The pdf of the random angle

fluctuation between the SOP of pump and probe due to PMD is determined analytically and the

impact of PMD on XPM in a two channel pump-probe configuration is evaluated. To mitigate the

PMD in a multi-channel transmission system, a high-birefringent adjustable linear chirped Bragg

grating (LCFBO) based PMD compensation scheme is developed and its performance is

evaluated using the optimum system parameters.

The results of this research work will find applications iri the design of WDM transmission

systems in presence of fiber nonlinear effects and PMD.

VB



Table of Contents

Title page

Approval page

Declaration

Dedication

Acknowledgements

Abstract

Table of contents

List of Tables

List Figures

List of symbols

List of abbreviations and acronyms

Chapter 1 Introduction

1,1 Historical, perspective of fiber optic communication

system

1.2 Evolution ofPMD and its characterization

111

IV

v

VI

VU

VIII

XUI

XIV

XV

XXI

3

J,"" ~'

1.2,I Definition of PMD, birefringence and PMD 4

vector

1.2.2 PMD in short and long fibers 8

1.2.3 The statistical nature of PMD 9

1.3 Literature review, motivation and research objectives II

IA Outline ofthe thesis 16

Vill



Chapter 2 Bit error rate and effect of PMD in IM-DD transmission 19
system

2.1 Intensity modulation and optical coherent system 19

2.2 Quantifying optical system penalty: BER expression 21

2.2.1 Q-factor 23

2.3 System model of 1M-DOtransmission system 26

2.4 Theoretical analysis 26

2.5 Results and discussion 30

2.5.1 Analytical results and discussion 30

2.5.2 Simulation results and discussion 32

2.6 Summary 35

Chapter 3 Effect of PMD in direct detection CPFSK transmission 36
system

3.1 PMD effect in direct detection CPFSK system 36

3.2 System model 38

3.3 Theoretical analysis 39

3.3.1 Transfer function considering PMD and GVD 40

effects

3.3.2 Optical signal input to the MZI pair 1 and 2 41

3.3.3 Transmittance ofMZI 42

3.3.4 Photodetector output current 43

3.3.5 Noise power 45

3.3.6 Conditional BER expression 46

3.3.7 PDF of random output phase and average BER 47

3.4 Results and discussion 50

3.4.1 Conditional BER performance 50

3.4.2 Average BER performance 52

3.4.3 Average BER 'considering Maxwellian 54

distribution

IX



3.5 Summary 55

Chapter 4 Effect of PMD in heterodyne optical CPFSK 57
transmission system

4.1 Introduction 57

4.2 Delay demodulation receiver model 59

4.3 Theoretical analysis 59

4.3.1 Conditional bit error probability 64

4.3.2 PDF of the random output phase and average. 65
HER

4.4 Results and discussion 66

4.5 Summary 71

Chapter 5 Single channel PMD compensation 72

5.1 PMD compensation strategies 72

5.1.1 Optical PMD compensation technique 74

5.1.2 Electronic PMD compensation technique 75

5.1.3 Passive PMD compensation technique 76

5.2 Line codes (modulation formats) in PMD compensation 76

5.2.1 Order 1 line coding: a multi-level optical line code 78

5.2.2 CPFSK modulation with linecoding 81

5.3 Results aild discussion 83

5.3.1 Comparison among different line codes 88

5.4 Summary 90

Chapter 6 Effect of PMD in multichannel optical transmission 91
system

6.1 Interaction of cross phase modulation and PMD 91

6.2 Pump probe configuration system model 94

6.3 Theoretical analysis for pump-probe configuration (2- 94
ch.WDM)

x



6.4 WDM multi-channel system model

6.5 Theoretical analysis for multi-channel WDM system

98

99

6.5.1 Determining the PDF of 8j(z) and BER 105

expressIOn

6.6 Results and discussion

6.6.1 Performance of pump-probe configuration

6.6.2 Performance of 4-channel WDM system

6.6.3 OptSim software simulation

6.7 Summary

107

107

III

115

119

Chapter 7 Chirped fiber Bragg grating in PMD compensation 121

7.1 Fiber grating in dispersion compensation 121

7.2 LCFBG based PMD compensation system model 124

7.3.1 Characteristics of birefringent chirped grating 125

7.3.2 The effect of strain and temperature on LCFBG 127

7.3.3 Mathematical modelIng of fiber Bragg grating 130

7.3.4 Analytical solution of coupled mode equations 131

7.3.5 Group delay and DGD of the reflected wavelength 134

7.4 Results and discussion 136

7.4.1 Performance of the LCFBG based PMD 136
compensator

7.4.2 LCFBG based PMD compensator in a WDM/IM- 144
DD system

7.5 Summary

Chapter 8 Conclusions and future work

8.1 Summary of major contribution

8.2 Suggestions for future research

XI

148

150

150

155



Bibliography

Appendix A

Appendix B

Publications

XII

•• ;-e'"

158

177

181

190

'."

f



List of Tables

Table 2.1 Different simulation parameters for single channel IM- 35
DD transmissioI1 system

Table 5.1 Summary of the encoding criteria for novel optical codes 80

Table 5.2 The assumptions and parameter used in computing the 88
BER performance results.

Table 6.1 Set of parameters and assumptions used in the analysis III

Table 6.2 Comparison of results between 2- and 4-channel WDM lIS
system

Table 6.3 Different simulation parameters for a 4-channel WDM 119
system

Table 7.1 Set of LCFBG parameters used in the computation 144

Table 7.2 Simulation parameters of Hi-Bi LCFBG based PMD- 148
WDM compensation scheme

Xlll

('



Fig. 1.1

Fig. 1.2

Fig. 1.3

Fig. 1.4

Fig. 2.1

Fig. 2.2

Fig.2.3

Fig. 2.4

Fig. 2.5

Fig. 2.6

Fig. 2.7

Fig. 2.8

Fig. 2.9

Fig. 3.1

Fig. 3.2

Fig.3.3

List of Figures

Stresses and modes in a single mode fiber [7]

(a) Intrinsic and (b) Extrinsic mechanism of fiber
birefringence [7]

A pulse launched with equal power on the two
birefringence axes x and y (fast and slow axes) of a short
fiber segment gets separated by the DOD (tH) at the
output [8].

The measured probability density function of DOD and the
Maxwellian fit (dotted line) [7]

Bit error probabilities

Bit error rate (BER) versus Q-factor

Schematic configuration of an optical transmission system

Plots of conditional BER versus received optical power, P,
for a 10 Obis system impaired by PMD

Plots of unconditional BER versus received optical power
for a 10 P, Ob/s'system impaired by PMD

Simulation setup for a single channel IM-DD transmission
system

(a) Eye diagram at the input (back-to-back) (b) Eye
diagrams for different values of seed (using Monte Carlo
simulation)

(a) BER vs input optical power, (b) Q-value vs input
optical power

Power penalty vs normalized mean DOD

Block diagram of an optical CPFSK transmission system
with MZI based direct detection

Low pass equivalent direct detection CPFSK system model
considering PMD and chromatic dispersion

Plots of conditional BER versus received power, Ps for
direct detection CPFSK system impaired by PMD

XIV

5

6

6

10

22

25
26
31

31

32

33

34

34

38

39

51

. ,
',~

I



Fig.304

Fig. 3.5

Fig.3.6

Fig.3.7

Fig. 3.8

Fig. 3.9

Fig. 4.1

Fig. 4.2

Figo4.3

Fig. 404

Fig. 4.5

Fig. 4.6

Fig. 5.1

Fig. 5.2

PMD-induced power penalty as a function of DODI bit
duration ratio ( < "', > IT) for NRZ- and RZ-OOK, NRZ-
2DPSK and NRZ-CPFSK system

Average BER versus received power, Ps for direct
detection CPFSK system impaired by PMD (modulation
index, h=0.50)

Average BER versus received power, Ps for direct
detection CPFSK system impaired by PMD (modulation
index, h= 1.0)

PMD-iriduced power penalty as a function of DODI bit
duration ratio ( < M > / T) for NRZ- and RZ-OOK, NRZ-
2DPSK and NRZ-CPFSK system.

Plots of average BER versus received power, Ps for direct
detection CPFSK receiver impaired by PMD (modulation
index h = 0.50)

Plots of average BER versus received power, Ps for direct
detection CPFSK receiver impaired by PMD (modulation
index, h = 1.0)

Block diagram of a heterodyne CPFSK delay demodulation
receiver

Plot of conditional BER versus received power, Ps for
heterodyne CPFSK impaired by PMD at modulation index
0.50

Plot of conditional BER versus received power, Ps for
heterodyne CPFSK impaired by PMD at modulation index
1.00

Plot of average BER versus received power, Ps for
heterodyne CPFSK. receiver impaired by PMD at
modulation index 0.50

Plot of average BER versus received power, Ps for
heterodyne CPFSK impaired by PMD at modulation index
1.00

PMD-induced power penalty (considering average BER) as
a function of DOD/bit duration «< L1r > / T) for NRZ- and
RZ-OOK, NRZ-DPSK and heterodyne NRZ-CPFSK
system.

Model of an opticallinecoder generator

UnipolarNRZ and AMI RZ linecoding

xv

52

53

53

54

54

55

59

67

68

69

69

70

78

78



,. ~
\l' '

Fig. 5.3

Fig. 5.4

Fig. 5.5

Fig. 5.6

(a) Elementary signals and (b) code state diagram of novel
order I code

Order I novel optical coded signal

Plot of average BER versus received power, Ps at
modulation index 0.50 with delay modulation linecodirig

Plot of average BER versus received power, Ps at
modulation index 1.0 with delay modulation linecoding

79

80
83

84

84BER versus received power, Ps at
0.50 with Alternate Mark Inversion

Fig. 5.7 Plot of average
modulation index
(AMI) linecoding

Fig. 5.8 Plot of average BER versus received power, Ps at 85
modulation index 1.0 with Alternate Mark Inversion
(AMI) linecoding

Fig. 5.9 Plot of average BER versus received power, Ps at 86
modulaiion index 0.50 with Order I linecoding

Fig. 5.10 Plot of average BER versus received power, Ps at 86
modulation index 1.0 with Order I linecoding

Fig. 5.11 PMO-induced power penalty as a function of OGo/bit 87
duration « < tH > / T) for NRZ, OM, AMI and Order I
linecoding of a CPFSK system ( modulation index =0.50)

Fig. 5.12 PMD-induced power penalty as a function of DGD/bit 87
duration « < tH > / T) for NRZ, OM; AMI and Order I
linecoding of a CPFSK system ( modulation index = 1.00)

Fig. 6.1 Block diagram of a pump-probe configuration with EDFA 94
in cascade

Fig. 6.2 Block diagram of a multi-channel/WDM system with EOFA in 99
cascade

Fig. 6.3 Plots of pdf of B(z) at different length of fiber link length 108
with a channel separation 0.8 nm and PMD coefficient 0.5
ps/"km

Fig. 6.4 Plots of pdf of B(z) at different length of fiber link length 108
with a channel separation 0.4 nm and PMD coefficient 0.2
ps/"km

Fig. 6.5 Plots of variance of pump and probe polarization SOP vs 109
fiber link length for different PMD parameters

Fig. 6.6 Plots of average BER vs pump power for different channel 109
spacmg

XVI



Fig. 6.7

Fig. 6.8

Fig. 6.9

Fig. 6.10

Fig.6.11

Fig. 6.12

Fig. 6.13

Fig. 6.14

Fig. 6.15

Fig. 6.16

Fig. 6.17

Fig. 7.1

Fig. 7.2

Fig. 7.3

Fig. 7.4

Plots of average BER vs probe power for different pump
power
Plots of variance of pump and probe polarization SOP vs
channel spacing for different link length.

Plots of pdf of e j (z) = Pj .S(z) at different length of fiber

Plots of average BER vs pump power for different channel
spacmg

Plots of average BER vs channel 2 power for different
pump power

Average amplitude transfer function vs fiber link length

Setup of the system simulation model for a 4-channel
WDM/IM-DD for PMD and XPM interaction

(a) input optical spectrum, (b) output optical spectrum

(a) Base line eye diagram (back-to-back), (b) Channel 1- 4
at the output for a PMD coefficient of 0.5 ps/~km; (c)
Channel 1- 4 at the output for a PMD coefficient of 1.5
ps/~km

(a) BER vs input pump power, (b) Q-value (in dB) vs input
pump power (for chromatic dispersion coefficient, Dc = 0 -
6 ps/nm-km)

(a) BER vs PMD coefficient, (b) Q-value vs PMD
coefficient (for chromatic dispersion coefficient, Dc = 3
ps/nm-km)

System model of the PMD compensation scheme. The
incoming signal has polarization components along both
the fast-(Pr) and slow (Ps) axis. The LCFBG generates the
required DGD for the Bragg reflected signal (.<;), while it
does not affect the signal (.<0) outside the grating
bandwidth
A typical chirped Bragg grating

(a) Schematic diagram of the strain gradient cantilever
structure, (b) Schematic structure of the Hi-Bi linearly
chirped FBG. The reflected signal is introduced as a DGD
between the's' (along the slow axis) and 'f' (along the fast
axis) polarization components.
Schematic of the grating with boundary conditions

XVll

lID

III

112

I 13

114

114

116

116

117

118

119

125

126

130

132



Fig. 7.5 The relationship between fiber grating bandwidth and 137
grating length

Fig. 7.6 The relationship between fiber grating reflectivity and 138
grating length

Fig. 7.7 Reflected relative time delay for the fast- and slow axis of 139
polarization

Fig. 7.8 Reflection spectrum for the LCFBG under stretching and 140
compression. Wavelength tuning shifts the passband to
longer- or shorter wavelength regime without changing the
shape of the spectrum

Fig. 7.9 Plots of DGD versus wavelength under stretched- and 141
compressed condition of the LCFBG inputting from the
fast wavelength port

Fig. 7.10 Variation of the DGD between two polarizations as the 142
LCFBG stretched (the stretching ratio is the change in the
length of the fiber grating divide by its original length
(&=M/L). .

Fig. 7.11 DGD as a function of wavelength tuning (as a result of 143
the displacement Y) at a gIven signal wavelength
A8=1550.5 nm

Fig. 7.12 Fig. 7.12: DGD as function of grating length for short- and 143
long wavelength ports

Fig. 7.13 Hi-Bi LCFBG based 4-channel PMD compensation fiber- 145
optic WDM transmission system model

Fig. 7.14 Hi-Bi LCFBG based WDM-PMD compensation module 145

Fig. 7.15 Simulation diagram of a 4-chanel WDM-PMD 146
compensation scheme

Fig. 7.16 Eye diagram for a 4-channel (each channel at 10 Gbps, 146
NRZ modulation) with and without WDM-PMD
compensation. The output signal is received after 400 km
transmission

Fig. 7.17 Eye opening penalty (EOP) at a probability of 10-3 in the 147
dependence of the mean DGD for 4-channel and single
transmission system

XVIII

r



n,
nj

P,,( !IT)

IIF
P(l/O)
p(0 / 1),cro
cr'I
To

T

<\>"
A-
Rb
Hlf)
H,( I)
a,
<\>,(t )
p(t)
Rd,crm

List of symbols

Degree of birefringence

.Polarization mode dispersion vector
Differential group delay
Direction of the PMD vector
Propagation constant along the slow axis

Propagation constant along the fast axis

Effective refractive index along the slow axis

Effective refractive index along the fast axis

Maxwellian probability distribution function

Intermediate frequency
The probability of deciding I when 0 is received
Probability of deciding 0 when I is received
Noise variance for bit 0

Noise variance for bit I

Full width halfmaximurn of the bit

Bit interval or bit period
Total output photo-detector current

Phase noise of the transmitting laser

Wavelength
Bit rate

Fiber transfer function due to PMD and GVD along the slow PSP
Fiber transfer function due PMD and GVD along the fastPSP
The random bit pattern of kth information

The CPFSK modulating phase

The elementary pulse shape
Responsivity of the photodetector

Total noise power

Random output phase fluctuation due to lSI for random bit pattern
. Mean output phase error due to photodetector

Carrier frequency

Thetransmitted optical power
The peak frequency deviation

XIX

,,~

r



D
L
hIF

i,,(l)

P,

PLo

11
p
cr,
E

IAI)

IA,)
Al
A,
P
S
Dp

8(z)

So
Po
neff

8n(z)

K

cr
t3.A

'R
R(A)
p,
8(0))
- (3)
X
p(3)

Chromatic dispersion L
Fiber length
Impulse response of IF filter
Total noise current

Output power at the fiber end

The local oscillator power

Phase distortion of the signal due to PMD and GVD
Intermediate frequency SNR
Generic encoder state

Small power penalty due to PMD
Slow varying envelop of the pump (channell)

Slow varying envelop of the probe ( channel 2)

Pump wavelength
Low-power probe continuous wave
Unit vector representing the SOP of the pump
Unit vector representing the SOP ofthe probe
Polarization mode dispersion coefficient

Random angle between the pump and probe SOP
The unperturbed probe power

The pump power

Effective refractive index

Perturbation to the effective refractive index
Fringe visibility ofthe index change
Fiber grating period
Bragg wavelength
AC couphng coefficient
General dc (period averaged) self-coupling coefficient
Grating bandwidth
Time delay for light reflected of a grating
Reflectivity or power reflection coefficient
Photo-elastic coefficient

Fiber birefringence
Instantaneous electronic response of the nonlinear medium

Third order nonlinear polarization

xx

I

\" ". ,'I'~
I: J'.,

, ,\~
" ,0"'

\,!j ,.\
"/ !,

. ', ,

I :
, !

1



AMI

ASE

ASK

BER

BPPM

CD
CPFSK

CRZ

DEMUX

DFE

DGD

DM
DMS

DPSK

DWDM

ED FA

FBG

FEC

FSK

FWM

GVD

Hi-Bi

IF

IID

IM-DD

lSI

ITU

List of abbreviations and acronyms

Alternate Mark Inversion

Amplified Spontaneous Emission

Amplitude Shift Keying

Bit Error Rate

Binary Pulse Position Modulation

Chromatic Dispersion

Continuous Phase Shift Keying

Chirped Return to Zero

Demultiplexer

Decision Feedback Equalizer

Differential Group Delay

Delay Modulation

Dispersion Managed Solitons

Differential Phase Shift Keying•
Dense Wavelength Division Multiplexing

Erbium Doped Fiber Amplifier

Fiber Bragg Grating

Forward Error Correction

Frequency Shift Keying

Four Wave Mixing

Group Velocity Dispersion

High-Birefringence

Intermediate Frequency

Independent and Identically Distributed

Intensity Modulation - Direct Detection

Inter-symbol Interference

International Telecommunication Union

XXI

.)i '.

01,



LCFBG

LED

MLDS

MUX
MZI

NRZ

NPR

OFD

OOK
OSNR

PBS

PDF

PDL

PMD

PMF

PSD

PSK

PSP

RZ

SCNR

SMF

SNR

SOP

SPM

TF

WDM

WWW

XPM

Linear Chirped Fiber Bragg Grating

Light Emitting Diode

Maximu'm Likelihood Detection Scheme

Multiplexer

Mach-Zehnder Interferometer

Non-return to Zero

Nonlinear Polarization Rotation

Optical Frequency Discriminator

On-Off Keying

Optical Signal-to-Noise Ratio

Polarization Beam Splitter

,Probability Density Function

Polarization Dependent Loss

Polarization Mode Dispersion

Polarization Maintaining Fiber

Power Spectral Density

Phase Shift Keying

Principal State of Polarization

Return to Zero

Signal to Crosstalk Noise Ratio

Single Mode Fiber

Signal-to-Noise Ratio

State of Polarization

Self Phase Modulation

Transversal Filter

Wavelength Division Multiplexing

World Wide Web

Cross Phase Modulation

XXll

I



Introduction

Chapter 1

INTRODUCTION

Due to the tremendous growth of Internet and World Wide Web (WWW), the

data rate of.current optical system has been pushed to 10 Gbit/s- 40 Gbit/s and

beyond. However, at these data rates polarization mode dispersion (PMD)

constitutes one of the main limiting factors for reliable optical fiber

communication system. In this chapter, at first we give an historical perspective

of optical communication then provide some key concepts of PMD, literature

review, motivation of the research work and its objectives, and finally an

overview the thesis work.

I. 1 Historical perspective of fiber optic communication systems

Even though an optical communication system had been convinced in the late

18th century by a French Engineer Claude Chappe who constructed an optical

telegraph, electrical communication systems became the first dominant modern

communication method since the advent of telegraphy in the 1830s. Until the

early 1980s, most of fixed (non-radio) signal transmission was carried by

metallic cable (twisted wire pairs and coaxial cable) systems. However, large

attenuation and limited bandwidth of coaxial cable limited its capacity upgrade.

1
r
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Introduction

The bit rate of most advanced coaxial systems which was put into service in the

United Sates in 1975 was 274 Mbitls. At around the same time, there was a need

of conversion from analog to digital transmission to improve transmission

quality, which requires further increase of transmission bandwidth. Many efforts

were made to overcome drawbacks of coaxial cable during 1960s and 1970s. In

1966, Kao and Hockham [1] proposed the use of optical fiber as a guiding

medium for optical signal. Four years later, a major breakthrough occurred when

the fiber loss was reduced to about 20 dB/km from previous values of more than

1000 dB/km. Since that time, optical communication technology has developed

rapidly to achieve larger transmission capacity and longer transmission distance.

The capacity of transmission has been increased about 100 fold in every 10 years.

The first generation of optical communication was designed with multi-mode

fibers and direct bandgap GaAs light emitting diodes (LEDs), which operate the

800 nm - 900 nm wavelength range. Compared to the typical repeater spacing of

coaxial system (- 1 km), the longer repeater spacing ( -10 km) was a major

motivation. Large modal.dispersion of multi-mode fibers and high fiber loss at

850 nm ( > 5 dB/km) limited both the transmission distance and bit rate. In the

second generation, multi-mode fibers were replaced by single-mode fibers, and

the center wavelength of light sources was shifted to 1300 nm, where optical

fibers have minimum dispersion and lower loss of about 0.5 dB/km. However,

there was still a strong demand to increase repeater spacing further, which

could be achieved by operating at 1500 nm where optical fibers have an intrinsic

minimum loss around 0.2 dB/km. Larger dispersion in 1550 nm window delayed

moving to a new generation until dispersion shifted fiber became available.

Dispersion shifted fibers reduce the large amount of dispersion in the 1550 nm

window by modifying the index profile of the fiber while keeping the benefit of

low loss at the 1500 nm window.
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An important advancement was that an erbium-doped single mode fiber

amplifier (EDFA) at 1550 nm was found to be ideally suited as an amplifying

medium for modem fiber optic communication systems. Invention of EDFA had

a profound impact especially on the design of long-haul undersea system, The

EDFA band, or the range of wavelengths over which the EDFA can operate,

proved to be an important factor in fixing the wavelength of operation of present

day fiber optic systems. The EDFA band is wide enough to support many

wavelengths simultaneously. This led to the development of wavelength division

multiplexing (WDM) systems or the simultaneous propagation of several

wavelengths of light through a fiber, where each wavelength can carry a

different data stream.

In the late 1990s, the demand for bandwidth, especially with the huge growth of

the Internet, fueled a rapid increase in the data rates. As the number of channels

and data rates rose, certain phenomenon such as chromatic dispersion (CD) and

nonlinearities began to show up as obstacles. CD being deterministic in nature

could be effectively compensated for by using special fibers called dispersion

compensating fibers and other novel devices. At high bit rates (~IO Gb/s) PMD

constitutes the ultimate impairment for the transmission of optical signals.

Digital signals propagating through an optical fiber with PMD may be broadened

during transmission and as a consequence spread beyond their allocated bit slot

and interfere with neighboring bits. Researchers in late I980s and early 1990s

realized that PMD would have to be addressed because of its significant impact

on the performance of multi-gigabit per second optical communication systems

operating over the embedded optical fiber network [2]-[6].

1.2. Evolution of PMD and its characteristics

Polarization effects have historically played a minor role in the development of

lightwave systems. The primary reason for this is that commercial optical
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receIvers detect optical power rather than the optical field and thus are

insensitive to polarization. In recent years the important of polarization in

lightwave systems has dramatically has grown as a result of two developments.

First, due to the EDFAinvention, optical path has dramatically increased and

small effects as PMD accumulate in a span to the point where it become an

important consideration for lightwave system developers. The second reason is

that polarization effects have become important as the transmitter and receiver

technologies pushed to Gb/s speed. The basic concepts of PMD and its cause are

discussed in the following sectionS.

1.2.1 Definition of PMD, birefringence and PMD vector

A single-mode fiber is designed to support only one mode of propagation of

light. The principal advantage of letting light propagate along only one mode is

that inter-modal dispersion can be avoided. Inter-modal dispersion happens as a

result of relative delay between the light propagating in the various modes in a

multi.mode fiber. In single-mode fibers, as there is only one mode available for

light propagation, inter-modal dispersion is non-existent. In reality, however,

there are two degenerate modes of light even though a single-mode fiber which

are orthogonally polarized. These degenerate modes will have the same mode

index (n), only when the core of the fiber is perfectly cylindrical (i.e., it has a

uniform diameter). In spite of the measures taken to provide a symmetrical core

cross-section, there is some asymmetry and the degeneracy is broken. The

reasons for birefringence in single-mode fiber can be broadly classified as

intrinsic and extrinsic. Intrinsic factors are those that are present inthe fiber right

from the manufacturing stage. It is not possible to produce a perfectly cylindrical

glass fiber with no internal defect, although research on improving the

manufacturing process has led to more pure and highly circular fiber cores and

thus minimal asymmetry results. PMD levels are typically < 0.1 ps/~km for
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such fibers. Extrinsic factors are those which induce birefringence in a fiber

after its manufacture. Stress induced by cabling, micro or macro-bending (such

as drum wrapping, kinking over sharp object), twisting, side pressure and

temperature etc. are extrinsic factors. The extrinsic birefringence can occur due

to environmental factors or during cabling process and the birefringence values

produced by these effects are on the order of 10-5 _10-7, which is much smaller

than core/cladding index difference ( - 10-\ Fig. 1.1 illustrates how stress can

induce asymmetry in the fiber core and Fig.I.2 illustrates the intrinsic and

extrinsic mechanism of fiber birefringence.

___ ~ -<'" Ideal- ,

Elliplit:al .
Cladding

.
t~OIl SYUllIlf<llic Struss

Elliptical
Core

Fig. l.l: Stresses and modes in a single mode fiber [7]

The consequence of this asymmetry of core cross-section is the existence of

birefringence and two modes will experience a different mode index. The

difference between these two indices is known as degree of birefringence,

!'J.n'!J = Inf - n, I. As a result of birefringence, a signal launched into a fiber at a

particular state of polarization, it is decomposed into two orthogonally polarized

components that propagate'with different propagation characteristics. The pulses
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arrive at the output is differentially delayed. This difference between the delays

is termed as the differential group delay (DOD). It is this DOD (b.~) that causes

an input pulse to appear broadened at the output and this effect on the pulse is

commonly called PMD. Although the PMD disturbances on the fiber are

relatively small in magnitude, they tend to be random over the length of the fiber

owing to their nature. Accumulation of these random little effects over the fiber

is enough to cause system outages in high-speed optical data links. Fig. 1.3

illustrates the effect of birefringence on a pulse input into a short fiber segment.

8
Geometrical
8

Stress

(a)

=0= c== ~
~

Lateral Bend Twist
St, ••.•s

(b)
Fig. 1.2: (a) Intrinsic and (b) Extrinsic mechanism of fiber birefringence [7]
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'.
Fig. 1.3: A pulse launched with equal power on the two birefringence axes x and y (fast
and slow axes) of a short fiber segment gets separated by the DOD at the output [8].
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Fibers for which t.n,rr is large (_10-4) are called highly-birefringent (Hi-Bi)

fibers. In general, the net effect of launching a signal with an arbitrary state of

polarization into a piece of Hi-Bi fiber will give two replicas of the input signal,

polarized at different orthogonal states of polarization and with a relative .time

shift between them. The input state of polarization which yields the lowest value

of refractive index (n) is called the fast state of polarization and likewise the

input state of polarization which yields the highest value of n is known as the

slow input state of polarization.

In the absence of polarization dependent losses, the input (output) states of

polarization are mutually orthogonal. These states are commonly referred as

principal states of polarization (PSPs). The differential transmission time of the

two undistorted signals polarized along mutually orthogonal states of

polarization constitutes the first order effect of PMD. Both the PSPs and the

DOD are assumed to be independent of frequency if only first order PMD effects

are being considered. Using PSP concept, PMD can be characterized as a vector

and represented as [8]:

T = t.,P (1.1)

The PMD vector is a vector in 3- dimensional space (Stokes space). The length

of the vector (M) is the DOD and the direction of the vector (p) is along the

axis that joins the two PSP points in Stokes space. Any input state of

polarization (SOP) can be expressed as the vector sum of two components, each

component being aligned with one of the PSPs. For a narrow band source (i.e.,

considering only the first order PMD) the output electric field vector from a fiber

can be given as [4],[7]:

E,,,,( t) = c+P+ E;,,( t + '+) + cop _' E;,,( t +'t_) (1.2)
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where, Em,/ t) and E,,, (t) are output and input electric field vectors

respectively. c+ and c are complex coefficients required to indicate the field

amplitude launched along the slow PSP and fast PSP respectively. The

magnitudes Ic+ I and Ic~I, correspond to the power splitting ratio y. p + nad p ~
are unit vectors specifying the output polarization states ( referred as output

PSPs) of the two components. The difference ('+ ,~) is the DGD. This relation

shows the amount of broadening of the output pulse due to PMD is dependent

upon the values of the quantities "", c+ and c~.

1.2.2PMD in short and long fibers

The effects of birefringen'ce and PMD are considered differently for short and

long single~mode fiber spans. All telecommunication fibers fall in the 'long'

fiber category. Understanding the PMD mechanism in 'short' fibers would help

explain the mechanism in the 'long' fibers. In short fiber segment, the stresses

can be considered to be acting uniformly along the length. The single~mode fiber

segment becomes bi~modal due to the birefringence induced by these stresses.

The propagation constants along the two (propagation) modes are slightly

different. Therefore, a differential delay develops in the fiber segment, which is

capable of broadening the input pulse. Mathematically this can be explained as

follows [7]:

If ~, and ~J are the propagation constants along the slow and fast propagation

modes respectively and if nJ and n, are their effective refractive indices, then:

(1.3)

where, OJ and c are angular frequency of the light signal and free space velocity

of light respectively. The differential group delay, expresses as group delay per
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unit length is obtained from equation (1.3) by taking the frequency derivative of

the propagation constants.

c,. =~(~ _~ )= c'n _ w d(c,n) (1.4)
L dw ' fCC dw

The group delay per unit length term Mj L is commonly known as the PMD

coefficient of a fiber. Its unit is ps/km.

As mentioned eariier, since all telecommunication grade fibers fall in the 'long'

fiber category, it is necessary to bring out their differences from the 'short' fibers.

The relation between PMD induced delay and fiber length is no longer linear in

the case oflong fibers. This is because of the phenomenon called mode coupling

that is taking place in all fibers longer than a certain statistical length called

correlation length. The correlation length can vary between a few meters to

more than kilometers depending on whether it is spooled or a cabled fiber.

Telecommunication grade fibers will typically have a value of 100m. Fibers that

are longer than the correlation length is considered to belong to the 'long' fiber

category. As a lightwave propagates down the long fiber, there is a constant

sharing of energies between the two propagating modes. The random exchange

of energies (also called mode coupling) is due to the varying stresses or

perturbations that are experienced by the fiber along its length. The mode

coupling process allows the DGD to grow proportionally to the square root of

the length of the link rather than a linear dependence [5]. The DGD does not

grow linearly with length in highly mode coupled fibers because the coupling

between segments reduces the accumulated DGD, i.e., when the slow PSP of one

segment is very nearly aligned with the fast PSP of the next or previous segment

the DGD of both segments will cancel each other out. However, in either case,

PMD causes dispersion or broadening of the lightwave signal. Whereas this

broadening is predictable in the case of 'short' length fibers, it is probabilistic for

'long' length fibers.
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1.2.3 The statistical nature of PMD

The intersymbol interference (lSI) caused by pulse spreading due to PMD has a

different origin from the lSI caused by the chromatic dispersion in the fiber. The

latter one is deterministic. grows linearly with distance and can be compensated

by using dispersion compensating fibers or any other commercially available

dispersion compensation technique [9]. PMD however is a stochastic process

[10]. The random configuration of birefringence which causes PMD depends on

the stress induced by spooling, cabling, temperature changes and any other

environmental factor that may cause the core of the fiber to deviate from being

. perfect cylindrical. The statistical properties of PMD theoretically and

experimentally studied [11]-[14]. It was found that the evolution of DGD at

particular frequency over time yield a Maxwellian probability density function

given by equation (1.5). Fig. 1.4 illustrates how the plot of measured DGD

. closely matches that of Maxwellian function.

\
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Fig.1.4: The measured probability density function ofDGD and the
Maxwellian fit (dotted line) [7]
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Interestingly, as a result of the multiple factors which contribute to the randomly

varying birefringence along the fiber, the statistics of PMD at a given frequency

over time are the same as the statistics of PMD at a given time over a broad

enough frequency range [10]. Even more interesting is the fact that the statistics

of PMD over either time or frequency for a single fiber are the same as the

statistics of PMD over an ensemble of fibers [12]. This makes PMD an ergodic

process.

It is this highly statistical nature of PMD which makes it difficult to compensate.

The PMD dependence on environmental factors introduces a time variation in

the frequency response of the fiber, which in tum implies the need for an

adaptive compensation technique. Not only does the frequency response of the

fiber evolve with time but also with the input and output states of polarization. A

successful PMD compensation scheme should therefore, be capable of tracking

relatively fast variations in the frequency response of the fiber.

1.3 Literature review, motivation and research objectives

In the 21" century, we are seeing dramatic changes in the telecommunication

industry that have far reaching implications for our lifestyles. There are many

drivers for these changes. First and foremost is the continuing, relentless need

for more data carrying capacity of the network. This demand is fueled by many

factors. The tremendous growth of the Internet and WWW, both in terms of

number of users as well as the amount of time and thus bandwidth taken by each

user. To satiate the demand for greater network capacity, the data rate of current

optical systems has been pushed to 10 Gbitls - 40 Gbitls. However, at these data

rates, the most important transmission impairments associated with long-

distance optical fiber communication systems include fiber CD, Kerr effect,

PMD, noise accumulation from optical amplifiers and interaction between them.
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In the early years of last decade the PMD was never a major concern as most of

the optical network were not being used at high bit rates. Nevertheless with the

modem high-speed (i.e.10 Gbit/s - 40 Gbit/s) network PMD becomes a serious

issue. Such high bandwidth requirements have pushed the network designers to

include the PMD analysis before new high-speed link or network technology is

purchased or installed. Thus, we have focus'ed on the study of PMD effect and

its compensation on the fiber optic communication systems in this thesis. PMD

causes spectral broadening of the transmitted signal that leads to a reduced SNR,

bit pattern corruption, higher bandwidth requirement and eventually contributes

to bit error rate (BER) deterioration, performance variation or even system

fading [8], [15]-[16].

The impact of PMD on optical transmission systems operating at Gb/s has been

the subject of considerable research interest in the last few years. As analytical

evaluation of the effect of PMD on the BER performance of an optical

transmission system is not easily tractable, most of the previous research works

have been focused on the evaluation of PMD effect by Monte-Carlo simulation

to evaluate the eye penalty [17], Q-value ~nalysis and evaluation by experiment

[18]-[19] or by simulation [20], SNR degradation and determination of outage

probability for an optical fiber communication system [21]-[22]. Several

modulation schemes are also considered in different research works to find the

robustness to the PMD effect [23]-[24].

S. J. Savory et at [15], using Marcuse's perturbation method (conventional

coupled mode equation) analyzed the propagation of pulses in optical fibers with

PMD that disperse the pulse. They solved the equations perturbatively that gives

the transfer function of the fiber and determine the impact of PMD on system

parameter such as root mean square (rms) pulsewidth, eye penalty and outage

probability.
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H. Sunnerud et at [25], analytically investigated the PMD impairments as well as

its compensation in terms of pulse width rms value and reported the benefits of

using different passive techniques for mitigating the effects of PMD, including

more advantageous data formats compared to conventional non-return to zero

(NRZ) format, soliton transmission and forward error correction.

J. Wang et at [26], analyzed the impact of chromatic dispersion and PMD on

systems using differential phase shift keying (DPSK) with NRZ and RZ formats

and signals are received using optical pre-amplification, interferometric

demodulation and direct detection. Results are presented in terms of BER and

outage probability, and compute optical power penalties at fixed BER, and

reported that either NRZ or RZ format is used; 2-DPSK exhibits lower power

penalties than OaK in the presence of chromatic dispersion and PMD.

Using numerical simulation C. Xie et at [27], studied the PMD-induced

degradation for on-off keying (OaK) and DPSK for long-haul optical

transmission system for both compensated and uncompensated system at 40

Gb/s. They reported that DPSK systems have more tolerance than OaK for

uncompensated and compensated system.

Due to the environmental variations, such as temperature changes, vibration and

movement along the fiber, the DGD and the PSPs also drift randomly with time.

This is the main reason why PMD is very complicated to compensate, since any

compensation scheme has to dynamically adapt to these variations. A good

number of research works have been carried out to mitigate the PMD effect

using active devices in electronic and optical domain [28]-[30]. Meanwhile,

there are several ways of passively mitigating the effect of PMD without

employing active PMD compensators [31 ]-[34]. W. Kaiser et at [35], also
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experimentally reported the reduced sensitivity of optical duobinary linecoding

to the effects of PMD.

Due to the strong frequency dependence ofPMD, the need for higher order PMD

compensation grows as channel bit rate increases. S. Kim [36], analytically

calculated the system performances in second- and third-order PMD

compensation. They reported that the higher order PMD compensation based on

counteracting the fiber PMD vector with compensation vector given by Taylor's

expansion up to a certain order at a specific frequency does not work well and

the deterioration of the system performance become more severe for large PMD

. values.

Recently, Hi-Bi grating has been introduced for PMD compensation, where a

nonlinearly chirped grating written on a Hi-Bi fiber was used to provide a

differential time delay for different states of polarization [37]- [38]. S. Lee et al

[39], reported that a tunable nonlinearity-chirped FBG written into a high-

birefringence fiber and used for compensating varying amounts of PMD. The

high-birefringence fiber provides different time delay for SOPs and the nonlinear

chirp of the grating provides the selectability of varying amounts of DGD when

the FBG is stretched. This all fiber method showed good performance for a 10

Gb/s signal with 175 ps of adjust ability.

Considering the above discussion, the analytical modeling to assess the impact

of PMD in terms of BER for different modulation scheme and its compensation

is very important and yet to be reported. Depending on specific application,

various modulation and demodulation formats similar to those of traditional

radio frequency communication are. all also employed in intensity and coherent

. lightwave transmission system. These includes amplitude shift keying. (ASK),

phase shift keying (PSK), continuous phase shift keying (CPFSK), discontinuous
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FSK, differential PSK, binary pulse position modulation (BPPM) etc. Each of

these modulation schemes, such as ASK, PSK, FSK, DPSK etc. and combination

thereof, with direct, homodyne and heterodyne or diversity receivers has its own

merits and weaknesses. Optical CPFSK is an attractive modulation format as it

allows generation of compact spectra, direct modulation of laser diode than

amplitude shift keying (ASK) and PSKJDPSK system [40]. The FSK coherent

lightwave system provides improved receiver sensitivity, allows transmission of

multiple information channels and usher the prospect of tunability of receivers.

The combination of these advantages allows maximum utilization of the

enormous transmission capacity of single mode fibers. Therefore, it is necessary

to develop analytical approaches for evaluating the impact of PMD in terms of

conditional and average BER using different modulation schemes in single- and

multi-channel fiber-optic transmission systems and to find appropriate

compensation techniques and their performance results analytically.

The main objectives of this thesis are to study the fiber PMD effects and its,
compensation using different modulation formats on optical communication

system. The whole research work is carried out to achieve the following specific

goals:

(i) To develop analytical models of fiber-optic transmission systems impaired

by PMD with coherent and direct detection receivers.

(ii) To carry out BER performance analysis based on the above analytical model

for fiber-optic transmission systems using different modulation schemes,'

such as CPFSK, intensity modulation (1M)with coherent and direct detection

receIvers.
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(iii) To develop analytical models of different compensation techniques using

linecoding as well as using fiber Bragg grating (FBG) to mitigate the impact

of PMD on optical transmission system.

(iv) To extend the analysis of PMD effect with different modulation and

detection schemes along with and without their compensation schemes to

multichannel optical transmission system; such as a wavelength division

multiplexing (WDM) system.

(v) To evaluate the performance results with and without compensation scheme

for a single- and multi-channel fiber-optic transmission system and to find

the optimum system design parameters.

(vi) Finally, to compare the analytical results with the experimental and

simulation results reported earlier to validate the analytical approximations.

1.4 Outline of the thesis

As mentioned in the title of this thesis, the key objective of this work is to study

the PMD effects on fiber-optic transmission system. The thesis is organized as

follows:

Chapter 2 gives the analytical method to evaluate the impact of PMD on 1M-DO

transmission system considering the effect of induced lSI among adjacent bits.

The performance is determined in terms of average BER assuming Maxwellian

distribution for the DGD at a bit rate of 10 Gbitls. Simulation is carried out for a

single channel transmission system in terms of eye diagram.
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Chapter 3 starts with the motivation of modeling the direct detection CPFSK

optical transmission system. A low pass equivalent system mode is proposed.

Following this low pass model, the expression for the output photocurrent of the

direct detection receivers are derived considering PMD induced DOD and group

velocity dispersion (OVD). Next, the expression of moments of the random

phase noise process is derived from the knowledge of output phase fluctuation

due to DOD. The probability density function (pdl) of the random phase

fluctuation is then determined by inverse Fourier transform of its characteristic

function which is found from moments of the phase noise process. Considering a

given value of the random phase fluctuation conditional and average BER

expression is derived and system performance is evaluated.

Chapter 4 provides theoretical approach for optical heterodyne CPFSK

transmission system to evaluate the BER performance limitations due to PMD

with delay-demodulation receiver. The method is based on the linear

approximation of a linearly filtered angle-modulated signal such as CPFSK

signal. For a given intermediate frequency (IF) SNR, the condition BER is

conditioned on a given value of random phase fluctuation and DOD. Finally, the

average BER performance is evaluated using the pdf, obtained by the method

outline chapter 3.

Chapter 5 describes the analytical method to mitigate the impact of PMD on

optical transmission for several linecoding, such as alternate mark inversion

(AMI), delay modulation (DM) and order I; in direct detection- and heterodyne

detection CPFSK system. The linecoder is used as a linear time-invariant filter

that acts on the input data signal and generate an output sequence. The relative

effectiveness of the above linecodes is determined in overcoming the pulse

dispersion performance degradation caused by PMD and compare the results.
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Chapter 6 studies the interaction of PMD and cross-phase modulation (XPM) in a

WDM transmission system. XPM is a nonlinear phenomena occurring in optical

fibers when two or more optical fields are transmitted through a fiber

simultaneously. Due to the presence of PMD, the angle between the SOP

changes randomly and causes XPM modulation amplitude fluctuation random in

the perturbed channel. The pdf of the random angle between the SOP of pump

. and probe is analytically determined and using the pdf, the impact of polarization

mode dispersion on XPM is assessed in terms of BER, channel spacing etc. for

pump-probe configuration and 4-channel WDM system.

Chapter 7 presents the mathematical formulations in detail for compensating the

effect of PMD in' a multi-channel environment using the Hi-Bi linear chirped

fiber Bragg grating (LCFBG). A LCFBG based PMD compensation system

model is proposed. PMD compensation is achieved by utilizing the effect of

strain in LCFBG through a cantilever structure. With an optimal design of the

grating and cantilever beam parameters, this PMD compensation device is well

suited for WDM applications over a significant range of operating wavelength,

where a number of channels can be compensated together. Using the proposed

PMD compensator 4-channel WDM system is simulated.

The last chapter focuses on conclusions of the thesis, summarizes the

achievements of the research and gives recommendations for future work. Due to

the fast-developing technologies, one can never finish the exploration. Together

in these eight chapters, I describe the work for my Ph. D thesis.
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Bit Error Rate and Effect of PMD in IM-DD Transmission System

Chapter 2

BIT ERROR RATE AND EFFECT OF PMD IN IM-DD
TRANSMISSION SYSTEM

In this chapter, first a brief introduction of direct- and coherent detection is given

and then BER expression is derived to quantify the penalty of optical system. An

analytical approach is used to evaluate the impact of PMD in an IM-DD optical

transmission system in terms of average BER considering Maxwellian

distribution for the DGD. Simulation is done for a single channel IM-DD system

using the OptSim simulation software and a comparison is established between

analytical and simulation results.

2.1 Intensity modulation and optical coherent system

The method of superimposing an information signal onto an optical carrier is

called direct modulation. Modulation of laser diode can be accomplished by

varying its driving current. This result in intensity modulation (1M), which is the

most popular type of modulation, used in deployed fiber-optic communication'

systems. It can be represented as on-off keying (OaK) modulation with

particularity that bit 0 and I do not have the same noise level. This is due to the

predominance of the signal-amplified sRontaneous emission (ASE) beat noise,

which is larger for bit 1: At the receiver end, a photodetector converts the

incoming optical stream into a stream of electrons. The electron stream (i.e.,
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Bit Error Rate and Effect of PMD in IM-DD Transmission System

electrical current) is then amplified and passed through a threshold device.

Whether a bit logical 0 or I is depends on whether the stream is above or below

a certain threshold for bit duration and thus the receiver provides direct detection

(DO). In short, the method is called 1M-DO.

Coherent fiber-optic communication systems use a principle similar to

heterodyne or homodyne detection in radio broadcasting. At the transmitter end,

an information- carrying electrical signal modulates a microwave signal radiated

by a local oscillator. This microwave signal, in tum, modulates a laser that

presents modulated light for transmission. At the receiver end, the optical input

signal mixes with light emitted by a local oscillator (laser) so that the

information signal is detected at intermediate frequency (IF). A photodiode

converts an optical signal into an electrical signal and information is extracted

from the carrier at IIF' If IIF = 0 - that is the detected signal is at the original

frequency of the information signal - the detection is called homodyne. If

IIF * 0 - that is, the detected signal at the IF - the detection is called heterodyne.

A coherent system works effectively if - and only if - the polarization of an

incoming optical signal coincides at the receiver end with the polarization of a

local optical signal. This is why we need polarization-maintenance (PM)

adapters at the transmitter and receiver ends. We also need a PM fiber for

transmission or we have to use some other means to control the polarization state

of the transmitting signal.' This is one of the major drawb'acks of a coherent

system. The main motivation for developing a coherent system is to increase

receiver sensitivity by 10 dB to 25 dB that is from 10 to 316 times [41]-[42].

In this work, we provide the BER to find expression and an analytical!iPproach

to evaluate conditional and unconditioned BER performance limitations of an

optical 1M-DO transmission system impaired by PMO. Since temporal behaviors

of fiber PMO are of statistical nature as a result of the randomness of the

birefringence variations along the fiber structure, therefore to determine more
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accurately the optical transmission impairment due to PMD, we incorporate the

PMD statistics. We determine the unconditional BER and power penalty

analytically, considering the DGD to have a Maxwellian pdf.

2.2 Quantifying optical system penalty: BER expression

A very common approach to quantify the different optical transmission

impairments, such as chromatic dispersion, PMD, nonlinearity etc., induced

system penalty is to calculate the probability that the system reaches a certain

unacceptable penalty level, which can be assessed by the eye closer, digital SNR,

BER or optical SNR. This is very important from a practical point of view,

because certain penalty level can be defined as an outage, i.e., the system does

not work beyond that penalty level.

Optical receivers convert incident optical power into electric current through a

photodiode. Among a group of optical receivers, a receiver is said to be more

sensitive if it achieves ,thesame performance with less optical power incident on

it. The communication system performance is characterized by a quality called

BER which is defined as the average probability of incorrect bit identification of

a bit by the decision circuit of the receiver [41]. For example, a BER of 2x10.6

would correspond to on average 2 errors per million bits. A commonly used

criterion for digital optical receivers requires BER ,,; Ix 10.9• It is important for

the signal to have minimum distortions in order to avoid a high BER at the

receiver. This means that although the combined effects of PMD, GVD and

nonlinear effect can not be eliminated, they need to be reduced so that a pulse

can propagate with minimum distortions. In order to assess the system

performance one needs to know how to calculate the BER of the system at the

receiver end.
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"

Fig, 2,1 shows schematically the fluctuating signal received by the decision

circuit, which samples value 1fluctuates from bit to bit around an average value

I, or 10, depending on whether the bit corresponds to 1 to 0 in the bit stream,

The decision circuit compares the sampled value with the threshold value 10

and calls it bit I if 1> 10 or 1< 10, An error occurs if 1< J0 for bit I or if 1>

10 for bit 0 due to noises that add into the signal in the system.

Time

Probability

- .

Fig. 2.1: Bit error probabilities

Both sources of errors can be included by defining the error probability as,

BER = p(I)P(I/O)+ p(O)P(O/l) (2.1)

(2.2)

where p(l) and p(O) are probabilities of receiving bits 1 and 0 respectively,

P(O /I) is the probability of deciding 0 when 1 is received, and P(I! 0) is the

probability of deciding I when 0 is received. Since I and 0 bits are equally

likely to occur, p(l) = p(O) = I! 2, and the BER becomes,

BER = ~[P(l/O) + P(O/l)]
2

Fig. 2.1 shows how P(O/l) and P(l/O) depends on the probability density

function p(1) of the sampled value 1. The functional form of p(1) depends on
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the statistics of noise sources responsible for current fluctuations. Assuming a

Gaussian noise profile, one can write the functional form of P(O/I) andP(1I0)

as,

P(O 11) = I i" exp( (I - I,)' J dI
0",& ~ 20",'

P(1/0) = ~ r exp(- (I -I~)' J dI
0"0 2tr D 20"0

(2.3)

(2.4)

where 0",' and O"~ are the corresponding variances. From the definition of the
complementary function we have,

erfe(x) = ]; rexp(-x' )dx (2.5)

Using equation (2.5) in equation (2.3) we get,

I (I - I JP(OII)=-erfe Jz D

2 20",

I (I - I )P(1 / 0) = - erfe Jz 0
2 2 0"0

Using equation (2.6)in equation (2.2) we can write the BER as,

. I[ (I - I J (I - I JJBER ="4 erfe Jz O"~ + erfe Ji 0"0:

Equation (2.8) shows that the BER depends on the decision threshold ID •

2.2.1 Q-factor

(2.6)

(2.7)

(2.8)

In practice, ID is optimized to minimize the BER. Hence we minimize BER
with respect to IDusing,
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d r f ] 2 -I' df-erfcl) (x) ~ -e --
dx . .r;; dx

and obtain

For most practical cases, the last term is negligible and hence we get,

Hence we find that the minimum occurs when,

(2.9)

(2.10)

(2.11 )

(2.12)

when, 0', ~ 0'0' 1D ~ (I, + 10)/2, which corresponds.to setting the decision

threshold in the middle. The BER is given by

BER ~ ~erfc( ~ J
where the factor Q is given by

Q~ I, -10

0"1 +0"0

24
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4
()

6 8

Fig. 2.2: Bit Error Rate (BER) versus Q factor

The Q factor is thus a dimensionless factor and is related to the BER as shown in

Fig. 2.2. Figure 2.2 shows how BER varies with Q factor. The factor improves

as Q increases and becomes lower than 10-12 for Q =7. Now the expression for

Q is in terms of receiving current. Since the receiver current is directly a measure

of optical power, P of the signal such that I= RP, where R is thr responsivity of

the photodetector, and the optical power is related to the energy of the signal

pulse, we can write the Q factor in terms of pulse energy as,

E(l) _ EIO)
Q- (2.15)

all) + 0'(0), ,

where E(l), (0';)(1) ar.e the energy and vanance In energy of the I bit

andEIO), (0';)(0) are the energy and variance in the energy of the 0 bits. The

variance in energy is defined as 0'; = (E') - (E) '. Hence in order to evaluate

the Q factor we need to calculate the variance in energies of I and 0 bits at the

receiver end.
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2.3 System model oflM-DD transmission system

The schematic configuration of an 1M-DO optical transmission system model

considered in the analysis is shown in Fig. 2.3. A DFB or DBR laser may be

used at the transmitter. The pseudorandom data pattern at a rate of 10 Obis is

used to intensity modulate the laser source and output fed to the SM fiber. A

direct detection receiver with a PIN photodiode receives the optical signal. The

output of the pre-amplifier is then filtered by a low-pass filter and f~d to a

sampler followed by a comparator. The threshold voltage of the comparator is

set to zero value. If the output voltage is greater than zero a binary' I' is detected,

otherwise a binary '0' is detected.

TRANSMITTER RECEIVER

Input [) (Q Output

signal Elect. A signal
Driver .................. LPF
circuit ••

SLD SMF PD

Fig.2.3:Schematicconfigurationof an opticaltransmissionsystemmodel

2.4 Theoretical analysis

A very elegant way to study PMD is based on the model of the principal states of

polarization (PSP). For a given fiber, at a fixed time and optical frequency, there

always exist two polarization states, called PSP. When operating in a quasi-

monochromatic regime, the output PSPs are the two orthogonal output states of

polarization for which the output polarization does not depend on the optical

frequency at first order. The corresponding orthogonal input polarization states

are called the input PSPs.
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The difference in arrival time Llr between the PSPs is called DGD and it is the

cause of pulse broadening at the output of a fiber when energy is split between

the two PSPs at the input. If LIT is the DGD between the PSP's, T is the bit

interval, To is the full width half maximum (FWHM) of the input pulse and 28 is

the angle between the Stokes vector representing the state of polarization of the

input pulse and of the input PSP's, the output pulse width can be given by [43],

~T' - To' =~M sin(2B) (2.16)
2

Generally for commercial SM fibers, PMD becomes the only serious

consideration when an optical transmission system with a high bit rate distance

product is operating in the wavelength where the fiber chromatic dispersion is

negligible. Due to the more mature EDFA technology at the 1.55 /lm wavelength

window, PMD is relevant for system using dispersion-shifted fibers. Therefore,

we assume dispersion-shifted fiber as a transmission medium. Fiber

nonlinearities and optical amplifier related polarization sensitivities are also

ignored in this work.

The optical field E, (t) coupled into the fiber can be modeled as

£,(1) = JP, I>, g(l-kT) (c,e, +c,e,)
k~ _<D

(2.17)

where P, is the transmitted peak power, bk = 0, 1 represents the transmitted bit,

and g(t) the transmitted pulse shape. The vectors represent the input PSP's are

indicated with e; =( e;x x + e;yY) (;= 1,2) and the complex coefficients Cj' and

C2 determine the SOP of the transmitted field (lcd2 + JC212 = I).

In deriving the output electric field we assume that the signal bandwidth is much

smaller than the PSP's bandwidth. This constraint is fulfilled for all the practical

values of the bit rate if a standard DFB or DBR laser is used at the transmitter.
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Neglecting chromatic dispersion, in a reference frame solid to the output PSP's,

the received field E(t) is given by,

E(t)=.JPfb,[cos a g(t-kT)xk ~ __

+ sill 0 g ( I - kT - f!. "[ ) e - ''I' Y }

(2.18)

where P is the received peak power, () is the angle between the electric field

representing the state of polarization (SOP) of the transmitted pulse and the

direction of the input PSPs and If! is the fiber induced phase difference between

the two waves. At the receiver, after detection by means of a photodiode and

filtering by a baseband filter of pulse response h(t), the photocurrent j(t) taking

into account the orthogonal property of the PSP's, the kth decision variable is

given by [44],

j, =R,PMq [coia r(/!'"itrS) + sids r(/!'tsitrS-/!'t)]+

R,PM'[},[cois r(t, -itT) +sitrS r(l, -ItT-/!'t)} +n(I,)
".,

(2.19)

where Rp represents the photodiode responsivity, M the photodiode average gain

if an APD is used ( if aPIN is used M= ]), tk = (kT + iJr sin2(}), sampling instant

n(tJ the noise sample and

y(t) = f It(t -;) I g(;) I'd; (2.20)

The nOIse power aJ, which depends on the received signal can be easily

evaluated assuming the dark current noise is nf'gligible and according to [45] it is

expressed aso} = a; + 2e < ik > BM2+~.

where ajis the receiver thermal noise power in the signal bandwidth, ,; is a

parameter typically of the adopted photodiode and < * > indicates the ensemble

average for a fixed transmitted message, B is the bit rate.

From (2.19) it is evident that the main effect of polarization mode dispersion is

to generate intersymbol interference (lSI). We represent this term by,
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The effect of lSI can be evaluated by approximating the (2.21) with terms h = k-

I, k-2, k-3, k-4 and h = k+l, k+2, k+3, k+4, that is considering in a fourth

approximation only the interference among the adjacent bits.

Bit Error Rate and Effect of PMD in IM-DD Transmission System

i", =R,PM Lb,[cos' 0 r{t,-hT) +sin'O r(I,-hT-6r)] +n(I,)
"~A

(2.21)

,

The probability that a '0' is received when a 'I' is transmitted and the

probability that' I ' is transmitted when a '0' is transmitted can be given by

p(O /I) = 0.5 eric [ « i, > - < ii,i » - it!, )
j2&f

(2.22)

p(l/O) = 0.5 erfc [< ii'; > -j'h J
. j2&f

(2.23)

(2.24)

where jt" is the optimum threshold value and (Ji the nOIse sample standard

deviation corresponding to the considered pattern. Of course the value of jt"

depends on different conditions as pulse shape, noise, filter shape and so on. We

can express the BER conditioned on a given value of.d, as,

BER(L'.t) =0.25[erIC[«]' >-<i,; »-]"J + er1c[<i", >~]"JJ
~ ~

Equation (2.22) - (2.24) allow the system conditional BER to be evaluated if the

system parameters, as the transmitted pulse shape, the transmitted SOP are

known.

The temporal behavior of the PMD is stochastic due to relatively fast changes in

the environment such as ambient temperature and local vibration, or slow change

such as aging. Even if the fiber is perfectly circular, external mechanical or

thermal stresses cause small asymmetric to the fiber core. Thus DGD changes

with time due to external stress and as a result beyond the birefringence

correlation length, the polarization axes Ofthe fiber are uncorrelated. It is shown

that if the fiber length is much longer than the correlation length of the
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disturbances that cause the changes of symmetry in fiber geometry and stress,

the DGD Llr between the two PSP's follows a Maxwellian probability density

function.

Thus, the average bit error probability can now be evaluated as,

(2.25)

2.5.1 Analytical results and discussion

Following the analytical approach, the BER performance results for conditional

case where the input power is equally divided among the PSPs according to

(2.18), are evaluated at a bit rate of 10Gb/s with several values of instantaneous

DGD. The evaluation is performed assuming i; = 1 and M=1 for the PIN

photodiode and supposing that the electrical pulse has a Gaussian shape.

The plots for conditional BER versus received optical power P, are shown in Fig.

2.4 for the DGD of 0,40 ps, 60 ps, 80 ps, 100 ps, 120 ps, 140 ps and 160 ps

respectively. The results show that the BER is highly degraded when the DGD is

higher for a given fiber length and the system suffers a significant amount of

power penalty due to the effect of PMD. It is observed that the penalty at given

BER is increasing with increasing value of the DGD. Penalty is found to be

approximately 0.30 dB, 0.55 dB, 1.0 dB, 2.05 dB, 3.90 dB and 7.75 dB for DGD

of 40 ps, 80 ps, 100 ps, 120 ps, 140 ps and 160 ps respectively.

30

.,



Bit Error Rate and Effect of PMD in IM-DD Transmission System

.16 .14 .12 .10
Received Optical Power, Ps in dBm

.18

10'

10.2

10.4

a: 10"0w
CD

10.8 DGD,h:t=O ps

Fig. 2.4: Plots of conditional HER versus received optical power, P,
for a 10 Obis system impaired by PMD

Bi1ra1e; 10 Gbls
Fiber length = 100 Km
Dc = 15 pslKm- nm

60 ps

10.12
.20 .18 .16 .14 .12 .10 .8 .6 .4 .2 0

Received Optical Power, Ps in dBm

ffi 10.0
CD

•~•:;;
~ 10.8

MeanDGD,(At)-

Fig. 2.5: Plots of unconditional HER versus received optical power for a
10 P, Obis system impaired by PMD
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The plots for average BER versus received optical power P, are shown in Fig.

2.5 for 10 Obis and different values of mean DOD. The results show that the

BER is highly degraded when the mean DOD is'h'igher for a given fiber length

and the system suffers a significant amount of power penalty due to the effect of

PMD. It is observed that the penalty at BER=10'9 is increasing with increasing

value of the mean DOD. Penalty is found to be approximately O.27dB, 0.38 dB

0.45 dB and 2.4 dB for mean DOD 20 ps, 30ps, 35 ps and 40 ps respectively.

Further increase of DOD leads to a BER floor above 10.9.

2.5.2 Simulation results and discussion

We have carried out simulation to assess the impact ofPMD in a single channel

IM-DD transmission system. The simulation setup is shown in Fig. 2.6. The

d!fferent parameter used in_th.e.simulationis shO\v~.i~Table 2.1 ..
~---

----- ---~ ---
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Fig.2.6: Simulationsetupfora singlechannellM-DDtransmissionsystem

As the PMD effect is random in nature, we use Monte Carlo simulation using

different seeds. We monitor the optical spectrum, electrical spectrum and eye

diagram at the input and output of the transmission link. Fig. 2.7 shows the eye

diagram at the input and output (for different seeds). From the figure, we found

the effect of PMD on the signal as the eye opening become less or even closed.
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Fig. 8 shows the HER vs input optical power and Q-value vs input optical power

for different tiber link lelJgth

.-.'1. .1,-.1.- .:'-,':-.1." ",,-,"1.-.'1.-,.

fa)

,
•••• 0.0 •••••

,
'.' .

- •••._.•000_._,.,..."' __ ••••...••• _ .••>._.

fb)

Fig. 2.7: (a) Eye diagram at the input (back-to-back) (b) Eye diagrams for different
values of seed (using Monte Carlo simulation)

Finally we calculate the average eye-opening penalty (EOP) due to PMD for this

single channel transmission system. Here, we define the parameter of the eye-

opening penalty (EOP) as,

EOP = -10 IOg(fr (2.26)

~'t=DpM;ji (2.27)

Now we plotted the power penalty curve from the analytical results and
simulation results and it is depicted in Fig. 2.9.
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Fig, 2.9: Power penalty vs normalized mean DOD

From the Fig,: 2.9, we found that analytical and simulation results the same

power penalty up to 35 ps DOD and the simulation gives little bit better result

than that of analytical approach at DOD >35 ps,

f\
, I"
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81 Parameters (unit) Value
no.
1 Fiber lenQth(km) 200
2 Innut nower ( dBm) 15
3 PMD coefficient (osNkm) 2
4 Bit rate (Obit/s) . 10
5 Receiver sensitivitv (dBm at 10,9) 24
6

Table 2.1: Different simulation parameters for single channel IM-DD transmission system

2.6 Summary

In the first part of this chapter, we describe the basic working principle of IM-

DD, optical heterodyne 'transmission system and the BER expression for

quantifying the optical system performance degradation is derived,

In the second part, an analytical method is presented to evaluate the impact of

PMD on the BER performance of an 1M-DO system. BER performance results

are evaluated for a range of instantaneous and mean values of DOD. The results

show that the performance of an 1M-DO system suffers power penalty of 0.27

dB, 0.45 dB and 2.4 dB corresponding to mean DOD of 20 ps, 35 ps and 40 ps

respectively at a BER of 10,9 operating at a bit rate of 10 Obis. Furthermore, at

increased values of the mean DOD there occur BER floors above 10,9 which can

not be lowered by further increasing the signal power. It is noticed that BER

floors occur at about 2xlO,9, 10,7 and 10,5 corresponding to mean DOD of 45 ps,

50 ps and 60'ps respectively at 10 Obit/so The effect ofPMD is found to be more

detrimental at higher bit rates. For conditional BER performance based on the

instantaneous DOD and the amount of power penalty is about 7.75 dB for a

corresponding DOD of 160 pS. The results also show that the power penalty due

to PMD suffered by an 1M-DO system is significant at higher mean DOD

between the two polarization modes. Simulation is done for a single channel

optical transmission in terms of eye diagram and a comparison is established

between the analytical and simulation results.
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Effect of PMD in Direct Detection CPFSK Transmission System

Chapter 3

EFFECT OF PMD IN DIRECT DETECTION CPFSK
TRANSMISSION SYSTEM

In this chapter we propose a low pass equivalent direct detection continuous

system considering the effect of PMD and chromatic dispersion. Based on this

model analytical approach is presented to determine the impact ,of signal phase

distortion due to PMD in a single mode fiber on the BER performance of an

optical continuous phase frequency shift keying (CPFSK) transmission system

with MZI based direct ,detection receiver. The pdf of the random phase

fluctuation due to PMD and group velocity dispersion (OVD) at the output of the

receiver is also determined analytically. On the basis of developed pdf, the

random phase fluctuation the BER performance results are evaluated at a bit rate

of 10Obit/s fiber for different values of the mean DOD.

3.1 PMD effect in direct detection CPFSK system

Optical CPFSK is an attractive modulation format as it allows generation of
compact spectra that allows for receiver envelops detection by properly selecting
the modulation index [46]. However, the effect of PMD constitutes one of the
main limiting factor for reliable optical fiber system performance at gigabits
transmission rates. As the two polarization fields move at different group
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velocities with a DGD, there is a fluctuation in signal phase between the two
principal states of polarization which causes a random phase fluctuation of the
signal itself resulting in spectral broadening of the transmitted signal that leads
to bit pattern corruption and higher bandwidth requirement, and eventually
contributes to BER deterioration, performance variation or system fading even at
moderate bit rate [3], [47]-[49].

The effect of PMD has been the subject of considerable research interests during
the past few years and the developed ideas are briefly described in a series of
publication [50]-[56]. The effect for PMD on the error probability is
theoretically assessed at a bit rate of 2.5 Gb/s for an IM-DD system and the BER
in a IM/DD has been shown' to strongly depend on the state of polarization and
DGD [50]. Some studies treated PMD as deterministic term in numerical
solution or are based on simple analytical approach of determining the
conditional bit error probability [5I]. The simulation results on the effects of
PMD on an amplified IM-DD system is reported in [52] as a function of the
DGD. The effect of PMD on the bit error rate performance of heterodyne FSK
system is also reported [57]. Recently, the performance of optical DPSK system
with direct. detection receiver is reported in presence of PMD [26]. Several
attempts have been reported to compensate the effect of PMD in electronic as
well as in optical domain [58]-[60]. Although there are many approaches
reported to minimize the effect of PMD, there is no analytical development to
evaluate the impact of PMD on the BER performance of an optical transmission
system.

In this work, we provide an analytical approach to evaluate the BER

performance limitations of an optical direct detection CPFSK system impaired

by PMD. The method is based on the linear approximation of the output phase of

a linearly filtered angle-modulated signal such as the CPFSK signal. The

expression for the overall degradation in signal phase is derived following an

analytical approach by using an equivalent transfer function of a single mode

fiber (SMF) which includes the effects of PMD in presence of GVD. The

conditional BER is then determined using the pdfs of the random phase
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fluctuation due to PMD and GVD at the receiver output 1ll the presence of

receiver noise for different values of mean DGD. Power penalty suffered by the

system due to PMD is evaluated at a bit rate of 10 Gb/s.

3.2 System model

The block diagram of an optical CPFSK transmission system with direct

detection model is shown in Fig. 3.1. Fig. 3.2 shows the low pass equivalent

CPFSK system model considering PMD and chromatic dispersion. The signal

components in the two output PSPs propagate independently through the entire

system from the modulator to the balanced receiver. In the transmitter, non-

return to zero (NRZ) data at 10 Gb/s is used to directly' modulate a laser to

generate the CPFSK signal that is transmitted through a single mode fiber. At the

receiving end, MZI based direct detection receiver detects the received optical

signal. The fields corresponding to the two PSPs are separately detected and the

resulting photocurrents are summed. We decompose the entire system into a pair

of subsystems, each corresponding to one PSP. We sum the outputs of the two

subsystems to obtain sampled decision variables im (t) ~ iml (t) + 1m2 (t). The output

photocurrent is filtered by a low pass filter and fed to a sampler followed by a

comparator. The threshold voltage of the comparator is set to zero value. If the

output voltage is greater than zero a binary' I ' is detected, otherwise a binary '0'

is detected.
Fib•• ReceMr

cOutput
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Fig.3.l: Blockdiagramof an opticalCPFSKtransmissionsystemwithMZI
baseddirectdetectionreceiver
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Fig.3.2: Low pass equivalent direct detection CPFSK system model considering
PMD and chromatic dispersion

3.3 Theoretical analysis

The complex envelope of the electric field at the output of CPFSK transmitter

and input envelope of the fiber is represented as,

E,,,(I) =~2PT exp[j{21ifi +~,(I) +~"(I))] (3.1 )

,
<1J" -= 2n fP(I, )dl, ; where p(t) represents the laser instantaneous frequency

o

fluctuation which is gaussian distribution with zero mean and having a white
power spectral density of magnitude fj. v/2n of the transmitting laser. For NRZ

format the signal phase, ,
~,(I)=2nfj.f J/(I)dl (3.2)

-00

and
00

/(1) = L,a"p(l-kT)
k=-oo

(3.3)

where, a,= 101 is the random bit pattern of the k th information bit, ~,(I) IS

the CPFSK modulating phase, p(l) represents the elementary pulse shape of

.1..C.. ~
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duration T seconds (bit rate B = h) .

3.3.1 Transfer function considering PMD and GVD effects

We now consider the first-order PMD effects. We also assume that there is

negligible polarization dependent loss. In this situation we can use the principal

state of polarization (PSP) concept to model PMD. The input field can be

projected onto two inputs PSPs. Accordingly the input field can be expressed as

E,,,(I) = ..;a E" (I) &:+ + ~ E" (I) &:_ (3.4)

where a = PMD power splitting ratio

If electric field experienced a total DOD, I'.r in the fiber; then the electric field

at the output of the fiber,
r I'. r A ".----;:- I'. r A

E,,(I,M)=va E,,(/-
2
)&b+ +"I-a E,,(1+2)&b-

The transfer function of the fiber due to PMD corresponding to two PSPs are

given by,
I'.r

H p",dl (f) = exp(j2n[(-2)]

. I'.r
H pmd2(f) = exp(j2n[(2)]

and H pmd (f) = H pmdl (f) +H pmd' (f) .

So the output electric field due to PMD expressed as,

. where

(3.6a)

(3.6b)

(3.6c)

(3.6d)

(3.6e)

If we assume that SMF is loss less and consider only that chromatic dispersion

(CD) is present, then the SMF transfer function due to OVD is given by,

H,d (f) =exp(- jy(7ifT)'); where, y = chromatic dispersion index = A,' D,RbL;
1rC

where, T is the pulse duration, A, is the wavelength, D, is the chromatic

40



Effect of PMD in Direct Detection CPFSK Transmission System

dispersion coefficient, Rb is the bit rate and L is the fiber length.

Now taking into accounts both of the GVD and first order PMD and combing

into a single transfer function for two independent PSPs, and the implicit
expression for H, (f) and H, (f) are given by

. ~
H,(f) = fa exp[j2Jr j(_-"::')- jy(:zjT)'] (3.7a)

2

H,(f)=Fa exp[j2Jrj(M)- jy(:zjT)'] (3.7b)
2

where,
h, (1)= h pmd' (I)@ hod(I)
h, (t) = h pmd2 (t)@ hod(I)

(3.7c)

(3.7d)

hod (I) = F-'[H'd (f)] ; Fiber impulse response due to chromatic dispersion

h pmd (I) = F-' [H pmd (f)]; Fiber impulse response due to PMD

3.3.2 Optical signal input to the MZI pair 1 and 2

The optical input to the first pair of the Mach-Zehnder interferometers can be
expressed as

where t/J" (t) = output phase

t/J"(I) = Re[exp(jt/J,(I))@h,(I)]
I

= Re[ fh, (I') exp(jt/J,(t - t'»dt']
-~

agam, t/J,(t - t') = t/J;(I - t') + t/J"(I - t')

Thus, for linear phase approximation, we can write,
I I

t/J,,(I-t') =Re[ fh,(r)t/J;(I-r»dr]+Re[ Jh,(r)t/J,,(t-r»dr]

= 0;, (t) + 0;, (t)
where, 0;, (I), the filtered output signal phase of the I" pair MZI,

0;, (t), Laser phase noise and
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,
O:,(t)=Re[ fhJr)~:(t-r))dr]

-w

= ~:(t) @h, (t)
,

=27[6./ JJ(I)dl@h,(t)
-w

>.

I

= 27[ /'..f JIakP(1 -kT)@h,(t)dl
-w k

I

0:, (t) = 27[ /'..f fIakg, (t - kT)dI;
-w k

where gJI)=Re[p(I)@hJI)}

(3.IOb)

(3.IOc)

(3.IOd)

The detailed derivation of the g,(I) is given in the Appendix A

Similarly, the filtered output signal phase of the 2nd pair MZI is given by,
. . I

O:,(t) = 27[ 6./ JIakg,(1 -kT)d1
-w k

where g, (t) = Re[p(t)@ h, (I)]

3.3.3 Transmittance of MZI

(3.lla)

(3.llb)

In the FSK direct detection receiver with Mach-Zehnder interferometers (MZI),

the MZls are act as optical filter and differentially detect the 'mark' and 'space'

of the received FSK signal, which are then directly fed to a pair of photo-

detectors. T] (f) and T2(f) represent the transfer function of the Mach-Zehnder

interferometer from its input port to its sum and difference ports respectively.

Suppose, one branch of MZI has a delay equal to 1: sec. Thus the transmittances
of the two branches are:

II; (f) =-[cos'(Jifr)]
2

T,(f) =~[sin'(Jifr)]
2

(3.12a)

(3.l2b)

where, 1: IS the
Ir=-- and

4/'..f

time delay between the two branches of the MZI.

/'..f = ~ , /, is the carrier frequency of the FSK signal
2n +1

and n is an integer. The 'mark' and 'space' of the FSK signals are represented by
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f, and I, respectively, where f, = I, + /',.1and I, = I, - /',.1. Therefore,
when 'mark' is transmitted, 1; (f)=1 and T,(f) =0. Similarly, for transmission

of 'space, 1; (f) = 0 and T2 (f) = 1. Thus, two different signals f, and I, can
be extracted from two output ports of the MZI. Here, the MZI is used in our

analysis only as an optical frequency discriminator (OFD) as our analysis is

based on single channel operation.

,3.3.4 Photodetector output current (1,t and 2nd balanced detector)

For a mark transmission, the current at the output of the first balanced

photodetector is given by,

where,

i"" (t) = RdP, cos[ 21ff, r + /',.8" (I, r) +MI", (t, r)]

M" (I, r) = 8;, (I) - 8;, (I - r)

(3.13)

I I-r

=2,,!'J.f f'Lakg,(I-kT)dt-2"/',.1 f'Lakg,(t-kT)dt
_~ k _~ k

I

= 2,,!'J.f f'Lakg,(t-kT)dt
I-r k

T is the time delay between the two branches of the MZI and

M", (I, r) =8,,(1) - 8" (t - r)
I

;""(t) = RdP, cosf 2nj, t+ 2n I1j f 'L akg, (I -kT )dl +118",(t. t)}
(-1; k

I

=RdP'cosf21ifct+2nlf fa"g,(t-kT)dt+

I

2nlf f'Lakg,(I-kT)dt+118",(t.t)}
I_r:h-O

(3.14)

(3.15)

(3.16a)

(3.16b)

For mark transmission, aD =1 and ideal CPFSK demodulation condition

(assuming NRZ data), we have, 21ff, r = (2n + 1),,/2, where n is an integer.

For n = 0; 2" /',.1 r = ,,/2; Also for optimum demodulation, r = T/2h and

h( = 2/',.1 T) IS the modulation index. Now applying the condition of ideal

(optimum) CPFSK demodulation, in the above equation,
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i",,(t) ~ RdP' cos! 2nf. t+ 2nt f.,fqdt) +2n tf.,fL,a,qdt -kT)+ f..6",(t, t)}
"0 (3.17a)

(3.17b)

(3.18)
,

where 118", (t, r) = fP(I, )dt, , Phase distortion due to laser phase noise and

7r
211[. r +"2 ' Expected phase change for 'mark'

In equation (3.17b) the first two terms in the argument of the cosine function

provides the expected phase change for the 'mark' received in an 'ideal' case,

the next three terms represent the phase distortion of the signal. So, the phase
distortion or output phase noise due to PMD and GVD given by,

(3.19a)

(3.19b)

(3.19c)

balanced

where, 11f{J" (t, r), Mean output phase error due the first pair of photodetector,

and
~" Random output phase fluctuation due to lSI for random bit pattern

caused by PMD and GVD in the I st pair of MZI.

For a mark transmission, the current at the output of the second
photodetector is given by,

.i",,(t) ~ RdP, cos! lnj. t+ 2n N t q,(t) +2n tNL, a,q,(t - kT) + f.,6",(t, t)} .(3.20a),.0
1t 1t 1t 7t~

~ RdP, cos! 2nf. t +- - - + -q,(t)+ - L,.a,q,(t -kT) + f.,6",(t. t)}
222 2"0
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1 I

where, q,(t)=-:; Ig,(t)dt ; g,(t)=Re[p(t)l2ih;(t)] and
I-r .

fl.l1pmd,cd2(t,r) = fl.rp,,(t,r) +~, (3,21)

where, fl.rp" (t, r), Mean output phase error of the second pair of photodetector,

and
~" Random output phase fluctuation due to lSI for random bit pattern

caused by PMD and GVD in the 2nd pair MZL

3.3.5 Noise power

The output noise contributed by the photodetector quantum shot nOIse, the

receiver thermal noise, the interferometric noise due to input intensity fluctuation.

, The different spectral densities are:

Spd(f) = 2RdP'= 2e(i)EW

S (f) = ., = 4KT EW
Iii llfJ R

L

Spd,(f) = 0.5R:p"[S, (f) - x' 5(f)]

(3.22a)

(3.22b)

(3.22c)

where S, (f) and x represent the PSD and the mean value of x(t) respectively

and o(f) is a delta function in frequency. Denoting the total noise power spectral
density by,

The total noise power at the receiver output can be obtained as,
00

a,~,= a; = IS" (f) IH R (ff df

(3.23)

(3.24)

where, H R (f) is the transfer function of a Gaussian low-pass filter in the

receiver of3-dB bandwidth equal to 0.75 B.
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3.3.6 Conditional BER expression

The total output signal currents corresponding to a 'mark' and 'space' are given

by,

, ,

and

im (t) = im, (t) + im, (t)
= Rdp'x, (t) + RdP'x, (t)

i, (t) = -[i" (t) + i" (t)]

= -[Rdp'x, (t) + Rdp'x, (t)]

(3,25)

(3,26)

where, x, (t) al1d x, (t) describe the phase noise induced by the interferometer

intensity due to random phase fluctuation and can be expressed as,

x, (t) = cos["'<p, (t)]
and x, (t) = cos["'<p, (t)]

agaIn, "'<p, (t) and "'<p, (t) are given by,

"'<p, (t) = "'8pmd"d' (t) + "'<p" (t)

"'<p, (t) ="'8pmd"d' (t) + "'<p" (t)

(3.27a)

(3,27b)

(3,27c)

(3,27d)

"'<p" (t) is the low pass filtering effect.

Now, ignoring the low pass filtering effect on the phase noise dependent signal

. term and if we consider the mean phase error only then, the low-pass filter
output for 'mark' transmitted, at a sampling time tis,

im(t) = RdP, [cos("'<p" (t, r) ) + cos("'<p" (t, r)] + n(t)

i, (t) = -2R d P, [cos( O<p) cos( '" <p)] + n(t)

(3,28a)

(3,28b)

where,

the sample function of the filtered output noise contributed by the photodetector

quantum shot noise, receiver thermal noise and the interferometric noise due to
input intensity fluctuation,
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Let Q
im (I) - i, (I)

(jm+Cis
(3.29a)

Q = 4RdP' [cos(otp)cos(~tp)]

(jill + as

Then, the conditional bit error rate can be expressed as,

(3.29b)

(3.30)

For a given value of mean DGD,~T, the conditional BER can be expressed as:

0000

BER(ST) = J JP(e I itp,~-tp) P&p(otp)P".(~tp) d(otp) d(~tp)

3.3.7 PDF of random output phase and average BER

(3.31)

Considering the effect of random output phase fluctuation caused by PMD and

GVD, the output current for 'mark' is given by,

1m(t) = RdP ,[cos( 11'fJ,-, (t, t) +~, ) + cos( 11'fJ" (t, t) +~,J+ n(t) (3.32)

The contribution of the term (random phase fluctuation) ;, and ;, can be
evaluated by finding the pdf. Assuming {Qk} are independent and identically

distributed (iid) random variables, the characteristic function of ;, and;, is

given by [61],

(3.33a)

(3.33b)

where, q" (I) = Iq, (I - inl, q" (I) = Iq, (I - inl, M;; and M;; are the even order

moments of the characteristic function of random variable;, and ;, respectively;
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which can be evaluated by using the following recursive relations [62].

M' =Y' (N)2r 2r

M;, = Y,~(N)
,

Y' (') - " " C Y' (' -1) "-'j2r I - £..J 2) 2j I qli
)==0

(3.34a)

(3.34b)

(3.34c)

(3.34d)
,

Y" (') ""C Y" (' 1) "-'j2r I = £..J 2) 2) I - q 21i
j=O

where, " C'j is the binominal coefficient and N is the actual number of terms.

The pdf of ';, and .;, random variable over an interval T' can be obtained as,

Plfl ""p-' [<I> ."" U,;,)]
Plf, = p-'[<I>.""U.;,)]

where, F-1 denotes the inverse Fourier transformation.

. 88pmd,cdl(tj-8epmd,cd2(t)
l",(t)= 2RdP, cost 2 }

f).8 pmd,cdl (t) + 68 pmd,ed2 (t)
cos[--------} +n(t)

2

(3.35a)

(3.35b)

(3.36a)

Let,

and

O/l.Bp",d.'dl (t) - /I. Bp",d.,d' (t)urp = ---------
2

(3.36b)

(3.36c)

So, i",(t)=2R"p, [cos(8tp)cos(/l.tp)]+n(t)

Similarly, for 'space' the current is,

i, (t) = -2RdP' [cos(8tp) cos(/l.tp)] + net)

(3.36d)

(3.37)

.Now according to the equation (3.36b) and (3.36c) equations, the ultimate
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characteristic functions of arp and 6.cp are,

(3.38a)

<l>:"" (J,;,) is the complex conjugate of <l>Mk' (J,;,) pdf

The pdf of ocp and6.cp can given by,

PJ.(ocp)=r'[<l>",,(J'; )]

p•• (I'J.cp)= r'[<l> •• (J,;)]

The joint pdf of ocp and 6.cp can expressed as,

The average bit error rate of a direct detection CPFSK system is then,

~ro

BER(t::.r)= J JP(e] icp,I'J.-cp)PJ.,6.(ocp, I'J.cp)d(ocp) d(I'J.cp)

(3.38b)

(3.39a)

(3.39b)

(3.39c)

(3.40)

where, P",,(ocp) and p•• (I'J.cp) are the probability density function of ocp and

6.cp respectively.

Till now we assume that the DGD increases linearly along the length of fiber

link. But in real fiber the DGD does not increase linearly due to coupling of two

propagating modes. The amount of coupling between the modes is strongly

dependent on the length of the fiber. It is shown that if the fiber length is much

longer than the correlation length of the disturbances that cause the changes of

symmetry in fiber geometry and stress, the DGD LiT between the two PSPs

follows a Maxwellian probability density function [11].
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Using equation (1.5), the average error probability for mean DOD can be

evaluated as

(3.41 )

where, PM(ilr) is the PDF of ilr which has Maxwellian distribution with ilr",

as quadratic mean of ilr .

3.4 Results and discussion

Following the analytical approach, the bit error rate performance results for

direct detection CPFSK receiver with post detection low pass filter are evaluated

at a bit rate of 10 Obis with several values of mean DOD and fiber lengths for

the following cases:

(i) Conditional BER performance

(ii) Average BER performance

(iii) Average BER performance considering Maxwellian distribution for mean

DOD.

3.4.1 Conditional BER performance

Based on equation (3.31) the plots of conditional BER versus received power Ps

are shown in Fig. 3.3 for mean DOD of lOps, 20 ps, 30 ps, 40 ps, SOps and 60

ps with fiber length of 100 km and modulation index of 0.50 and 1.0. The results

show that the BER is highly degraded when the mean DOD is higher for a given

fiber length and the system suffers a significant amount power penalty at BER =

10-9 which is increasing with increasing value of the mean DOD.
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Fiber length, L= 100 Km
Mod. index,h=O.50,-

-- MOO..JQdex, h = 1 0, -----
~...,.

10"

10.12
~ ~ ~ ~ ~ ~ -18 .16 .14 -12 -10

Recerved Optical Power, Ps in d8m

Fig. 3.3 : Plots of conditional BER versus received power, Ps for direct detection
CPFSK system impaired by PMD

The amount of power penalty is found to be approximately 0.50 dB, 1.45 dB,

2.70 dB and 4.50 dB for mean DOD of lOps, 20 ps, 30 ps and 40 ps respectively

when the modulation index is 0.50. It is further observed that the penalty is much

higher at higher modulation index such as h=1 compared to h=0.50 i.e., the

penalty is approximately 5.25 dB when mean DOD is 40 ps and h= 1.0. The

penalty due to PMD suffered by the direct detection CPFSK system without post

detection low pass filter at BER 10-9 is plotted in Fig. 3.4 as a function of DOD

normalized by bit rate. The plots of penalty due to other modulation scheme as

reported in [26] are also shown for comparison. It is found that penalty suffered

by direct detection CPFSK is higher than that of OOK and DPSK system. For

example, the penalty is 1.50 dB and 2.75. dB corresponding to DODlbit
duration ratio (,A,. ,IT) are 0.20 and 0.30 respectively for direct detection

CPFSK system.
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Fig. 3.4: PMD-induced power penalty as a function ofDGD/ bit duration ratio

( < LIT > IT) for NRZ- and RZ-OOK, NRZ-2DPSK and NRZ-CPFSK system.

3.4.2 Average BER performance

We derive equation (3.40) based on the pdf of the random output phase

fluctuation due the PMD and OVD. The plots of average BER versus received

optical power Ps are shown in Fig. 3.5 for mean DOD of 10 ps, 20 ps, 30 ps, 40

ps, SOps and 60 ps with fiber length of 100 km and modulation index of 0.50 a~d

plots for modulation index LO are shown in Fig.3.6. The results show that the

BER is highly degraded when the mean DOD is higher for a given fiber length

and the system suffers a significant amount power penalty at BER = 10.9 which

is found to increase with increasing value of the mean bOD.

The penalty due to PMD suffered by the direct detection CPFSK system with

post detection low pass filter at BER 10.9 is plotted in Fig. 3.7 as a function of

DOD normalized by bit rate. The plots of penalty due to other modulation

scheme as reported in [26] are also shown for comparison. The amount of power

penalty is found to be approximately 0.50 dB, 1.10 dB, 2.10 dB and 3.50 dB for

mean DOD of 20 ps, 30 ps, 40 ps and 50 ps respectively when the modulation

index is 0.50. 11 is further observed that the penalty is much higher at higher
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modulation index such as h~ 1 compared to h~0.50 i.e., the penalty. is

approximately 4.10 dB when mean DGD is 40 ps and h~1.0. It is further noticed

that penalty suffered by direct detection CPFSK is lower than that ofNRZ-OOK

system. But at higher modulation index penalty suffered by CPFSK with 0.50 is

higher than that of OOK and DPSK system.

Modulation index, h = 0.50
Dispersion co-efficient, Dc=15 pslkm-nm

Mean DOD, (A't = 0 ps

Mean DGD, (A-.:) = lOps

10"

10'12
-32 -30 ,-28 -26 -24 -22 .20 -18 -16 -14 -12 -10

Received Optical Power, Ps in dBm

Fig.3.5: Average BER versus received power, Ps for direct detection
CPFSK system impaired by PMD (modulation index, h~0.50)

Modulation index, h = 1.00
Dispersion co-efficient, Dc = 15 ps/km-nm

Mean DOD, {A1}= a ps

Mean DOD, (ll:t) = 10 ps

10"

10.12
-32 -30 .28 -26 -24 -22 -20 -18 -16 -14' .12 .10

Received Optical Power, Ps in dBm

Fig.3.6: Average BER versus received power, Ps for direct detection CPFSK
system impaired by PMD (modulation index, h~l.O)
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I'IIUl~nd •••• d power p"nalty III
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s"nd NRZ'CI"SK lyatom ,. .
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NRZ"CPFSr::
Me<!. ind ••. h. 0 50
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Fig.3.?: PMD-induced power penalty as a function ofDGD/ bit duration ratio
( < I!.r > / T) for NRZ- and RZ-OOK, NRZ-2DPSK and NRZ-CPFSK system.

3.4.3 Average BER considering Maxwellian distribution of DGD

Considering the fiber-optic link length is much larger than the correlation length,

where the coupling between the propagating modes is strong and DGD follows a

Maxwellian distribution. Based on the above assumption we derive equation

(3.42) and hence the BER performance of direct detection CPFSK is obtained.

,if

10"

" 10"

~
"wm• 10'
j

10'
M~an OGO, (~,)~ 0 p,

10".

."
Received Oplical Power, Ps In dBm

Fig. 3.8 : Plots of average BER versus received power, Ps for direct detection CPFSK
receiver impaired by PMD (modulation index h = 0.50)
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The plots of average BER versus received power, Ps are shown in Fig. 3.8 and

Fig.3.9 at modulation index of 0.50 and 1.0 respectively for different values of

mean DOD at a bit rate of 10 Obis. The results show that the BER performance

is more affected at higher values of mean DOD and at higher modulation index .

."
Fig. 3.9: Plots of average BER versus received power, Ps for direct detection

CPFSK receiver impaired by PMD (modulation index, h = 1.0)

The penalty due to PMD suffered by the direct detection CPFSK system at BER

10-9 is plotted in Fig.3.10 as a function of DOD normalized by bit duration. It is

observed from Fig.3.8 that the penalty at BER = 10-9 is increasing with

increasing values of the mean DOD. The amount of penalty is found to be

approximately 0.15 dB, 1.0 dB, 3.40 dB and 6.40 dB corresponding to mean

DOD of 20 ps, 40 ps, 60 ps and 80 ps respectively_ Further increase of DOD

leads to a BER floor above 10-9 which can not be lowered by further increasing

the signal power. It is observed from Fig. 3_8 and Fig.3.9 that BER floors occur

at about 10-4 and .10-8 for modulation index of 0.50 and 1.0 respectively to a

corresponding mean DOD of90 ps.

3.5 Summary

An analytical approach is presented to evaluate the impact of PMD on the bit

error rate performance of direct detection CPFSK system. The results show that
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the penalty due to PMD suffered by the CPFSK system is significant at higher

modulation index and higher value of the DOD between two-polarization modes.

The results show that the penalty due to PMD suffered by the direct detection

CPFSK system is 4,0 dB corresponding to a mean DOD of 60 ps at modulation

index of 1.0. Thus the amount of power penalty is higher at higher values of

modulation index and higher values of the differential group delay between the

two polarization axes, Also a direct-detection CPFSK system with modulation

index of 0.50 suffers slightly higher amount of power penalty than a direct

detection NRZ-DPSK system
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Chapter 4

EFFECT OF PMD IN HETERODYNE OPTICAL CPFSK
TRANSMISSION SYSTEM

Recently, there has been considerable activity in the lightwave community aimed

at comparing the performance similarities and differences between preamplified

direct - detection lightwave systems and heterodyne lightwave systems.

Coherent optical transmission systems using heterodyne or homodyne detection

are attractive due to their improved receiver sensitivity compared with direct

detection. In this chapter, a theoretical analysis is developed to evaluate the BER

performance degradation of an optical heterodyne CPFSK system caused by

signal phase distortion due to PMD in a single mode fiber. The conditional and

unconditional BER performance results are evaluated at a bit rate of 10 Obis

considering Maxwellian distribution for the DOD.

4.1 Introduction

Optical heterodyne CPFSK may be an attractive modulation format for future

multi-channel optical system, because of the tolerance of CPFSK receivers to

laser phase noise and modulation can be easily performed using direct laser

diode. In particular, CPFSK modulation with a frequency deviation equal to half

57



Effect of PMD in Heterodyne Optical CPFSK Transmission System

the bit rate has a more compact spectrum than the PSK signal and is therefore

suitable for high speed transmission system. Heterodyne lightwave system offers

the possibility of frequency selectivity, which allows the transmission of

multiple information channels by closely spaced frequency division multiplexing

and the use of cascades of optical amplifiers. In homodyne or heterodyne optical

communication system, the receiver sensitivity deteriorates significantly due to

the fluctuation of state of polarization (SOP). The requirement and automatic

polarization control methods for coherent optical communication are described

in detail in [63]-[65]' The impact ofPMD to coherent optical signal was reported

in [66] and the effects of PMD to DPSK signal was studied [26]-[27],[68]. B. Hu

et al [69], demonstrated a novel chromatic and PMD monitoring method based

on coherent heterodyne detection and RF.signal processing. The effect of PMD

on the conditional bit error rate performance of heterodyne FSK system is

presented in [57].

The contribution of this work is to assess the BER performance limitations

analytically of an optical heterodyne CPFSK with delay-demodulation system

impaired by PMD. The temporal behaviors of the fiber PMD are of statistical in

nature due to randomness of the birefringence variations along the fiber

structure. Therefore to assess accurately the optical transmission impairment due

to PMD, we analytically determine pdf of the random phase fluctuation due to

PMD and GVD at the output of the receiver. Using the pdf we evaluate the

average BER and power penalty for different mean values of DGD in the

correlation length regime and considering Maxwellian probability density

function for the DGD beyond the correlation length, at the receiver output in the

presence of receiver noise. The bit error rate performance and power penalty

suffered by the system due to PMD at a BER of 10-9 are evaluated at a bit rate of

10 Gb/s.
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4.2 Delay demodulation receiver model

The received optical signal is combined with the optical signal output from the

local oscillator and the two signals are detected by photo-detector. The output of

the photodetector which is an intermediate frequency (IF) signal is amplified by

the receiver pre-amplifier and then filtered by a Gaussian filter with center

frequency set to the IF. The bandwidth of the IF is kept twice the bit rate for

optimum demodulation. The output of the filter is then demodulated using a

delay line discriminator. The output of the discriminator is then filtered by a

low-pass filter and fed to a sampler followed by a comparator. The threshold

voltage of the comparator is set to zero value. If the output voltage is greater

than zero than a binary' l' is detected, otherwise a binary '0' is detected. The

block diagram of a CPFSK delay demodulation receiver is shown in Fig. 4.1.

OptiW
coupli!r

If
filler

Low

P'"
fllter

Decision
ein:uil

Fig. 4.1: Block diagram of a heterodyne CPFSK delay demodulation receiver

4.3 Theoretical analysis

The complex electric field at the output of the continuous phase FSK (CPFSK)
transmitter and input to the fiber is represented as

E,(t)=~2PT exp[j2iifJ + N,(t)][c,.e,]

(4.1)

(4.2)

where, I, is the carrier frequency, P T is the transmitted optical power and the

CPFSK modulating phase rP, (I) is given by
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,
1>,(1)= 2Jr"'J J1(1)dl +1>,,(1)

-00

00

1(1) = L,akP(1 - kT)
k=-«>

(4.3)

(4.4)

where ak =:tl is the random NRZ bit pattern of the kth information, "'! is the
peak frequency deviation, p(l) is the elementary pulse shape of duration T
seconds and 1>" (I) is the phase noise of the transmitting laser. Here, CI' Cz
represent unit vectors and e" ez r,present the two principal states of polarization

(PSPs) respectively.

The electric field output of the fiber is then given by

E" (I) = ~2PT exp[j27ifJ + N,(1)][ c,.el] 18>h,(t) (4.5)

Eo, (I) = ~2PT exp[j27ifcl + N,(t)][c, .ez] 18>hz (I) (4.6)

where h, (I) and hz (I) are the inverse Fourier transform of the fiber low pass
transfer function of a non-dispersion shifted lossless fiber HI (f) and Hz (f)

respectively, which include the effect ofPMD and group velocity dispersion and
18>denotes convolution. Here, we assume that there is a negligible amount of
polarization dependent loss. Thus the input electric field is projected onto two
PSPs. The implicit expression for HI (f) and Hz (f) are given by,

H, (f) = f;;exp[j27if( - M) - jy(tr/T)z]
2

Hz (f) = ~ exp[j27if(M ) - jy(tr/T)z]
2

(4.7)

(4.8)

.,

where a is the PMD power splitting ratio, "', represents the DGD between the
two PSPs and

y = Chromatic dispersion index =~ DRbL;
JrC

T = pulse duration, A = wavelength, 0= Chromatic dispersion, Rh = Bit rate
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and L = fiber length

Now, assuming linear phase approximation, the output electric fields for two
polarization states 'can be given as,

Eo, (I) = J2P, exp[j2;if,1 +No, (I)][c,.e,]

Eo, (I) =~2P, exp[j2;if,1 +No, (I)][c, .e,]

where,
10' (I) = Re[1, (I) 0 h, (I)]

,
= 2tr I:1f fIa, Re[p(l - kT) 0 h, (I)]dt

-w ,

and
10' (I) = Re[1, (I) 0 h, (I)]

,
=2trl:1f fIa, Re[p(l-kT)0 h,(I)]dl

-w ,

The signal atthe output of the IF filter is given by,

(4.9)

(4.10)

(4.11a)

(4.llb)

(4.12a)

(4.12b)

io{t) = Rd ~ P,PLo {exp[j2rrJIFI + )$0, (I)} + exp[ )2nJIFI + )$0,(1 )}}+ i" (I) (4.13)

now considering the real part only

to{t) = Rd ~ P,PLo {cos[2nJlFi + $0'(I)} + cos[2rrJIFI + $0' (I)}} + i,,(I) (4.14)

where i" (I) represents the total noise current consisting of shot noise and

receiver thermal noise, Rd is the responsivity of the photodetector, P, is the

output power at the fiber end, PL" is the local oscillator power, flF is the IF

frequency.

The phases 1;, (I) and 1;, (I) are given by

10' (I) = Re[1, (I) 0 h, (I) 0 hlF (I)]
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I

r/J;,(t) = 2tr /',1 fIa,g, (t - kT)dt
-00 ,

(4.15b)

where, g, (I) = Re[p(l) I8i h, (t) I8i hlF (I)] (4.15c)

and r/J02(t) = Re[r/J,(I) I8i h, (t) I8i hlF(t)]
I

r/J;,(t) = 2tr /',1 fIa,g,(t - kT)dt
-a:) k

where, g, (t) = Re[p(l) I8i h, (I) I8i hlF (I)]

(4.16a)

(4.16b)

(4.l6c)

(4.18)

(4.17)

where hlF (I) is the impulse response of the IF filter. The IF signal current is then

given by [using (14)],

io =2Rd~P,PLO cos{2nJJfJ+[~~' +~~,11 cos[~~' -~~, 1 +i,,(t)
2 2

Let r/J;(t) - r/J;, ; r/J;, and r/J;(t) _ r/J;, ; r/J;,

So, io (t) = 2Rd J p'PLo cos r/J;(t) cos[2,glFt + r/J;(t)] + i" (t)

The output of the IF filter can be expressed as,

Vo (I) = 2R,,) p'PLo a(l) cos[2,glFt + r/J; (I)] + n(/)

Assuming, aCt) = cos r/J;(t) is the amplitude due to PMD and GVD

(4.19)

net) is the receiver noise due to photodetection with one sided spectral density
and variance, No = 2eRdPLoBIF' e representing the charge and BIF is the

bandwidth of the bandpass filter. It is convenient to assume that H (f) is an

ideal bandpass filter about IIF of bandwidth 2B, where B is the baseband

bandwidth of the transmitted digital signal.

Following the delay demodulation (delay time ,) and low pass filtering (wide

enough to pass the signal undistorted), the low pass filter (LPF) output is given

by,
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V"''' (I) ~ V 0 a (I) cos[ ~ q\ 0 (I, T )]

V,,,,(t) =A(t)cos[L'>10(t,r)]

(4.20a)

(4.20b)

A(t) = Voa(t)

=2Rd~P'PL' cos1;(1)

A(t) is the amplitude and the differential output phase of v,," (t) of the LPF can

be expressed as,

t /-1:

=2nN fIa,go(l-kT)dt-2ntlf fIa,goll-kT)dt (4.22b)
-00 k -00 k,

=27ftif fIa,go(t-kT)dl (4.22c)
t-r k, ,

=2nN fIaogo(t-kT)dt+2ntlj fIa,go(t-kT)dl (4.22d)
/-t k /-t k;tQ

Say, a 'mark' is transmitted, thus ao = 1

M~(t, T) = 27f r L'>fq(t) + 27f r L'>fI a,q(1 - kT)
,,0

(4.22e)

(4.221)

1 '
where q(t) = - f go (I)dl and

r t-r

using the notation,

1
go(l) = -[g, (I) + g,(t)]

2

and

,
MJ,,(t,r)=27f fll,,(t,)dl,

H

II"(t) = arctan[ n, (t) ]
A(t) + n, (t)
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ne (t) and n, (t) are the in-phase and quadrature components of noise net)

respectively, with zero mean and variance 0"; . It is assumed that the IF filter is a
finite band-pass integrator which is symmetric around IIF with bandwidth

B 'F =y;. and demodulation time r = Iih' h" I (narrowband CPFSK) and for

the IF filter chosen, the correlation between 8" (t) and 8" (/ - r) is zero. For

other types such as a gaussian or second order Butterworth, the noise correlation
is negligibly small for B'F ~ 2 and h" 1 (for NRZ data).

4.3.1 Conditional bit error probability

In delay demodulation receiver the data decisions are based on the polarity of
v,,",(t). Assuming a 'mark' is transmitted (sayao = I) and under ideal CPFSK
demodulation condition, 2rifIFr = (2n + l)tr/2 ; n IS an integer and
2tr !lfr = tr/2 for NRZ data. Now, applying the above conditions, the phase of
v"''' (t) at the sampling instant to can be written as [using (4.21) and (4.22e)],

.'.$0(10' ,) = 2rrJIF'+ 2rr.'.J ,q(lo)+ 2rr,.'.JIa,q(lo -kT)+ .'.8,,(10, ,)
'.0

1t 1t It 1t '"'M,(lo' ,) = 2rrJIFH- - - + -q(lo) + - L,q(lo - kT) + .'.8"(to. ,)
. . 2 2 2 2,~

(4.25a)

(4,25b)

Note that the first two terms in (4.25b) provide the expected phase change during
the demodulation interval T corresponding to the ideal situation, the next three
terms, in fact, represent the undesired contribution to the phase due to PMD and
GVD and the last term, !l8" (to, r) represents the phase distortion due to receiver

nOIse.

Denoting the phase distortion of the signal only due to PMD and GVD as '7

=!lao(t,r)+~

(4.26a)

(4.26b)
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where, ~ ao (I, r) is mean output phase error and

,; , the random output phase fluctuation due to lSI for random bit pattern

caused by PMD and GVD.
For a given IF SNR, the conditional bit error probability P(e I';), conditioned on

a given value of ,; given by [70],

(4.27a)

exp[ -(2n + I)' 7l" ~ V r] x cos[(2n + 1)(~ao(l, r) + ,;)]
I --

=2-F(~ao(l,r),,;) (4.27b)

where, p = Va' /2 ' is the IF SNR, Ja(x) is the modified Bessel function of first
/20""

kind and order cr, a;' is the variance of n(l). The second term In (4.26b)

implicitly defines F(~ao,';) in (4.27b).

4.3.2 Pdf of the random output phase and average BER

The probability density function (pdf) of';, P, (,;) can be obtained by inverting

the characteristic function of ,;. The characteristic function. of random output

phase, ,; can be expressed as,

(4.28)

(4.29a)

L...•:..

where q; (I) = Iq (I - inl, M 2i are the even order moments of the characteristic

function of random output phase';. Moments M ,; can be evaluated by using

the following recursive rdations,
M" = Y,,(N)
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,
Y (i) = '" 2,CY .(i -I) q',-2j
2r ~ 2} 2) I

j=O

(4.29b)

(
\.

where 2'C2j is the binominal coefficient and N is the actual number of terms

The pdf of the random output phase, l; can be written as,

(4.29c)

So for a gIven value of mean differential group delay (DGD), tiT the

unconditional BER can be expressed as,
~

BER(Iir) = fP(e I l;)P,(l;) dl;

The above integration can be carried out by Gauss-quadrature rule.

(4.30)

The unconditional BER expression of equation (4.30) is based on the assumption

that DGD in the short-length regime is deterministic because the birefringence is

inherently additive. In reality the fiber length in today's terrestrial and

submarine transmission systems are 100's or 1000's .ofkm, and the birefringence

along the fiber length, causing polarization mode coupling wherein the fast and

slow polarization modes from one segment each decomposes into both the fast

and slow modes of the next segment. Due to mode coupling, the birefringence of

each section may either add to or subtract from the total birefringence, and

therefore the DGD does not accumulate linearly with the fiber length. In fact it

has shown that in long fiber spans DGD on average increases with the square

root of distance.

Thus, the average error probability can be evaluated as,

~
BER((Iir))= fBER(Iir) P,,(Iir) d(l!.r)

4.4 Results and discussion

(4.31 )

Following the analytical approach outlined above, we evaluated the conditional

and average BER performance results of an optical heterodyne CPFSK
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transmission system with delay demodulation for several values mean DOD at a

bit rate of 10 Obis. The plot for conditional BER versus received optical power,

Ps are shown in Fig. 4.2 and Fig. 4.3 for different values of DOD at a

modulation index of 0.5 and 1.0 respectively

The results from Fig. 4.2 and Fig. 4.3 show that the BER is degraded when the

instantaneous DOD is higher for given fiber length and the system suffers a

significant amount of power penalty due to the effect of PMD. At BER 10-9 the

penalty is found to be approximately 0.70 dB, 1.75 dB, 3.50 dB and 5.75 dB

corresponding to. instantaneous DOD of 20 ps, 40 ps, 60 ps and 80 ps

respectively at modulation index 0.50. It is further observed that the penalty is

much higher at higher modulation index such as h =1 compared to h = 0.5, e.g.

the penalty is approximately 5.25 dB when instantaneous DOD is 70 ps and h =

1.0.

.30.32-34

Modulation Index, h=O.50
Fiber length, L = 100 km

-40-42-44-46
10.11

-48

,,0

10.2

~ 10"
~
w
m

~ ,,'~
6
u

,,'

10.10 OGD,41=OpS

Received Optical Power, Ps in dBm

Fig. 4.2: Plot of conditional BER versus received power, Ps for heterodyne
CPFSK impaired by PMD at modulation index 0.50

Figure 4.4 and Fig. 4.5 shows the plot of average BER versus received power,

Ps are shown at modulation index of 0.50 and 1.0 respectively at a bit arte 10
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Gb/s for different values of mean DGD. The results show that the BER

performance is more affected at higher values of mean DGD and at higher

modulation index.

The penalty due to PMD suffered by the heterodyne CPFSK system at BER 10-9

is plotted in Fig. 4.6 as a function of DGD normalized by bit duration. It is

observed from FigA.3 that the penalty at BER = 10.9 is increasing with

increasing values of the mean DGD. It is observed that the amount of power

penalty is approximately 0.75 dB, 2.00 dB, 3.50 dB and 5.70 dB corresponding

. to mean DGD of 20 ps, 30 ps, 40 ps and 50 ps respectively at a modulation index

of 0.50. Further increase ofDGD leads to a BER floor above 10-9 which can not

be lowered by further increasing the signal power

-30-32-34.42 -40 .38 -36
Received Optical Power, Ps in dBm

-44.46

10'

10.2

" 10-~
S~
w
m..

10'0
~
0
<J

10'

DGD,ll(= 0 ps
10.10

Fig. 4.3: Plot of conditional BER versus received power, Ps for heterodyne
CPFSK impaired by PMD at modulation index 1.00
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.30.32.34

Modulation index, h = 0.50
Fiber length, L = 100 km

-42 -40 -38 -36
Received Optical Power, Ps in dBm

.44

Mean DGD ..(t..) = 0 ps

.46

Fig. 4.4: Plot of average BER versus received power, Ps for heterodyne
CPFSK receiver impaired by PMD at modulation index 0.50
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" 10.•

"~w
m• 10'~
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10'

.30

Received Optical Power, Ps in dBm

Fig. 4.5: Plot of average BER versus received power, Ps for heterodyne CPFSK
impaired by PMD at modulation index 1.00
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5 , .
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Fig. 4.6: PMD-induced power penalty (considering average BER) as a function of
DGD/bit duration « < dT > / T ) for NRZ- and RZ-OOK, NRZ-DPSK and
heterodyne NRZ-CPFSK system.

It is noticed that BER floors occur at about 2xlO,B, 10,5 and 2.5xlO'.

corresponding to mean DGD of 60 ps, 70 ps and 80 ps respectively at 10 Gb/s

and modulation index of 0.50. The amount of penalty is approximately 6.80 dB

when mean DGD is 40 ps at modulation index 1.0. The plots of power penalty

due to other modulation schemes as reported in [26] are also shown in FigA.6

for comparison. It is further noticed that penalty suffered by heterodyne

detection CPFSK with modulation index 0.50 is higher than that of NRZ-OOK

system. But at higher modulation index, penalty suffered by heterodyne CPFSK

is also higher than that of OaK and DPSK system.
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4.5 Summary

An analytical approach is presented to evaluate the impact of polarization mode

dispersion on the BER performance of heterodyne CPFSK system. The results

show that how PMD induces sensible penalty degradation in such a system when

ihe fiber link presents a mean DGD equal to 80 ps. Our analysis allows us to

conclude that PMD generally induces a relevant degradation in the heterodyne

CPFSK long haul transmission link and controls have to be made in order to

avoid the presence of either fibers or optical components with higher value of

PMD.
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successfully. in research. The application of these channel rates is limited for

many installed fiber by their PMD. Designers have ensure that the probability of

an eye opening penalty or BER penalty due to PMD beyond some value occur

only a very fraction of the time. For example, a designer might require that a

penalty larger than I dB occurs with probability 10-7 or less. With the evolution

of specialized manufacturing methods, PMD in present day telecommunication

grade fibers is kept low «0.1 ps/~km). Still, no matter how good the fiber may

be, at some bit-rate-length product, PMD will be an issue. Hence, there is need

to investigate strategies for PMD mitigation. Over the years, much effort has

been spent on understanding PMD impairments and developing PMD mitigation

techniques_ Due to the s.cholastic nature ofPMD in fibers and the fact that all the

orders of PMD are bound together, it is not trivial to evaluate PMD penalties and

compensate for PMD impairments. PMD can be mitigated in three ways, i.e.,
optical compensation, electrical compensation and by use of passive techniques.

Optical PMD compensators typically comprise of a polarization controlling

device, an optical delay element (fixed or variable) and allied electronics which

provides control signals to the optical components based on feed-back

information about the link's PMD [58].

Electronic compensation technique consists of equalization using digital filters,

which reduces lSI. When applied to digital fiber-optic communication system,

such methods are adopted after the receiver, to reduce the lSI due to impairments

[58], [71]. Since they are used in the post detection stages, the phase of the
optical signal will not be available.

In passive PMD mitigation approach, there is no active component. This can be

achieved in many ways, such as adopting advanced manufacturing technique

[72]-[73], incorporating forward error correction (FEC) [74] and using PMD

tolerant linecoding [75]-[76]' Modern fiber manufacturing process

improvements ensure better fiber geometry, reduce the asymmetry stress level

and introduce controlled polarization coupling by fiber spinning.



Single Channel PMD Compensation

5.1.1 Optical PMD compensation technique

For optical PMD compensation different setups have been reported in the
literature [77]-[79]. The performance of these compensators was characterized
by applying first order PMD or higher order PMD, too. An accurate assessment
of compensators is performed by using common feedback signals, by applying a
realistic adaptation control and tracking scheme implemented in the PMD
compensation control logic, and by using the high PMD values occurring with
the system relevant low probability.

Optical PMD compensators are classified as half-order, first-order and second-
order compensator. A half-order compensator comprises of a polarization
controller and a fixed optical delay element. A first-order compensator has a
variable delay element and feedback mechanism provides control signals for
adjusting both the polarization controller and delay element. The fist-order
compensator can be employed to counter different amount of PMD values. The
second-order compensator uses two pieces of highly birefringent fiber and two
polarization controllers. The compensator's PSPs are made to vary linearly with
frequency so as to compensate for PMD over a large bandwidth. Given the
increasing data rates and the expanding bandwidth, importance has been attached
to second-order PMD.

Since PMD is a randomly changing entity, adaptive techniques are necessary to
continually track the changing DGD and PSPs and perform effective PMD
compensation. It is also necessary to provide reliable estimates of the DGD and
PSPs to the PMD compensator. The control signals to the variable delay element
and polarization controller can be generated using different PMD monitoring
techniques.

Despite the obvious advantages of compensating an optical phenomenon with
optical components, optical compensation has several disadvantages. First,
optical scheme require expensive and relatively bulky optical components. Also,
because of the dynamic nature of PMD, compensators must be adaptive.
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Adaptation is not easily achieved in the optical domain because of the relative
lack of flexibility in optical components and because of the difficulty in
extracting an appropriate error signal to control the adaptation.

5.1.2 Electronic PMD compensation technique

Electronic PMD compensation using digital filters is an attractive method for

reducing lSI. Such electronic PMD equalizers can be integrated into the receiver,

thus saving installation costs. The goal of electronic equalizers is minimization

ofISI at the receiving end (regardless of the phenomenon that is causing it, be it

PMD or chromatic dispersion or any other).

Some of the electronic filters used for lSI reduction are the transversal filter (TF),

decision feedback equalizer (DFE) and the maximum likelihood sequence

detection scheme (MLSD). The TF divides the signal into two copies, delays the

copies by constant delay stages, L1T, and superimposes the differentially delayed

signals at the output port. The tap weights are adjusted to minimize lSI in the

received signal. The D'FE is a non-linear filter. Non-linear filters are

advantageous in the sense that they can improve signal quality even if the

received eye-diagram is poor (severe lSI condition), unlike TF which requires an,

"open" eye-diagram [8]. However, DFE requires high-speed signal processors.

The MLD scheme is based on the correlation between an undistorted signal

sequence and an estimate of the received signal sequence, over many bits. The

selection of the sequence and the maximization .of the correlation are the factors'

based on which the decision for each individual bit is made. A theoretical study

comparing the performance of the above three schemes yielded the result in [80].

It has been reported that a concatenation of the TF and DFE would yield better

performance than either the TF or the DFE. However, the MLSD scheme

provided the best possible performance.
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Electronic compensation methods can be integrated into the receiver, thus saving

installation costs. As the data rate rise beyond 10 Gb/s, it will be a challenging

task to perform electronic equalization because of the difficulty in finding

electronic delay stages and filters that can operate at such high speeds.

5.1.3 Passive PMD compensation technique

Passive PMD mitigation techniques do not require any dynamically adjusted

components. It includes fiber manufacturing process improvement to make low

PMD fiber anq use of more PMD robust line coded signal and soliton

transmission, allocating more margins to PMD distortions, FEC coding, channel

switching and polarization scrambling. FEC can help increases the tolerance ora

system to effects of noise, CD and PMD. Some experiments uses, Reed-

Solomon error-correcting codes along with first-order PMD compensator to

effectively increase the PMD tolerance of a 10 Gb/s system [74]-[76]. For

DWDM systems, Sarkimukka et at [81], proposed a system by moving traffic off

of PMD-impaired channels onto spare channels that are not experiencing PMD

degradation. They showed that with this approach five times as much as PMD

can be tolerated compared to the suggested ITU limit (G.691). A novel family of

optical line codes were also used to counteract the fiber chromatic dispersion and

it is reported that a relative improvement of 2 dB at BER 10-12 for distances

greater than about 140 km at 10 Gb/s over standard fibers [76].

5.2 Line codes (modulation formats) in PMD compensation

The most widely adopted signaling format in contemporary fiber-optic

communication systems is the non retum-to-zero (NRZ). However, in recent

years, novel modulation formats and their resistance to signal degrading

phenomena, such as PMD have also been studied widely. Return-to-zero (RZ)

signa,ls are considered more resistant to penalties caused by broadening than

NRZ. The signal energy is more confined to the center of each bit and is the
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reason for the increased resistance of RZ modulation [8]. As DGD increases, the

power in isolated zeros rises only slowly, whereas in the case ofNRZ, the power

rises in isolated zeros quickly and combines with the ones to cause greater

penalty. In addition to RZ, there are the chirped RZ (CRZ), classical solitons and

dispersion-managed solitons (OMS), which are known to be more resistant to

PMO effects. A comparisqn of the penalties incurred by NRZ, RZ, CRZ and

OMS signals in the presence of high PMO has been made using computer

simulation in a 10-Gb/s terrestrial system, [82]. The results showed that RZ,

OMS and CRZ signals performed better than NRZ for spans of up to about 600

km.

The linecoder may be viewed as' a linear time invariant filter that acts on the

input data signal and generate an output sequence as shown in Fig. 5.1. A

theoretical analysis for evaluating the performance of a lincoded CPFSK optical

transmission system for direct detection and heterodyne system is presented. It

accounts for the combined 'effects of signal phase distortion due to PMO and

GYO in a single mode fiber. The analysis is carried out for three different

linecoding schemes, i.e., alternate mark inversion (AMI) or bipolar, order-l and

delay modulation coding, to investigate the efficacy of the linecoding in

counteracting the effect of PMO in CPFSK optical transmission system. Fig. 5.2

shows the conventional NRZ- and AMllinecoding. In AMI, '0' is encoded by
n.o pulse and '1' is encoded by a pulse p(t) or - p(t) depending whether the

previous 'I' is encoded by - p(t) or p(t). One of the advantages of this code is

that if an error made in the detecting pulses, the received pulse sequence will

violate the bipolar rule and the error is immediately detected. The delay

modulation (OM) is also known as Miller coding. In OM, a 'I' is represented by

a transition at the midpoint of the bit interval. A '0' is represented by no

transition, unless it is followed by another zero. In this case, a transition is placed

at the end of the bit interval of the first zero. The average BER performance

results are evaluated with the above line codes and compared with NRZ-CPFSK

system at a bit rate of 10 Gb/s considering Maxwellian probability distribution

for the OGOdue to PMO.
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Fig. 5.1: Model of an optical linecode generator
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Fig. 5.2: Unipolar NRZ and AMI RZ linecoding

5.2.1 Order 1 line coding: a multi-level novel optical line code

Novel optical line coding is similar to conventional Miller coding with the

difference being that two of them are scaled by a factor a < 1 and transmitted in

sequence according to the duobinary logic. Novel optical codes are ranging from

order 1, 2, .... II and in our case we have used order 1 code. The first order code

uses four wave forms, (t), and the state diagram is shown in the Fig. 5.3, where

LI and L2 are the code status and the elementary signalss,(I), where 1=1,

2, 3, 4 are depicted. Elementary signals form two pairs with Sl (I) = -S4 (I) and

S2 (I) = -s, (t). In addition two of the elementary signals S2 (I) and s, (I) are

scaled by u. In our case, u is chosen as 0.5 to produce best spectral shape.
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'3(t)
I'b',

Fig. 5.3: (a) Elementary signals and (b) code state diagram of novel order 1 code

The information (data) sequence {u,} is encoded to form the coded signal,

~
x(l) = Lg,(a,)s,(I-kT; u,)

k=---«!
(5.1 )

where a, denotes the generic encoder state and g, (a,) is a coefficient defined
by the following rule

{
1, s, (t) if (j, =L

g,(I,u,)= .'
-I., s, (I) if (j, =L, (5.2)

where, L, and L, indicates the states allowed to the encoder, and s,(t;u,)is

one of the two elementary signals s, (I) and s, (I) selected in accordance with

the following rule:

a, +I=g,(u"a,) (5.3)

The above encoding rules are summarized in table 5.1 and an example of a

waveform generated by the order I code with a=O.5 is shown in Fig. 5A.
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Information Generic encoder Sequence of the state Encoded signal
sequence (u,) state (0",) of the encoder (g 2) X. (t)

. II II SI(t)0

0 I2 I2 - SI(t) = s, (t)

1 II I2 S2(t)

1 I2 II -s2(1) = S3(t)

Table 5.1: Summary of the encoding criteria for novel optical code

data II "

Order 1 code

(5.4)

Fig. 5.4: Order 1 novel optical coded signal

Additional insight into the structure and characteristics of the order-I code can

be gained by expressing the four elementary signals in Fig.5.3 as linear

combinations of rectangular pulses of duration T/2 .

{
I; 0<I<T/2

e(t)= .o elsewhere

Now, the elementary signals S; (t) for i= I,2, 3;4 in terms of e(t) is given by,

SI (I) = e(l) + e(l - T /2)
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s,(/) = a [c(I)-c(t-T /2)]
s,(I) = -s,(I)

S4 (t) = -s, (t)

5.2.2 CPFSK modulation with Iinecoding

(5.5b)
(5.5c)

(5.5d)

As mentioned earlier, appropriate linecoding of the OBF laser driving signal can

overcome the adverse effects of PMO. Three linecoding schemes are considered,

i.e, OM, AMI and order 1. The main objective is to study the relative

effectiveness of the above linecodes in overcoming the pulse dispersion

performance degradation caused by PMO. The linecoder shown in Fig. 5.1 can

be viewed as a linear time-invariant filter that acts on the input data signal of

equation (3.3) or (4.4) to generate an output sequence of data given,

1'(t)= IAr(t-kT)
k=--w

(5.6)

where, bk's are independent and identically distributed (iid) random variable

taking values :t 1 and r(t) = p(t) 18> c(t). The Fourier transform of r(l) is given

by,

where,

R(f) = C(f).P(f)

K-J

C(f) = Ic, exp(-j2JrkfT)
. k=O

(5.7)

(5.8)

is the transfer function of the encoder and where c(t) = F-'[G(f)] is pulse

shaping due to linecoding. The sequence of symbols {b,} is generated to avoid

error propagation by a precoder defined by

K-'
G, = IcA-; mod(2)

i=O

(5.9)

The K code coefficients cO'c, ,c, CK_1are usually integers and can be
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properly chosen to generate a specific Iinecoding scheme.

It is therefore possible to apply the same procedure for average BER evaluation

of CPFSK with NRZ data in Section A to the. present situation with lincoded
data by merely replacing gl (I) and g, (t) in the previous case

gl (t) = Re[p(l) 18) c(l) 18) hi (I) 18) "IF (I)]

g, (I) = Re[p(l) 18) c(t) 18) h, (I) 18) hlF (I)]

(5.10)

(5.11)

For the lincoded signal, the pulse shaping function c(t) can be obtained from the

following C(f) for:

Alternate mark inversion (AMI):
C( f )= O.5{l- exp( - j21lfF)J

Delay modulation (OM):

[3 + 2cos(1lfF) + cos(2rrjT) - cos(3rrjT)J +
C( f) = j (6sin(2rrjT) + sin(rrjT) + 3sin(3rrjT) + 4sin(4rrjT)}

9+ 12cos(2rrjT) + 4cos(4rrjT)

Order 1 :

where a is the scaling factor

(5.12)

(5.13)

(5.14)

Now following the derivation of CPFSK direct detection or CPFSK heterodyne

detection the average BER can be found for AMI, DM and order I linecoding

using the following expression,
'00

BER = fBER(lH) P,,(lH) d(lH)
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5.3.1 Results and discussion

In this section, we present the theoretical performance results of an optical

heterodyne CPFSK transmission system with delay demodulation receiver for

several values of mean DOD with and without linecoding at a bit rate of 10 Obis.
The assumptions used in computing the BER performance results are shown in

Table 5.2.

The plots of average BER versus received power, Ps are shown in Fig. 5.5 and

Fig.5.6 at modulation index of 0.50 and 1.00 respectively for different values of

mean DOD. The results show that the BER performance is more affected at

higher values of mean DOD and at higher modulation index. It is noticed that
BER floors occur at about 2xlO-S, 10-5 and 2.5xI0-4 corresponding to mean DOD

of 60 ps, 70 ps and 80 ps respectively at modulation index of 0.50, which means

that at these mean DOD's BER can not be lowered by further increasing the

signal power. The amount of penalty is approximately 6.80 dB when the mean

DOD is 40 ps at modulation index 1.0.

The BER performance for delay modulation with linecoding is shown Fig. 5.5,

Fig.5.6 and for modulation index of 0.5 and 1.00 respectively. For the purpose

of comparison, the previous work without linecoding results reported in [83].

-27 -25

': Modulation inde:x, h=0.50:
.. ,,, ... 'Flbi:!r"iei-igih','C~'W)b"km-:'"

Line ~ode: Delay modulatjon

-42 -39 -38 -33 -30
Received Optical Power, Ps in dBm

10"

10.12
.48 -45

Fig. 5.5: Plot of average HER versus received power, Ps at modulation index 0.50
with delay modulation linecoding

/
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It is found from all Figures (Fig. 5.5 to Fig. 5.10) that the amount of power

penalty due to PMD suffered by CPFSK transmission system up to 30 ps mean

DGD is relatively small. It is approximately 0.85dB and 0.30 dB for AMI- and

order-l-CPFSK respectively at BER 10.9. For delay demodulation (FigA)

linecoding, it is about 1.5 dB at the same BER and for a mean DGD of 30 ps.

-27 -25

..... :. . .. . .....~.. .. .. ... ] ..

Modulation indeK, h=1.0:
-r-fbe'r:lliilgiti:L~- mci km:"
Una ~ode: Del~:f modu!ajion

-42 -39 -38 -33 -J]
Reeerved Optical Power, Ps in dBm

-45

10'

Fig. 5.6: Plot of average BER versus received power, Ps at modulation index 1.0 with
delay modulation linecoding
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" 10"••g
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-30 -27 -25

R~cei~ed Op~cel Power, P$ln dBm

Fig. 5.7: Plot of average BER versus received power, Ps at modulation index 0.50
with Alternate Mark Inversion (AMI) linecoding
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For small power penalties PMD follows the following expression [7],

Ii (in dB) = A(M) J' a(l-a)MT .
(5.16)

where, M T is the symbol duration A is a dimensionless parameter determined

by the pulse shape. In our case, M=I and the value of A is about 39, 22, 19 and

16 corresponding to NRZ, DM, AMI and order-I codes respectively.

Modulation im:lex .. h.= 1.0
Fiber length, L = 100 km
Une code: AMI

10'

10.1

ii
W
!!>
~ 10.'

"•,w
rJ5 10'
8•~

10'

10.10

." ." .36 .33 .30 -27 -25

Received optical power, Ps In dBm

Fig. 5.8: Plot of average BER versus received power, Ps at modulation index 1.0 with
Alternate Mark Inversion (AMI) linecoding

It is noticed that BER floors occur at about 10.4 (at DOD 70 ps), 3.5xIO.5 ( at

DOD 60 ps) and 5xl0.5 (at DOD 60 ps) for AMI, order-I and delay

modulation linecoding respectively. Above these values of mean DOD, the BER

can not be lowered by further increasing the signal power
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Fig. 5.9: Plot of average BER versus received power, Ps at modulation index 0.50
with Order 1 linecoding .
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Fig. 5.10: Plot of average BER versus received power, Ps at modulation index 1.0
with Order 1 linecoding
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Fig. 5.11: PMO-induced 'power penalty as a function of OGOlbit duration« < M > IT) for NRZ, OM, AMI and Order 1 linecoding of a CPFSK
system ( modulation index =0.50)
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Fig. 5.12: PMD-induced power penalty as a function ofOGO/bit duration
« < M > IT) for NRZ, OM, AMI and Order 1 linecoding of a CPFSK

system ( modulation index = 1.00)
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Parameter Values unit

300 K

10 GHz

50 Ohm

A/W

1550 nm

1.93355x1014 Hz

0.50 Unitless

IS s/nm-km

0.50 Unitless

Table: 5.2: The assumptions used in computing the HER performance results

Fig. 5.11 shows the 10-9 BER power penalty ofNRZ- , AMI- , order-I- and DM-
CPFSK, versus the ratio of mean DOD to bit duration (t.,) I T at a modulation

index of' 0.50. The performance limitations of an optical heterodyne NRZ-

CPFSK transmission system affected by PMD are reported in [83]. As seen in .

Fig.5, for weak PMD the effect of linecoding more pronounced and order-I

linecoding is more superior to AMI and OM. For example, the power penalty

improvements are about 0.5 dB, 1.15 dB and 1.95 dB corresponding to OM,

AMI and order-l respectively at mean DOD of 30 ps with respect to NRZ-

CPFSK. From FigSII, it is also observed that the power penalty improvemerits

above 30 ps mean DOD is almost constant for all linecodes and the amounts are

about 0.30 dB, 0.80 dB and 1.65 dB corresponding to OM, AMI and order-l

respectively. This is to be expected, because in NRZ, the symbol duration is

twice as long as for three linecoding schemes. As these linecodes use shorter

pulse duration and exhibit much greater PMD tolerance than their NRZ

counterparts. It is also observed that order-I linecoding gives nearly twice the
maximum allowable value of (M) I T than NRZ data

5.3.2 Comparison among different Iinecodes in PMD mitigation
Passive PMD mitigation techniques do not require any dynamically adjusted
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components. It includes use of more PMD robust line coded signal and soliton

transmission, allocating more margin to PMD distortions, forward error

correction (FEC) coding, channel switching and polarization scrambling. FEC

can help increases the tolerance of a system to effects of noise, CD and PMD.

Some experiments uses, Reed-Solomon error-correcting codes along with first-

order PMD compensator to effectively increase the PMD tolerance of a 10 Gbit/s

system.

Linecoding Observation method Amount of Reference

compensation ( per

100 km)

Delay modulation (DM) BER vs received 0.30 dB for DOD Our work
ootical Dower >30 os

Alternate Mark Inversion (AMI) BER vs received 0.80 dB for DOD Our work

ontical nower >30 ns

Order I BER vs . received 1.65 dB for Our work

ontical nower DOD>30 ns

Duo binary Eye diagram 1.20 dB for DOD> Ref.[118]

35 os

Modified duo binary Eye diagram 1.35 dB for Ref.[118]

DOD>35 ns

Low-density parity-check BER vs electrical 1.30 dB for DOD> Ref[119]
ILDPC\-coded SNR Eb/No 30 os

A novel chirped intra-bit Q-factor 1.45 dB for DOD> Ref. [120]

polarization diversity modulation 40 ps and
(C-IPDM) compensates second

order PMD

Table 5.1: PMD mitigation with different optical linecoding

The linecoder may be viewed as a linear time invariant filter that acts on the

input data signal and generate an output sequence. The effectiveness of all

Linecoding techniques lies substantially in the fact that the linecoded signal
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spectrum is shifted away from the highly nonuniform. region of the FM

characteristics to lower frequency.

In our research work, we have studied three linecodes (OM, AMI & order I) to
find their tolerance in .first order PMO. We compare our research work other
contemporary works in Table 5.1. From the table we found that order I line code
is most effective and it can mitigate about 1,65 dB for mean OGO > 30 ps

5.4 Summary

In this research work, an analytical technique without and with linecoding is

provided. for the performance evaluation of a heterodyne CPFSK system

impaired by PMO in presence of chromatic dispersion. The effectiveness of

several linecoding schemes, i.e, AMI, order-I and OM, in alleviating the

performance degradation due to the PMO is quantitatively assessed. We found

that for lower values of PMO the compensation effect of linecoding is more

pronounced than higher values of OGO. The power penalty improvements above

30 ps mean OGO is almost constant for all linecodes and the amounts are about

0.30 dB, 0.80 dB and 1.65 dB corresponding to OM, AMI and order-I

respectively. Among the three linecodes order-I linecoding is superior to AMI

and OM. From the analytical results, we observed that oder-I is the best, AMI is

better than OM linecoding. For example, at 30 ps mean OGO, order-I effects is

0.80 dB and 1.40 dB higher than AMI and OM respectively. This happens due to

the compact spectrum of order I linecoding.
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Chapter 6

EFFECT OF PMD IN MULTICHANNEL OPTICAL
TRANSMISSION SYSTEM

In this chapter, we propose system models for treating PMD in two channel

(pump-probe) as well as N-channel WDM transmission system and deduce the

pdf of random amplitude fluctuation due to PMD in a channel pump-probe

configuration and also the combined pdf for a birefringence fiber. Based on

these models, optical signal propagation behaviors in two and multi-channel

\\lDM system with PMD are analytically analyzed and assessed. Simulation is

also carried out using OptSim simulation software for a 4-channel WDM

transmission system in terms of eye diagram.

6.1 Interaction of cross phase modulation and PMD

Transmission in optical fiber communication systems is impaired and ultimately

limited by the four 'horsemen' of optical fiber communication systems -

chromatic dispersion, amplified spontaneous emission noise from amplifier,

polarization effects and fiber nonlinearity [84]. Cross-phase modulation (XPM)

is a nonlinear phenomena occurring in optical fibers when two or more optical

fields are transmitted through a fiber simultaneously. XPM has an important

impact on the performance of high-speed WDM in optical fiber communication
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systems. Physically, each intense optical wave changes the refractive index of

fiber through the Kerr effect and induces a nonlinear phase shift on other co-

propagating waves. If this wave is in the form of an optical pulse, the XPM-

induced nonlinear phase shift becomes time .dependent and leads to spectral

broadening of the co-propagating waves. The self phase modulation (SPM) and

XPM phenomenon in optical fibers has been studied extensively over the last

two decades [85]-[91]. The nonlinear phase modulation induced through XPM

depends on the bit pattern of the inducing channel and is transferred as intensity

fluctuation to neighboring channel through GVD that result the inter-channel

crosstalk.

One important feature of nonlinear fiber effects is that the strength of interaction

depends on light polarization of the propagating waves. Both absolute (linear,

circular, elliptical) and relative light polarization of co-propagating waves (i.e.

identical or orthogonal polarizations) strongly affect the nonlinear coupling

strength. In the last few years, many research works have been carried out on the

interaction among nonlinearity, polarization variation and polarization mode

dispersion [92]-[ I07]. Physically, PMD has its origin in the birefringence that is

present in any optical fiber. Just like signal distortion due to chromatic

dispersion and nonlinearity accumulate along the length of the communication

link, so does the polarization and PMD. Polarization fluctuation and PMD has

become increasingly important as the per-channel data rates have increased and

now arguably the most important of the polarization effects. PMD results in

system degradation due to PMD-induced pulse broadening, and also leads to

fading in both coherent and direct detection systems, induce single distortion and

significant fluctuations of the BER, particularly in WDM systems. PMD of the

fiber installed in the past is usually high so the influence of PMD must be

considered.
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The interaction between PMD and non-linearity can be particularly complex. Q.

Lin et at [92], developed a vector theory of XPM in optical fiber and used to

investigate the effect of PMD on XPM crosstalk in a WDM system in terms of

amplitude of probe fluctuation induced by a co-propagating pump channel and

the results show that PMD reduces the difference in the average crosstalk level

between cases of copolarized and orthogonally polarized channels. O. Zhang et

al [94], experimentally reported that SPM can suppress PMD penalty and XPM-

induced polarization scattering in dense WDM transmission systems can reduce

the PMD impairment. C. R. Menyuk et at [95], analyzed the interaction of PMD

and Kerr nonlinearity imd derive the Manakov-PMD equation using multiple-

length scale techniques and gave the transparent physical meaning of all its

terms with appropriate examples for single- and multichannel transmission

systems. Sometimes, in combination with chirp, a system with both PMD and

nonlinearity is less impaired than a system with the same amount of nonlinearity

and no PMD [97]-[98]. More often, the combination of PMD and nonlinearity

can be harmful. R. Khosravani et at [100], by numerically and experimentally

reported that nonlinear polarization rotation can alter the polarization states of

the bits, so that they vary from one bit to the next in a way that is difficult to

predict and in such cases, conventional PMD compensation becomes impossible.

PMD-induced fluctuations in the relative orientation between the pump and

probe SOP cause the XPM modulation amplitude to be random. In this

contribution, we analytically determined the pdf of the random angle 8(z)
between the pump and probe SOP fluctuation that produce intensity dependent

pulse distortion on a propagating signal. Using the pdfwe analyzed the impact of

PMD on XPM in terms of average BER for an IM-DD WDM system at a bit rate

of 10 Obis. we also find the variance of the SOP between pump and probe with

respect to fiber link and chaimel spacing. To best of our knowledge the

influence ofPMD on XPM in terms ofBER is yet to be reported.
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6.2. Pump - probe optical configuration system model

The block diagram of a pump-probe configuration WDM system with EDFA in

cascade used for theoretical analysis is shown in Fig.6.1. The pump and probe

are multiplexed by WDM MUX and the composite signal is transmitted through

a SMF. To describe the effect of PMD on XPM, we assume that the pump, I A,)
act as channell, which modulates the transmitted (f, ) data from the laser diode

at wavelength, A., and the probe, IA,) act as channel 2, which is a low-power

continuous wave (cw) at wavelength, A.,. The in-line EDFA's are used In

cascade to compensate the fiber losses. Finally, the composite signal IS

demultiplexed at WDM DEMUX and from the modulated carrier, A., original

signal f, is recovered through 1M-DDmethod.

) -~~
Input Signal ( .Ii)

EDFA in cascade

/ "" (f) 1'\) 1/
Single Mode Fiber (SMF)

Direct detection

Fig.6.1: Blockdiagramof a pump-probeconfigurationwithEDFAin cascade

6.3 Theoretical analysis for pump-probe configuration (2-ch. WDM)

The probe is assumed to be weak enough that the SPM, XPM and inlTachannel

PMD induced by it can be neglected. Although these effects broadens pulse in

each channel, they barely affect the interchannel XPM interaction because the

channel spacing typically is much larger than channel bandwidth and the
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evolution of SOP of the channels is mainly governed by the birefringence. The

XPM induces a time dependent phase shift as well as nonlinear polarization

rotation on the probe channel that cause the XPM induced modulation amplitude

to be 'random. The cw probe field is modulated by the pump field by the

combination of XPM and PMD. To study the temporal modulation of cw probe

field as a consequence of pump field, let us linearize the probe field I A2) by

assuming unperturbed, I A,o) and perturbed, [A2J) probe fields respectively.

With these simplifications (as shown in Appendix B), we can write the following

equations for pump and probe field evolutions as,

Hi
~',

T,.
, \'

~A,) = -<SR ~A,) _ ifJ2J a21A,)_ a'IA) -i£ RIA)
az , 1-', aT 2 aT2 2' '0' (6.1)

(6.2)

iP22 a2(A,o IAll)
2 i7t2

0., (A'0 [All) +~ PoSo [3+cosB( z)]
2

(6.3)

where, Po =(A,IA,) and So = (A'0 IA,0) are the pump and unperturbed probe

and S=(A'OI"'IA'0)jSO are the unit vector

representing the SOP of the pump and unperturbed probe on the Poincare

sphere; Q = (w, - w,) is the channel spacing, £, = 8/9 y, and £, = 8/9 y, are the

effective nonlinear parameters, 8(z) = P. S(z) is the random angle between the

pump and probe SOP, ofJ, = (fJll - fJ,,) is the group velocity mismatch between

the two channels and T = (t-fJ"z) is the reduced temporal variable.

From (6.1) we see that the pump polarization P remain fixed in the rotating

frame. However, PMD changes the relative orientation between the pump and

probe stokes vectors at a rate dictated by the magnitude of channel spacing and
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relative birefringence (nb). The total optical power of the probe field is given

by,

. (6.4)

where t5So is the modulation amplitude, which is a measure of the XPM induced

crosstalk. PMD randomly changes the angle between P and S(z) along the fiber

and thus probe field modulation amplitude becomes a random quantity. Solving

the equation (6.3) analytically and introducing the normalized modulation

amplitude as, 8x({)))= iSo(L, ()))/So(L); we obtain,

_ L _ {I L ]
<5xCw)= - fe,(z)p"(z,w)[ 3+cosB(z)] si - far P"(z])d,, dz

o 2,
(6.5)

where a tilde denotes the Fourier transform and Po (z,,{))) is the Fourier spectrum

of the pump power at a distance zinside the fiber and /3" is the aVD coefficient

of the pump.

Since the pump polarization P remains constant and the random variation of

S(z)responsible for the randomness of B(z). Thus to find the pdf of the angle

B(z) between pump and probe, we assume that it is driven by the white noise

" process and can be written as,

where,

(6.6)

(6.7.)

(6.8)

where '7 = 1/Ld =D;n' /3; n= w, - w] is the channel spacing and Dp is the

PMD parameter. This model captures all the essentials of the more realistic case

in which both the angle8(z) and birefringence vary randomly. From equation

(6.8) a diffusion equation for the probability distribution of B(z) or
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simply B can be obtained [95],

(6.9)
ap_~ ,a'p
az -21) aB'

where p(B,z) is 2lf periodic in B andp(O,z) = 8(B-Bo)' Bo is the value of B

at z = 0, Bo is the relative angle between the pump and probe SOPs at the input

end of the fiber. By solving the equation (6.9) we get the pdf B(z) and

expressed as,

I I~ I"p(B,z)=-+- L"exp(--1) m z)cosm(B-Bo)
2n 1r lIl",l 2

(6.10)

The SOP of the pump and probe depends on the power and bit pattern of the

pump. The SOP fluctuates with time because of its doubly in nature. In the

absence of residual birefringence, randomness comes only from the bit pattern.

(6.11)
1 00 00 [L L ]

= -, fdOl, fdOl, fdz, fdz2 11' o( z, - Z2 J
4n _<Xl _ 00. 0 0

The SOP of pump and probe variance can be obtained by taking the inverse

Fourier transform of equation (6.8) along the fiber link length L,
L L

a;,p = fdz, fdz,r' tS(z, JS(z,J/}
o 0

To find the Po(z, m), we assume that the effects of dispersion and nonlinearities

(6.12)

do not significantly change the pulse shape of the pump channel along the fiber

and analytically solving(l), we then obtain,

p"(z,m) = p"(O,m) exp{~- a, (z,) + 1m 8PtCZ,)]dZ,}

Substituting this expression in (6.5), we obtain the following analytic result for

the XPM-induced crosstalk,
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L

5x(m) = P.(O,m) n3+cosB(z)]F(z) dz
o

(613)

where the function F(z) takes into account loss and dispersion variation along

the fiber link and is given by,

The crosstalk level changes with time depending on the bit pattern in the pump

channel. Thus, t5x (r) fluctuates with time and the crosstalk variance, also called

XPM-induced interference can given by,

(6.15)

I ~J""~J - -. . [(w, - W,)T]
= -, dw, dw, Ox(w,) Ox(w,) smc ~-~~
4:r -aJ -00 . 2

where, T is the time interval of measurement. Usually the measurement time Tis

small compared with the fluctuation time of PMD and birefringence fluctuations

remain frozen during measurement.

6.4 WDM multi-channel system model

The block diagram of a WDM system with EDFA in cascade used for theoretical

analysis of PMD and cross phase modulation (XPM) interaction is shown in

Fig.l. The different channels are multiplexed by WDM MUX and the composite

signal is transmitted through a single mode fiber (SMF). To describe the

combined effect of PMD on XPM, we assume that except channel 2 all the other

channels act as the pump which modulate the transmitted data of channel 2 from

the laser diodes at wavelength,A j' We also assume that channel 2 is a low-
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power continuous wave (cw) at wavelength, A,. The in-line EDFA's are used in

cascade to compensate the fiber losses. Finally, the composite signal is

demultiplexed at WDM DEMUX and from the modulated carrier; wavelength

A, original signal (channel 2) is recovered through intensity modulation direct

detection (1M-DO) method.

!FAincascad\ .

Direct

detection

WDMMUX Single Mode Fiber (SMF) WDMDEMUX

Fig. 6.2: Block diagram of a multi-channellWDM system with EDFA in cascade

6.5 Theoretical analysis for multi-channel WDM system

In the previous two channel pump-probe configuration research work, we have

derived the following two equations that describe the PMD and XPM interaction,

iP22 a'IA,) -!!:2IA )_iB .ulA )
2 at' 2.' 2' ,

alA,) __ alA,)
az - P12' at

+ 2~, [2(AIIAI)+iAI )(Al HA;)(A; I] IA,)

alAI) alAl) ifJ21 a'IAI)T = - fJII -----at 2 at'

+ i~1 [2(AIIA, )+iA;)(A; I] IA,)
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where, ~Ij' ~'j and aj (j =1,2) are the inverse group velocities, group

velocity dispersion (GVD) coefficient and fiber losses for the two channels and

the Jones vectors IA,) and IA1) are two-dimensional column vectors

representing the two components of the electric field in the x-y plane. In the

Jones matrix notations, (A I is the Hermitian conjugate of IA). While IA') is

the complex conjugate ofl A). The random vector B(z,ro) describes the residual

fiber birefringence, while the vector ()' has the Pauli matrices as its three

elements. The vector ()' is formed as ()'= 0)'1 + 0',"2 + 0',"" where "I , ", and

", are three unit vectors in the Stokes space and this vector is used to relate the

parameters between Stokes space to Jones space. The 0'1'0', andO', 2x2. Pauli

spin matrices are given as;

cr, = [~ 1) cr =[0 -i)o 3, 0

It is assumed that interchannel PMD dominates but intrachannel PMD is

negligible. The intrachannel PMD barely affect the interchannel XPM

interaction because channel spacing typically is much larger than channel

bandwidth and the evolution of the SOP of the channels is mainly governed by

B(z,ro).

If now there are more than 2-channels equations (6.16) and (6.17) can be
extended as,

(6.18)
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alAj) =_ . alAj) _ i~'j a'IAj) _ UjllA )-~B .O'IA )
az ~IJ at 2 at' 2 j 2 j j

+ i~j [2(AjIAjHA;)(A;[] IAj)
(6.19)

where, we consider the XPM and PMD effects on channel 2 (channel under

study), while other channels act as the pump (j '" 2). However, both beat length

( Ls '" 10m ) and correlation length (L, '" 100m) associated with residual

birefringenc~ are much shorter than the nonlinear length (L" > 10 Ian depending

on the optical power). As a result, the polarization rotation induced by the

residual birefringence is much faster than that induced by nonlinear polarization

rotation (NPR). Thus to average over the rapid polarization variation, it is

convenient to choose a rotating frame in which the state of polarization (SOP) of

channel 2 remain frozen. Adopting a rotation frame through a unitary

transformation IA j) = 1'1A~), where the Jones matrix l' satisfies,

d1' i -
-=--B .O'T
dz 2 1

(6.20)

The unitary matrix T In (5) corresponds to random rotations of the Stokes

vector on the Poincare sphere that do not change the vector length. Afler

averaging over the rapid variations induced by i and using a reduced time
variable a T = (t - fJI'Z), we obtain,

a1A2) a1A2) i~22 a21A2)
az - -~12 &r 2 &r2

+ 2iE2 LPoJ3+ Pj"tTJIA2)
3 j
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alA)) =-13 . alA)) _ il3,) a'IA)) -21A \--'-B .alA \
az If Or 2 Or' 2 ) / 2) ) /

-10) b.aIA)) +ieA)IA))
(622)

,
"
II

\ .'
I.

Stokes vector of the jth channel representing the SOP of the channel on the

Poincare sphere. Furtherm~re, 0) = (0), - 0)) is the channel spacing, e) =% y )

and Ii, =!!. r, are effective nonlinear parameters for the jth channel and
9

channel 2 respectively and (13) = (13,) -1312) group velocity mismatch between

the jth channel and channel 2.

Since, the fiber length (L) is typically much longer than the birefringence

correlation length (L,), we model b) as a three-dimensional (3-D) stochastic

process whose first- and second moments are given by,

(623)

, 1 ,- -
where, crO) = -DpI ; I is the second-order unit tensor and Dp is the PMD co-

3

efficient of the fiber.

From (6.22) we see that the pumps (all other channel except channel 2)

polarization p) remain fixed in the rotating frame. However, PMD changes the

relative orientation between the different channels/pumps and channel 2 Stokes

vectors at a rate dictated by the magnitude of 0 j b . The effectiveness of XPM
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depends not only on the group velocity mismatch 813j' but also on the relative

orientation of all the pumps and channel 2 SOPs.

We shall solve (6.22) and (6.23) to study the temporal modulation of channel 2

induced by the combined effect of XPM and PMD of all other channels. Since

the modulation amplitude is small in general, we can linearize (6.22) by

assuming that IA,) =IA,,)+IA'I) , where lA,,) and IAlI) are unperturbed and

perturbed channel 2 fields respectively. Substituting this in (6.22) we obtain the

following two equations governing the evolution of channel 2 field as,

alA) .-'-' =_a'IA )-!"'o.b.aIA ) (6.24)az 210210

aIA'I) =_iP" a'IA'I) -~IA )-~Qb,"IA )+ ie,,, p, .[3+P.,,]A ) (6.25)az 2 &' 2 11 2 'I 2 L. OJ J 10 .
. J .

where the dispersion term for IA1O) was set to zero for a cw input of channel 2.

The total optical power of the channel 2 field is expressed as,

(A,IA,) '" (A1O IA1O) + [(A1O IAlI) + c. c.] '" S, + oS, (6.26)

here we neglected (AlIIAlI) because of its smallness and introduced the power

and SOP ofthe unperturbed field as,

(6.27)

To find the modulation amplitude oS" which is the measure of the combined

PMD and XPM-induced crosstalk, we first find an equation for <A 10 IA 11 >
only. Using (6.26) and (6.27), this quantity is found to satisfy the following

.equation,

103



Effect of PMD in Multichannel Optical Transmission System

iP22 a'(A1OIA]J)
2 iJr'

(6.28)

where, e/z) = i> 8(z) IS the random angle between the different

channels/pumps and channel 2 SOPs. Equation (13) can be solved analytically in

the frequency domain because of its linear nature. Using

oS, = (A1O IAll) + (AlIIA1O) and introducing the normalized modulation

. . - 13So(L,oo) -
amplitude for the jth channel 13x (00) = J , where, 13x (00) is given by,

., So(L) j

where a tilde denotes the Fourier transform and P'j(z,oo) is the Fourier spectrum

of the different pumps power at a distance z inside the fiber. The effects of PMD

enter in this equation through the angle e/z). More precisely, PMD randomly

changes the angle between !\and S along the fiber and thus makes 8xj (00) a

random quantity. The total modulation amplitude for channel 2 is just the

algebraic sum over all pump channels,

(6.30)

To characterize the XPM-induced crosstalk, it IS common to introduce the

modulation transfer function using the definition,

(6.31 )
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The total average crosstalk level (0 X
j
('e)) p changes with time depending on the

bit pattern in the different pump channels. Thus, 0 x (~) fluctuates with time
. .

because of its doubly random nature. In the absence of residual birefringence,

randomness comes only from the bit pattern in the pump channels. In this case, it

is common to introduce the crosstalk variance, also called PMD and XPM-

induced interference, using the following equation,

(6.32)

where, T is the time interval of measurement.

Ifwe assume that bit pattern in different channels are independent of each other,

it is easy to show that the variance is also a sum over individual channel such

that,

cr2 - "" (J2
m-L.Jj

I~2

6.5.1 Determining the PDF of 8j(z) and BER expression

(6.33)

The 8 j(z) is the sum of all randomly fluctuating angles between the different

pumps/channels and the affected channel 2. So, 8j(z) can be written as,

8j (z) = 8, (z) + 8, (z) + 8, (z) . (6.34)

Since the different pumps polarization Pj remain constant and the random

variation of .5(z) (unit vector of the SOP of channel 2) will be responsible for the

angle of 8,(z).
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We have already analytically determined the pdf of 8 (z) for a 2 channel

(pump-probe configuration), which is given by,

,
i,
\,

1 If' I"p(O,z)=-+- L."exp(--17 m z)cosm(O-Oo)
2tr tr m=l 2

(6.35)

where, O(z) = P. 8(z) is the random angle between the pump and probe SOPs

and 80 is the initial angle.

Now assumIng the random variables e,(z) , e,(z), e,(z) ...: eN(z) are

independent and identically-distributed (iid) in nature, then the combined pdf of

SOP fluctuation angles . for a multi-channel system can be written as the

convolution of all the individual random angle that the channel 2 makes with

different pumps SOPs ( which results (N-2) folds convolution),

P,,,,,,bi,,,d (e, z) = p(e" z)0 p(e" z)0 p(e" z) pee N' z)

The signal to crosstalk noise ratio (SCNR) can be written as,

(6.36)

(6.37)

where a,;, crosstalk variance due to the combined effect of PMD and XPM of all

pump channels, a; noise variance, !, = RdSO' Rd is the responsivity and So is

the affected channel 2 power.

Thus,

SCNR(for angle eo) ! ',
a;,,(eo)+a~

(6.38)

For a given value of 00 (which is initial angle), the conditional BER can be

c~(
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expressed as,

(
~SCNR(for angle (}o) J

BER«(}o) = 0.5erfe .fi (6.39)

Because of environmental changes (i.e .. temperature, pressure, vibration, stress,

twisting etc.), PMD fluctuates randomly. Generally, the impact of PMD

fluctuations as well as the variation of angle, 8/z) typically occurs on a time

scale of milliseconds. Thus, the average BER is given by,

"
BER = fBER(8o) PCG",b;",d (8,z)d8 (6.40)

In the case of pump-probe configuration, the BER expression can be written as,
,

BER = fBER«(}o) p«(},z)d(}
-,

(6.41 )

6.6 Results and discussion

6.6.1 Performance of pump-probe configuration

Following the pump-probe analytical approach, the performance of the 2-

channel ofIM-DD WDM system is investigated at a bit rate of 10 Gb/s. The pdf

of the random polarization angle between pump and probe is evaluated at

various length of single mode fiber and shown in Fig.6.3 and Fig. 6.4 for channel

spacing of 0.8 and 0.4 nm respectively. From the figure, it is found that for

particular channel spacing the pdf is a delta function at z = 0 and becomes flat as

the link length increases. It is observed that for any lightwave system of fiber

length much larger than the diffusion length (hE = 280 m - 1.5 km), the pdf

becomes Gaussian like distribution. Fig. 6.5 shows the variance of pump and

probe polarization SOP versus fiber link length for different PMD coefficient. It
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IS noticed that as the PMD coefficient increases the vanance of SOP also

increases linearly. Thus the higher value ofPMD fibers (usually older fiber) will

larger amount of amplitude modulation fluctuations. The Table 6.1 shows the

set of parameters and assumption that are made to evaluate the system

performance.

:: 0.6
ir

06

0.,

02

0..
Random angle between ~ end probe SOPs, 6(Z) " (P. 5(z»

Fig. 6.3: Plots of pdf of e(z) at different length of fiber link length with a
channel separation 0.8 nm and PMD coefficient 0.5 ps/,ikm

ctl ••.••• t "p.r."on. 0" 0.4 nm
0.9 PMO C••.• mel.llI. Dp.O_~P"~«l<m)

,.,

"
0.6

"[ 0.5

0.'

03

0.'

0.'

o.. ., ., ., o 2

--- L=20 km
-,- L=40km
• L=60 km
x L=80 km
--- L=100 km

Random lingle between pump and probe SOPs, O(z)" p, 8(z)

Fig. 6.4: Plots of pdf of e(z) at different length of fiber link length with a
channel separation 0.4 nm and PMD coefficient 0.2 ps/,ikm
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Fig.6.S: Plots of variance of pump and probe polarization SOP vs fiber
link length for different PMD parameters.
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Fig. 6.6: Plots of average BER vs pump power for different channel spacing

The average BER versus pump power is plotted in Fig. 6.6. It is observed that

interaction of PMD and XPM increases as the channel spacing decreases for a

specific pump power and system suffers a large amount of BER. The significant

dependence of XPM effect on BER as a function of channel spacing comes from
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the fact that the PMD diffusion length is inversely proportional to the square of

the channel spacing. However, at increased pump power the BER increases and

when pump power is about 16 dBm the BER curves makes a floor at 10,1

irrespective of channel spacing.

The plots of average BER versus probe power is shown in Fig. 6.7.1t is seen that

at high pump and probe power the BER performance of the fiber link

deteriorates sharply. This happens due to the strong interaction of PMD and

XPM on each other channel. For example, when the pump power is -15 dBm, we

can achieve a BER of 10-9 for a 6.25 dBm probe power. Keeping the probe

power same, it is found that at 25 dBm pump power the BER drops to a value of

10,1only. This happens due to the higher modulation amplitude fluctuation as a

result of high pump power.

". , ,
Probe pOWflr Ps In dBm

,

10" .. - .......•

Fig.6.7: Plotsof averageHER vs probepowerfor differentpumppower

Fig.6.8 depicts the variance of SOP as a function of channel spacing for different

length. For smaller channel spacing and short length of fiber link the variance is

very negligible. As the link length increases and so does the channel spacing, the

variances increases exponentially for larger values of channel spacing.
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Fig.6.8: Plots of variance of pump and probe polarization SOP vs channel
spacing for different link length.

Parameters Settinl!s
PMD coefficient, Dp 0.1-0.5 ps/~km

Channel soacinl!, n 0.8nm
Pump wavelength, A.I 1550.0 nm
Probe wavelength, A., 1550.8 nm
Correlation length, I, 2km
Group velocity dispersion, fi" 17os/nm-km

Bit rate, B 10 Gb/s
Nonlinear coefficient, r 2.35 W-I/km

Fiber attenuation, a 0.21 dB/km

Table 6.1: Set of parameters and assumptions used in the analysis

6.6.2 Performance of 4-channel WDM system

Following the N-channel analytical approach, the performance of a 4-chnnael

WDM system is investigated at a bit rate of 10 Gb/s per channel. Out of 4-

channels, we assume that channel I, 3 and 4 are pump channel and channel 2 is

affected channel, where we observe the effect of XPM and PMD. The channel 2
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is in the form ofa low-power continuous wave (cw) channel and XPM effect for

this channel power is negligible to other channels. We also neglected the effect

of intrachannel PMD, as channel spacing typically is much larger than channel

bandwidth and evolution of the SOP channels is mainly governed by

birefringence.

The combined pdf, Pcombi"'d(S,Z) of the random polarization angle between the

pumps and channel 2 is evaluated for various length of the single mode fiber ?nd

shown in Fig.6.9. From the figure, it is noticed that for channel spacing,

!1"A. = 0.8 nm and at z = 0, the pdf results a delta function. The pdf becomes flat

as link length increases. As compared with the pump-probe configuration (2-

channel) pdf, the obtained 4-channel random angle pdf is more close to the

normal pdf of Gaussian distribution.

--- l"'20 kin
_._,. L=40 kin
• L=60 km
x L=80 km

--- V=100 km
0.8

0.'

0.2

Channel separtllion, 0 = 0.8 nm
0,9 PMD co-efficient, Op"O.5 psJ~km

0.8

0.'

0.5

0'

0.3

o
-4 -1 0 3

Random angle between pl,ll1pS and channel 2 SOPs, el(z) '" Pr S(2)

Fig. 6.9: Plots of pdf of 8(z) = P .8(z) at different length of fiber
. . } J

The average BER vs pump power is plotted in Fig. 6.10 for different channel

spacing. We use the wavelengths from 1549.4 nm to 1552.8 nm to accommodate
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the 4-cahnnels. It is observed that the interaction of PMD and XPM increases as

the channel spacing decreases for specific pump power. For example, when the

total pump power is 0 dBm, channel 2 BER is about 10.6 and 10-10 at channel

spacing of 2 nm and 3 nm respectively. However, at increased pump power the

BER increases and when pump power is about 18 dBm the BER curves makes a

floor at 10-1 irrespective of channel spacing.

10 12 14 16

Fig.6.1O: Plots of average HER vs pump power for different channel

To evaluate.the effect XPM and PMD on channel 2 (affected channel), we vary

the channel 2 power from -2 dBm to 16 dBm and the results of this evaluation is

shown Fig. 6.11. It is found that at relatively high pump and channel 2 input

power the BER performance deteriorates sharply due to the strong interaction of

PMD and XPM. For example, when the pump power (each channel) is -15dBm,

we can achieve of BER 10-10 for a 8 dBm channel 2 power. Keeping the channel

2 power same, it is observed that at 20 dBm pump power the BER drops to 10-1

only. This deterioration happens due to the higher modulation amplitude

fluctuation as a result of high pump power.

The transfer function for amplitude fluctuation of channel 2 is derived in (16).
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We evaluate the average amplitude fluctuations for 3-different channel spacing

(in wavelength) as a function of fiber link length and shown in Fig.6.12. It is

seen from the figure that for higher channel spacing the fluctuation is less or

minimum. For example, at 100 km the amount of average amplitude fluctuation

is -33 dB, -27 dB and -23 dB for channel spacing of 4 nm, I nm and 4 nm

respectively.

"4;:;<"h~=.",W"O'".",,::O";:.m;;----'
Channel spacing, "':1." 1 nm

ChPmel2 power, P2 (dBm}
"

Fig. 6.11: Plots of average BER vs channel 2 power for different pump power
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Fig. 6.12: Average amplitude transfer function vs fiber link length
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A comparison is established based different parameters between the numerical

results of pump-probe WDM configuration and 4-channel WDM system in

Table 6.2.

Pa rameter/ description Pump-probe (2-cbanel) 4-channel systemWDM system
WDM system

Channel spacing I nm Achieves a BER of Achieves a BER of about 10-0

and pump power -2 dBm about 10-7
.

Channel 2 power 8 dBm Allowable pump power Allowable pump power -15

to attain a BER of 1O~9 -10 dBm dBm/channel

Pdf ofthe random angle Narrowly flaftens as As the combined pdf is the

distance of the fiber convolution other 3-channels,

link increases it become flat as distance of

fiber link Increases and

resembles gaussian distribution

Table 6.2: Comparison of results between 2 channelWDM and 4-channelWDM system

6.7 Interaction ofPMD and XPM: OptSim software simulation

To simulate the interaction ofPMD and XPM, the simulation setup for a 4-

channel WDM system is shown in Fig. 6.13. This simulation is carried out in,
presence of CD. The different simulation parameters that are used in the

simulation are shown in Table I. The 4-WDM channels are launched over two

dispersion shifted (OS) fiber span of 100 km each where fiber loss is totally

compensated by the EDFA and CD is completely compensated at each span by

the fiber Bragg grating. The interaction of XPM and polarization effects also

depends upon the fiber's CD due to walk off effects between the pump and

probe. So, we varied the CD from 0 - 6 ps/nm-km and observe its effects on the

PMD and XPM interaction.
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Fig. 6.13: Setup of the system simulation model for a 4-channel WDM/IM-DD for PMD
and XPM interaction

Here, we investigate the impact ofPMD and XPM on the WDM/IM-DD optical,
transmission system in terms of eye diagram, BER, Q-value and PMD

coefficient. The channels are modulated at 10 Gbitls data rate using NRZ format

and separated by I nm, the distance between the inline optical EDFA fiber

amplifiers is 100 km (span length). All the 4-incoming channels are multiplexed

and transmitted through the fiber. At the receiving end, we demultiplexed the

channels and monitor the signal on channel 2 (channel under study) and other

channels.

\ ) \ J
./ "",

...... ....

, ....

(a) (b)

Fig.6.l4: (a) input optical spectrum, (b) output optical spectrum
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Fig. 6.15: (a) Base line eye diagram (back-to-back), (b) Channel 1- 4 at the output
for a PMD coefficient of 0.5 ps/,ikm; (c) Channel 1- 4 at the output for a PMD
coefficient of 1.5 ps/,ikm

To assess the impact of XPM and PMD on channel in electrical domain we

monitor the eye diagram of the channels at the input (back-to-back) as well as, at

the output for a receiver sensitivity of -24 dBm (at a BER of 10.9). Fig. 6.15

shows the eye diagrams at the input and output of the fiber link of different

channels for PMD coefficients of 0.5 ps/,ikm and 1.5 ps/,lkm. It is observed that

for a fixed channel space (I nm in this case) the channel 2 eye diagram

deteriorates more at 1.5 ps/,lkm than that of 0.50 ps/,lkm and other channels are

also affected due the high value of PMD coefficient. We may calculate the.

average eye-opening penalty (EOP) due to PMD and XPM for channel 2. Here,

we define the parameter of the eye-opening penalty (EOP) as,
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EO? = -20 IOg[J!...-)
lio

(6.42)

where, B is the eye opening without PMD effect and Bo is the eye-opening with

PMD and XPM in channel 2. We found that the EOP (at a probability of 10,3) at

PMD coefficient 1.5 ps/~km is about 1.85 dB more than that of 0.5 ps/~km

Plot of bit error rate (BER) vs input pump power and Q - value (in dB) vs input

pump power are shown in Fig.6.16. It is observed that the maximum interaction

occurs between XPM and PMD at zero dispersion co-efficient (i.e., the BER is

significantly higher) and as the dispersion coefficient increases the effect is less

due to the walk-off phenomenon. On the other hand, as pumps power increas~s

the BER decreases due to the larger effect ofPMD and XPM.
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'-o'ovalueal dispersion': 1
-. Q Value al ~ispersion = 1
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10-030 •

1.-010

input pump power Pin in dBm input pump power, pin in dBm00 ~
Fig.6.16: (a) BER vs input pump power, (b) Q-value (in dB) vs input pump power

(for chromatic dispersion coefficient, D, = 0 - 6 ps/nm-km)

The effect of PMD coefficient vs BER and Q- value vs PMD coefficient is

shown in Fig_ 6.17 for a fiber link length of 100 km and dispersion coefficient 3

ps/nm-km_ We observe that the relationship between BER or Q value to PMD

coefficient is not exactly linear due to presence of mode coupling between the

two orthogonal modes.

/~-"
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(a) (b)
Fig.6.17: (a) BER vs PMD coefficient, (b) Q-value vs PMD coefficient (for
chromatic dispersion coefficient, D, ~ 3 ps/nm-km)

81 Parameters/description values

-24

o
6

-10

1548.5 nm -1551.5 nm

0.20

0.0-6.0
80
100
0.5-1.50
10

4

1.0

no.

1

2
3

4

5

7

8 No. of channels

10

11

12

13

14

15

Table 6.3: Different simulation parameters
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6.7 Summary

An analytical approach is used to find the pdf of the random SOP angle between

the pump and probe in 2-channel and N-channel IM-DD .WDM system, which

causes the XPM induced modulation amplitude to be random. The strength of

the XPM effect is strongly influenced by the evolution of light-polarization of

the WDM carriers. We applied the theory for a 4-channel WDM system in which

channel 2 in which the week cw signal is perturbed by other 3 co-propagating

channels. The birefringence fluctuations responsible for PMD change the

relative orientation 8/z) between the pumps and channel 2 Stokes vectors.

Changes in 8/z) affect the XPM interaction among the various channels. We

found that effect of XPM and PMD are more pronounced at 4-channel (i. e.;

channel 2 is more affected) than that of pump-probe configuration. We also'

. observe that, XPM crosstalk becomes polarization independent when channel'

spacing is large (such as 4 nm or greater) or when the fiber has a relatively large

value ofPMD co-efficient. It has been demonstrated the'interaction ofPMD and

nonlinear SMF effect XPM by Rsoft OptSim simulation software in terms of

eye diagram, BER, Q-value etc. in a 4-channel WDM system. We show that

PMD changes the XPM efficiency and affects the interference condition among

the XPM-induced nonlinear phase shifts in different sections of the fiber link

Thus at relatively high pump the combination of nonlinearity and PMD can limit

the performance of a WDM fiber link significantly.
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Chapter 7

CHIRPED FIBER BRAGG GRATING IN PMD
COMPENSATION

The chirped fiber grating reflects different wavelength (frequencies) at different
points along its length. Effectively, a chirped fiber Bragg grating introduces
different delays at different frequencies. Chirped gratings are ideally suited to
compensate dispersion for multiple wavelengths. In this chapter, we describe
analytical formulations of a variable PMD compensator by using highly
birefringent linearly chirped fiber Bragg grating and this compensator is used in
a simulation environment for a 4-channel WDM transmission system to
compensate PMD without the application of strain.

7.1 Fiber grating in dispersion compensation

The term grating refers to a device whose operation involves interference among
multiple optical signals originating from the same source, but with different
phase shifts. Fiber Bragg gratings are based on the principle of Bragg reflection.
When light propagates by periodically alternating regions of higher and lower
refractive index, it is partially reflected at each interface between these regions.
If the spacing between those regions is such that all the partial reflections add up
in phase - when the round trip of the light between the two reflections is an

121

\ •... ,.,

("
\,\ ....

/,



Chirped Fiber Bragg Grating ill PMD-WDM Compensation

integral number of wavelengths - the reflections can grow to nearly 100%, even

the individual reflections. are very small. That means, the incident wave is

reflected from each period of the grating. These reflections add in phase when
path length in each period is equal to the half the incident wavelength A.B (which
is actually the Bragg condition, n'!fA = A.s /2). Of course, that condition will

only hold for specific wavelength. For other wavelengths, the out of phase

reflections end up canceling each other, resulting in high transmission.

In chapter 5, we mentioned that PMD compensation could be accomplished

either in the electrical or optical domains and a number of PMD compensation

techniques have been presented to overcome PMD limitations. As data rates rise

beyond 10 Gb/s, it will be a challenging task to perform electronic equalization

because of the difficulty in finding electronic delay stages and filters that can.

operate at high speed and this technique can not be performed in-line along the

larger optical system. On the other hand, conventional optical technique is bulky

and its performance may be easily affected by operational environment. Most of

electronic or optical domain concepts offer PMD compensation on per-channel

basis, because the compensation bandwidth is strongly limited. Hence in a WDM

environment, the channels would have to be multiplexed before each channel is

individually compensated for PMD. PMD compensation by fiber Bragg grating

offers many advantages over other competing technologies, since it is comprise

of all fiber geometry, low insertion loss, low return loss, flexible in achieving

desired spectral characteristics, low temperature coefficient and also potentially
low cost.

Chirped fiber gratings are useful for PMD and chromatic dispersion

compensation, for controlling and shaping short pulses in the fiber lasers, and for

creating 'stable continuous-wave and tunable mode-locked external cavity

semiconductor lasers [108]-[109]. In a linearly Hi-Bi chirped FBG that is written

into a photosensitive fiber by use of a specially designed nonlinearly chirped

phase mask or changing the ultra-violet exposure time along the length of the

grating with a linearly phase mask. This type of Hi-Bi has a large refractive

index difference between its fast and slow polarization axes. The birefringence
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!'J.11 causes the orthogonal polarization modes to experience two different

couplings with the grating and the Bragg reflection from the birefringence

chirped grating for a given signal wavelength occurs at different locations for

different polarizations. In essence, the two signal polarizations 'see' two

different gratings due to the birefringence. The position difference, !'J.L of the

reflection produces a differential time delay, !'J.t, between the two polarizations.

Thus, the delay between the two SOP's can also be achieved by chirped FBG.

The Hi-Bi fiber provides different time delay for different SOPs and the chirp of

the grating provides the selectability of varying amounts of DGD when the FBG

is stretched or compressed [110]-[ III]. Since stretching the fiber adjusts DGD

without altering the polarization, this device has the potential for compensating

variable PMD for long-distance high-speed optical transmission line. S. Lee et

af [39], experimentally reported a tunable nonlinearity-chirped FBG written into

a Hi-Bi fiber to compensate for varying amounts of PMD. Z. Pan et af [37],

experimentally demonstrated chirp-free tunable PMD compensation for a 10

Gbls signal by using an adjustable Hi-Bi nonlinearly-chirped FBG in a novel

dual-pass configuration that significantly reduces the induced chirp of the FBG.

It is shown that a 45-km link interacting with the FBG induced chirp is reduced

from 4.0 to 0.5 dB. X. Kun et af [I 12], based on numerical simulations reported

that the efficiency of this PMD compensator is assessed for the 10Gbls NRZ

transmission system with 58.6 ps and 106 ps DGD respectively by applying

transverse and uniform distributed force on a linearly chirped FBG (LCFBG).

Unfortunately, the nonlinearly-chirped FBG, by its very nature, induces a chirp

into the PMD compensated signal. This chirp may limit the distance of

transmission after the compensation due the fiber chromatic dispersion. In this

research work, we analytically evaluate the performance of a novel delay

element for adjustable PMD compensation based on a tunable Hi-Bi LCFBG.

The key feature of this grating is that the linear variation of the DGD is a

function of wavelength within the operating bandwidth, without affecting
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wavelength outside the bandwidth. The reflection point inside the grating can be
moved by several millimeters by stretching the grating by few microns. Results
show that a 2 cm long LCFBG allows the DGD to be adjusted from 0 ps to 55 ps
by stretching it by 0.2%. It also offers the possibility to adjust the DGD in a
continuous way within a 2.4 nm wavelength range. This type of system is well
suited for WDM applications since it totally nullifies PMD inside its operational
bandwidth. It is an all fiber PMD compensation solution, which is inexpensive,
compact, absence of nonlinear effects and feasible for continuously adjustable
DGD.

7.2 LCFBG based PMD compensation system model

The system model diagram of the LCFBG based PMD compensation scheme is

shown in Fig.7.!. The proposed delay element consists of a 4-port polarization

beam splitter (PBS) and a 2 cm length Hi-Bi LCFBG. The PBS splits the

incoming optical signal into two orthogonal polarizations: the fast- and slow axis

polarization signal respectively. The fast axis signal ( Pj) enters the Hi-Bi

LCFBG from the longer wavelength port and slow one (P,) from the shorter

wavelength port. The polarization states of the signal (It,) within the bandwidth

of the grating will be reflected and differently delayed by the grating. By

properly tuning the LCFBG, we can adaptively generate required DGD (1\."1") for

the PMD compensation. The two orthogonally polarized optical signals are then

combined without interference and directed to output port 1 of the PBS, where

an optical circulator can be used to separate the input signal and the PMD

compensated output signal. All light (Ito) outside the reflection bandwidth of the

grating will not be affected and detected to output port 2. In addition, when the

grating is tuned, the change in DGD (1\."1") will be twice of the change of the

grating's group delay. This increases the maximum achievable DGD value and

improves the tunable PMD compensation capability of the proposed delay

element. The PMD compensation capability of the device is mainly determined
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by the characteristics of the Hi-Bi LCFBG and improved capability can be

achieved by adopting higher chirp ratio the Hi-Bi grating. In this scheme losses

are not a major concern, neither are nonlinear effects.

Incoming signal

::J.l.....~:....•
r,

,. n,
r~i !. !'~.n_ •••••••••

t, i i
•

Tunable

'Lc~i~~

Fig. 7.1: System model of the PMD compensation scheme. The incoming signal has
polarization components along both the fast-(P,) and slow (P,) axis. The LCFBG
generates the required DGD for the Bragg reflected signal (A,), while it does not
affect the signal (-'0) outside the grating bandwidth

7.3.1 Characteristics of birefringent chirped grating

Let us assume that a Bragg grating in a single mode fiber consists of a refractive

index that is varied with the period, A and the modulation amplitude that is

added to the initial refractive index in the fiber. The perturbation to the effective

refractive index n'f! of the guided mode(s) of interest given by,

(7.1)

where, on'f! = n" - n,a is the average index change over one period, v is the

fringe visibility of the index change, 0 S;v s; I. cos(Kz + ljJ(z)) is the index

perturbation, which has a constant spatial frequency with an additional position
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dependent phase variation rp(z) that represents the change in periodicity_ Fig_ 7.2

shows a chirped grating oflength L and bandwidth /'1:(M,p.

The chirp could be viewed as the perturbation with a varying spatial frequency,

cos((K + /'1K)(z)). The relationship between the period, A and the spatial

frequency can be written as-

•..•.. -

dK =_ 2n dA
A2

The rate of phase change with distance along the grating, z, can be derived

(7.2)

(7.3)

.".,I'i,'n

GrIlting l)"A",;",

Au --\1 ...

'lIillUJ.lEJJII_LJ:::T:::U=::~ t
I- --,,- - Fiher I .. 6).,_/",,, -.-------+1

Fig. 7_2:A typical chirped Bragg grating

From the Bragg condition All = 2n'ffA, then the expression becomes,

d(J(z) 2nzdA 4nn,ffdAB=-----= -----z
dz A2 dz A' dzB

(7.4)

where dAB is a measure of the rate of change of the design wavelength with
dz

position in the grating or simply the rate of the chirp and usually given in units

of nanometer / centimeter. Chirp in FBG can be represented by a variation of a

periodicity or a variation of mode refractive index along the grating length .or a
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combination of the two or simply by an additional position dependent phase

along the grating.

Birefringence in optical fibers is defined as the difference in refractive index I'-.n

between a pair of, orthogonal modes (called the eigenmodes or slow- and fast

modes) and results from the presence of circular asymmetries in the fiber section.

The refractive index for both the slow- and fast-mode is defined as,

I'-.nn ~n--
'ff.! . 'ff 2 (7.5)

where, neff is the fiber effective index. In the case of Hi-Bi fibers, the order of

magnitude of the birefringence I'-.n is 3.77xIO.4 (for a bow tie fiber). To denote

the refractive index of both modes from now on we will use notation n'ff,f(.,)

7.3.2 The effect of strain and temperature on LCFBG

The spectra of FBGs are sensitive to both strain and temperature. The spectral

behavior of a grating can be controlled by the application of strain and / or

temperature gradient. The Bragg wavelength shift of a conventional FBG.

normally has temperature coefficient of 0.01 nmf C [113]. It is therefore

necessary to compensate the undesirable temperature sensitivity of a FBG in

some applications, such as fiber grating bandpass filters and a chirped FBG as a

chromatic dispersion compensator. For using the FBG as a PMD compensator,

we determined that temperature compensation is unnecessary. Because the PMD

compensation is a dynamic process, the temperature changes could have a minor

effect on the range of variable DGD, but its effect on PMD compensation could

be negligible

The penetration depth in retleciion and the distance ,traversed in transmission in

response to an applied axial strain or temperature changes, because there is a
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redistribution of the period as well a change in the refractive index due to photo-

elastic or photo, thermal effect. Both of these effects influence the Bragg

condition (i.e., AB = 2neff,f(,) A). Suppose at constant temperature, under the

. influence of axial strain (+ve) e(z) , at the grating position z, the FBG will

experience a physical elongation of grating period, A and a change of refractive

index, "eff• f(.') due to the photo-elastic effect. The grating period can be written

as,

A(z, e(z)) = (Ao + Coz)(l + e(z» (7.6)

where, Ao is the grating period at position, z = 0 without strain. Constant Cn

denotes the initial chirp of the grating and represented as, Co = dAI . The
dz ,=0

induced change in the fiber index dll'ff,f(.,) (z) that is due to the photo-elastic

dnefJ J(s)
effect is expressed as [113], . -p, e(z), where we assumed the photo-

llejJ,f(s)

elastic contributions into p, . which IS defined by

II
p, = 'ff;(') [p" _ p(p" + p,,)] in terms of Pockel's coefficients Pij and p is

the Poisson ratio. Together with the Bragg condition the resonance condition

can be approximated and becomes dependent on local strain. Thus Bragg

wavelength Af(.,) at grating position z becomes,

From (7.7), it is straightforward to observe that the reflection wavelength shift of

the grating is proportional to the applied strain. If strain gradient is added to a

FBG, the Bragg wavelength varies linearly along the fiber length because of the
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change in the effective grating period. The linear relationship between the

reflection wavelength and its reflection position determines the group delay

characteristics of the grating. Therefore, the expected group delay characteristics

of the grating can be obtained by an appropriate design of the strain distribution.

To provide appropriate tuning facility for the required amount of DGD, the

grating may be placed in a cantilever structure to induce a linear strain gradient

in the grating as shown in Fig.2. The main components of the device consist of a

LCFBG and a uniform rectangular beam with length L and thickness h. One end

of the beam is free and other end is anchored. A FBG with original length Lg is

bonded to the surface of the beam. Deflecting the free end of the beam with

displacement Y can induce a strain distribution across the surface of the beam

and it can be described by [114],

8(Z) = 3(L - z)hY /(2L3) (7.8)

When a linearly chirped FBG is subjected to axial strain, there is a redistributiol1

of a period as well as a change in the refractive index due to the photo-elastic

effect. If the strain field is uniform, the whole chirped bandwidth is simply

shifted to the longer wavelength region with increasing strain. The bandwidth of

the reflected spectra remain the same, as there is a uniform change of each

grating pitch/period and of the refractive index along the grating. This, in

accordance with the usual effect of strain/temperature, causes a shift in the Bragg

wavelength lie the effective bandwidth remains unaffected. The grating period

increases when the displacement of the cantilever beam increases (+ve strain),

which results in an increase of the reflection wavelength. Here, we are interested

on the spectral properties of the fiber Bragg grating; such as, the group delay and

the dispersion of the reflected light. The reflection spectrum and group delay

characteristics of Hi-Bi linearly chirped FBGs can be adjusted by applying

appropriate strain, 8(Z).
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Fig. 7.3, (a) Schematic diagram of the strain gradient cantilever structure, (b)'
Schematic structure of the Hi-Bi linearly chirped FBG. The reflected signal is
introduced as a bGD between the's' (along the slow axis) and 'J' (along the fast
axis) polarization components

7.3.3 Mathematical modeling of the fiber Bragg grating

Coupled-mode theory is a good tool for obtaining quantitative information about

the diffraction efficiency and spectral dependence of fiber grating. Generally,

Bragg reflection is the interaction between the optical signal and its medium.

The optical wave oscillates in space with a period defined by its wavelength and

the effective index of the waveguide. This wave interacts with the guiding

material by way of the medium's polarization density. Thus, system involving

the exchange of energy can be represented by coupled mode equations with

appropriate coupling constants. The wave formulation for forward and backward

wave amplitudes F(z) and B(z) can be expressed as,

dF' (z) . , F+ ()' () +dz - -tUn,) z +lIC/(,) z B (z)

dB+(z) .' 'B+() .' () +()
- =-IU/(,) z -lIC/(,) z F z

dz
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F+ (z) = F(z) e(io.-.IZ) , B+ (z) = B(z) e(-iOH,IZ); F+ (z) (reference)

t
!
\

represents the forward propagating mode, B+ (z) (signal) is the identical

backward (counter) propagating. mode, afl,) and K fl') are the general dc

(period averaged) self-coupling and ac coupling coefficients respectively and can

be expressed as,

(7.11 )

(7.12)

again, (7.13)

DJ(,) is the detuning (which is independent ofz for all gratings) from the Bragg

wavelength A,B related to period A,. Here l5n'ff.fI') is the dc index spatially

averaged over a grating period (index modulation of the FBG). The derivative.

Ij2( drp(z)/dz) describes the possible chirp of the grating. For single mode fiber

(i.e., where cut off frequency, V :s;2.405) the dc coupling coefficient is denoted

by Ufl.»' V is the fringe visibility of the index changes (contrast of the

interference pattern, or the fraction of energy in the core, V = I - V -2) and the

chirp of the grating can be expressed with the grating period function along

length z by the following equation,

dtP(z)
dz

277: z dA
-----

A~ dz
(7.14)

7.3.4 Analytical solution of coupled mode equations

The coupled mode equations for the forward and the backward propagating

modes, when applied to a uniform period grating, can be solved using
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appropriate boundary conditions. Consider Fig.3, where the grating has a length

of Lg and the boundary conditions assume a forward propagating mode with

F\O) ~1 and that the backward propagating mode, at the end of the grating, wi 11

be zero, B+(L,)=O as there are no perturbing beyond the end of the grating.

F'JO) = 1 •

B~(O) ~.--

: Length of the grating :. .
•

••

---. FYLr)

• BYI,r) = 0

Fig.7.4: schematic of the grating with boundary conditions

For a grating that is uniform along z, On'JJ.fkl is constant anddrp(z)jdz = o. As

a result the parameters K1(')' .0"/1') and 0-/(.,) are all constants. Under these

conditions, the coupled mode equations are simplified into first order differential

equations with constant coefficients. The solutions to these equations can be

found by applying appropriate boundary conditions. Thus we can easily find the

analytical solution of the coupled mode equations. The analytical solution of the

uniform Bragg grating will be seen to be an important building block in the.

prediction of the optical response of arbitrary complex intra-grating structure.

The solution of the coupled mode equation (7.9) can be best expressed by,

where T is the transfer matrix and given by,

(7.15)

[
1;1

T=
T2I

1;, ]
Tn
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where,
a

T" = cosh(r L ) -i~ sinh(r L )
g r g

K
T. =-i~sinh(rL )12 gr

(7.17)

(7.18)

a
T22 = cosh(r L ) + i~ sinh(r Lg )

g r

K
T =i~sinh(rL)
21 r g

r is the parameter relating to coupling coefficient as r = ~ K;(,) - a;('1

(7.19)

(7.20)

Reflectivity is the percentage of light reflected at the Bragg wavelength, the

wavelength outside of the reflected bandwidth is transmitted without disturbance.

For the case of uniform grating, the complex amplitude reflection coefficient at

the beginning of the FBG at z = 0 is defined as,

(7.21 )

KII') sinh(r Lg)
a/(,'I sinh(r Lg) + ir cosh(r Lg)

(7.22)

and the reflectivity or the power reflection coefficient, RII') (A.) is given by,

(7.23)

The reflectivity in equation (7.23) has a decay nature and drops off exponentially

along the perturbation region as power is transferred from the forward to the

backward propagation mode. The maximum reflectivity Rmax' is then obtained
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from the equation when a/(') = 0, 1.e., at the phase matching condition,

The full bandwidth over which the maximum reflectivity prevails is

,2 I
"'8 [ 2 2]-d2 - (KII,)Lg) +1r 2

1rll<1/,J(s)

(7.24)

(7.25)

(7.26)

The condition for weak grating corresponds to K1(,)Lg «1r, in which case the

bandwidth is an inverse function of the grating length,

d2 = 2~
2n'/f.J(,)Lg

Thus, for weak grating the bandwidth is length limited, if the converse is true i.e.,

K/(,)Lg »1r; for strong grating the bandwidth becomes,

2~K/(,)d2=-~-
2neff, lIs)

and the bandwidth is depended on the ac coupling coefficient.

7.3.5 Relative group delay and DGD of the reflected wavelength

(7.27)

Light reflected from a FBG contains both phase and amplitude information. To

determine the magnitude of the penetration depth and path traversed, FBGs have

been modeled and the phase response is analyzed. The complex reflectivity,

p1(.') (2) can be written as,

(7.28)

where, S'(z) (signal) is the reflected wave, F'(z) (reference) is the incident

wave, and tpp (2) is the relative phase of the reflected waveform.
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The group delay of the reflected light can be determined from the phase of the

complex amplitude reflection coefficient P f(') (A) If we

denote rpp " phase(p f(') (A)) , then the local frequency Wo may be expanded

rpp(A) in Taylor series about wo'

d'Pp I d''Pp ,1 d''Pp , (29)'Pp = 'Po +-(0)-0>0)+---, (0)-0>0)+---(0)-0>0) + 7.
dm 2 dO) 6 dro) .

Since the first derivative drpp is directly propotional to the frequency w, this
dw

quantity can be identified as a time delay. Thus, the time delay T R for light

reflected off of a grating is,

drpp Afl,)' drpp
T ---------
R,fl') - dw - 21r C dA

f(s)

T R,f(.,) is usually given in picoseconds.

(7.30)

where, w is the angular frequency and c is the velocity of light. Thus an optical

wave traveling through a medium oflength L and refractive index n will undergo

21rn L .
a phase change, rpp = 'ff,fl,) g ; The derivative of the phase with respect to

A

wavelength is an indication of the delay experienced by the wavelength

component of the reflected light;

2 tr neff, f(s)Lg

A~(,)

(7.31)

The time delay, T R,f(» equation (7.30) imparted to an incident light is related to

the change in phase with wavelength which in turn is related to the distance

traveled, equation (7.31). For the reflected light, it is the distance to its resonance

position inside the FBG at which the Bragg resonance condition is satisfied.

Therefore, each wavelength can be associated with a reflection point along the

length of the FBG and a concomitant wavelength dependent penetration depth
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into the FBG. The time delay also provides information regarding the optical

path traversed for the transmitted wave.

The reflected spectrum is characterized by a mam peak at the wavelength

defined as, Am"./!,) = 2(lleff./I,) + oneff./!,) )A(z). In case of a FBG written in a

Hi-Bifiber, we can define reflection coefficients p, (A) and P f (A) for the slow

and fast modes respectively and two wavelengths (Am"", and Am"J) for the

corresponding main peaks. Thus, with a large refractive-index difference !'J.1l

between the fast and slow polarization axes; this results in a shift in Bragg

wavelength !'J.AB = lAm"., - Am"JI = 2!'J.n AD at the same location for two

polarizations. In other words, for a fixed signal wavelength the Bragg reflection

occurs at different locations for different polarizations. Therefore, the Hi-Bi

linearly chirped FBG can be seen as two different chirped FBGs because of the

birefringence. The position difference of the reflection produces a DGD:

(7.32)

7.4 Results and discussion

7.4.1 Performance of the LCFBG based PMD compensator

Following the analytical formulations, performance of a 2 cm long LCFBG is

investigated in terms of relative group delay, DGD, stretching, length etc. to

determine the tuning range and maximum amount of PMD that can be

compensated. To avoid the power loss due to the leakage of the grating, the

reflectivity was greater than 99% within the grating bandwidth is assumed. The

different parameters used for the performance analysis of the FBG are listed in

Table 7.1.
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To examine the bandwidth change with the grating length, FWHM values of the

FBG is considered for various lengths and plotted in Fig. 7.5. The FWHM

denotes the bandwidth with 50% reflectivity (3-dB bandwidth) of the signals

peak. The 3-dB bandwidth showed an exponentially decrease over the elevation

of the grating lengths, and when the grating length 95 mm, the 3-dB bandwidth

is 1.11 and maintained subsequently for longer lengths. So, it is confirmed that

for some defined parameters the LCFBG can attain stability for a fix bandwidth

when the grating length is 2 cm.

1.18

1.17

1.16

\:5
<.
~ 1.15 \~
1l~ 1.14•"
~ 1.13z

1.12

1,11 - ,. ",:-~

1.1
0 4

GllIItinlllllnglh, C:m

5

Fig.7.S: The relationship between fiber grating bandwidth and grating length

The reflectivity as well as the bandwidth of FBG changes, if they are under

different grating lengths. Fig.7.6 indicates the reflectivity change of the FBG

with an increase of grating lengths. As shown in Fig.7.6, the reflectivity

increases with the elevation of the grating length. The fiber grating achieves

100% reflection when the grating length is 0.6 cm and maintained this value for

the longer length. This tendency is very similar with the results of 3-dB

bandwidth change but in an inverse direction where the reflectivity showed an

exponential increase over the elevation of the grating signals. So, it is found that
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LCFBG showed greater performance as the grating length increased and

achieves 100% reflection at the length of 1.4 em. Fig. 7.6 can compared with the

simulated work of a 20 em long uniform grating of Ref. [115], where it is

reported that the reflectivity increased with the elevation of the grating length in

which it achieves 100% in reflection at grating length 10 mm and maintained its

value for longer lengths.

09

0.8

0.7
:<
":z:. 0,6
~
~ 0.5

"~ 0.4

0.3

0.2

0.1

Grating length, em

3 •

Fig. 7.6: The relationship between fiber grating reflectivity and grating length

Fig. 7.7 shows the relative time delay for the fast- and slow axis polarization

reflected signals inputting from the long- and short wavelength ports of the

unstressed FBG respectively as a function of wavelength. From the plots, it is

seen that the group delay of the grating reveals good linearity and the delay

curves for the two polarization axes are shifted by 0.25 nm at wavelength 1550.5

nm relative to each other due to the high birefringence of the fiber. Since the

group delay of the grating is shifted to longer or shorter wavelength by stretching

or compressing the grating, the DGD between fast- and slow axes are increased

or decreased for a given wavelength. The linear variation makes it easy for the
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adjustment of the DGD to any given value.

.'

30 .30

20

10 ~

o ~

-10 -

~20~

~lJlDlIIlffil.~'.
.•.... Fesl axis (long wavelenglh porl)
+,++ Slow axl~(long wavelength port)
"';'.-Faslllxls (short wavelength pori)
"," Slow xals (shorl wlIVelenglh po~)

--10

...;-20

-30 -30
1548 1548.5 1549. 1549.5 1550 1550.5 1551 1551.5 1552 1552.5 1553

Wavelength (nm)

Fig. 7.7: Reflected relative time delay for the fast- and slow axis of polarization

The reflection spectrum of the grating is shown in Fig. 7,8. It is observed that the

bandwidth of the grating is 1548.9 nm to 1551.02 nm at unstressed condition.

When the grating is stretched, the amplitude and the group delay spectrum shifts to

longer wavelength. As we mounted the grating on a cantilever beam tuning

structure (Fig. 7.3), it provides about :t 2.4 nm linear tuning capability through

stretching and compression. Note that due to tuning, though the passband shifts

to shorter or longer wavelength but the polarization of the reflected signal

remains same. S. Lee et.al [39], experimentally achieved reflection wavelength

ranging from'1547.2 nm to 1550.5 nm at unstressed condition and a tuning range

of 2.32 nm for a 5 cm long nonlinearly chirped grating. The simulation work in

Ref. [37] obtained a bandwidth ranging from 1548.2 nm to1550.5 nm and 2. I
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nm of tuning range using a ICOlLCFBG.
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Fig.7.8: Reflection spectrum for the LCFBG under stretching aud compression.
Wavelength tuning shifts the passband to longer- or shortcr wavelength regime
without changing the shape of the spectrum

The grating period increases when the displacement of the cantilever beam

increases, which results in an increase of the reflected wavelength. The period

difference at two points of grating also increases with increase of displacement Y,

which ultimately results unchanged reflected passband and the higher tuning

range of DGD. The plots of DGD versus wavelengths (from the fast wavelength

port) under stretched and compressed condition of the LCFBG are shown Fig.

7.9 It is seen that for a maximum vertical displacement of the free end of the

cantilever structure is 6 mOl assumed which corresponds to a maximum value of

the strain is 3800 fiE: [114] and the PMD compensator has a adjustable range

from -55 ps to 55 ps.
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Fig. 7.9: Plots of DOD versus wavelength under stretched- and compressed
condition of the LCFBO inputting from the.fast wavelength port.

Fig. 7.10 shows the change in the differential time delay (ps) as a function of the

grating stretching ratio. By changing the strain 8 from 0% to 0.2% the DGD can

be continuously adjusted from 3 ps to 58 ps. As mentioned earlier, all light

outside the reflection bandwidth 1.0 can be directed to the output port without

adding any PMD. For this system we have a residual DGD of 3 ps. It is also,
observed that a maximum DGD is varied over a 55 ps range by a 0.2 % stretch

of the grating at 1552.2 nm. Ref. [I 17] experimentally demonstrates a variable

polarization delay line exhibits an adjustable amount of PMD within its

operating bandwidth that the DGD can be continuously adjusted from 0 to 80 ps

(from 1330.4 nm to 1531 nm wavelength range) under mechanical strain applied

by a piezo driven translator.
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Fig.7.10: Variation of the DGD between two polarizations as the LCFBG
stretched (the stretching ratio is the change in the length of the fiber grating
divide by its original length (E = !1L/L ).

The relation between the DGD of the Hi-Bi linearly chirped FBG and the

wavelength tuning of the grating (due to the displacement Y of the cantilever

beam) is illustrated in Fig. 7.11. Here, it is noted that the maximum tolerated

strain of the FBG is assumed at 380011& ; corresponds to a Bragg wavelength

shift of approximately 2.8 nm at 1550.5 nm. From Fig.7.11, it can be seen that

when the grating is tuned 1.4 nm to the longer or shorter wavelength, the DGD

between the two polarizations states continuously increases or decreases by

approximately 60 ps respectively. Thus, 1 nm wavelength tuning gives

approximately 42.85 ps change in DGD.

Fig. 7.12 depicts the grating length dependence of the DGD within the reflection

bandwidth of the length of the grating. When the first axis polarization signal at

input wavelength Ai enters the Hi-Bi LCFBG from the longer wavelength port,
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it IS rellected and expenences a time delay I, ; whereas, the slow aXIS

polarization signal is rellected and has a time delay I,; when enters from the

shorter wavelength port. The time delay difference, 111= I, - I" is the DGD

between the two axes of polarizations. This is a good agreement with the relative

group delay curve of the LCFBG shown in Fig. 7.7. It is observed that about 135 ps

DGD can be compensated with a 5 em long grating.
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Parameters Settin~s

Index modulation, on 2.15x 10"

Birefringence, !1n 3.77xlO.4

Core index, neff 1.46
Central wavelength, Ail 1550.5 nm
Grating length, Lg

.

2.00 em
Pockel's coefficient, Pc 0.22
Initial grating period, Ao 530 nm
Initial grating chirp, Co 1xlO'8
Maximum ac index, vonefJ 2xlO.4

Cantilever beam length, L 2.20 em

Beam thickness, h 15mm

Table 7.1: Set ofLCFBG parameters

7.4.2 LCFBG based PMD compensator in a WDM/IM-DD system

To demonstrate the capability of this device, we carried simulation with Rsoft

OptSim simulation software. Fig.7.13 shows a 4-channel WDM/IM-DD

transmission system model and the placement of the PMD compensator along

the transmission path. Fig. 7.14 shows the typical module of the compensation

scheme. It shows the power penalty (at the input and output) for different DOD

values when the input power is evenly divided between the two PSPs. The power

penalty for small (such as 10 ps) DOD is usually negligible or within the power

margin of the system and therefore be tolerated. Itis the high values that cause

significant degradation when signal power splits almost equally between the two

PSPs.

The simulation diagram for a 4-channel PMD compensation using Hi-Bi linearly

chirped fiber Bragg grating (LCFOBO) is shown in Fig. 7.15. Here, we use two

span of 200 km fiber where fiber loss is totally compensated by EDFA. The

different parameters used in the simulation are shown in Table 7.2. Here, we
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used a 2-cm long customized LCFBG as a compensation element after 400 km

of fiber length. In the simulation environment, we have not applied any strain the

LCFBG. Without strain, the compensation device can compensate about 25 ps of

DGD.

Fig.7.l3: Hi-Bi LCFBG based 4-channel PMD compensation fiber-optic WDM
transmission system model

Uncompensated
Channels

.f~
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C
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~
C

"-
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I Fiber \I Fiber I
I I
I I
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I
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I ~
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" '"---------- t
~c

"-

Compensated
Channels

DGD

Fig.: 7.14 Hi-Bi LCFBG based WDM-PMD compensation module

Here, we investigate the impact of PMD on the WDM/IM-DD optical

transmission in terms eye diagram. At the receiving end we demultiplexed all
the 4-channel and monitor their eye diagram without and with applying the PMD

compensation scheme. A typical measurement of the eye diagram of the

accumulated DGD for 4-channels before and after compensation is shown in Fig.

7.16. At 10 Gbit/s data rate each channel produces (200 km span) about 28 ps of

DGD and our designed LCFBG compensator can compensate only 25 ps DGD

145



Receivers .

Chirped Fiber Bragg Grating in PMD-WDM Compensation

without any external strain. We observe that channel 4 has been improved

significantly after compensation without impacting the other channels and about

6 ps DGD of each channel remain uncompensated which is also within tolerance

level or power margin of the system. _ "__ -oc _~__ . _
"--- -----'<:' .._--" .------ ----~"".--,----~.--- -

Fiber Ilink and HI 81 LCFBG compensatorTransmitters

~,"-,-_.-- ---- .. :.... -_.-._-"., "~--.--, ..
Fig. 7.15: Simulation diagram ofa 4-chanel WDM-PMD compensation scheme

Channell

Channel 2

Channel 3

Channel 4

W/O PMD compensation With PMD compensation

Eye" diagram

Fig.:7.l6 Eye diagram for a 4-channel (each channel at 10 Gbps, NRZ modulation)
with and without WDM-PMD compensation. The output signal is received after 400
km transmission
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Finally we calculate the average eye-opening penalty (Eap) due to PMD for 4-

channel. Here, we define the parameter of the eye-opening penalty (Eap) as,

EO? = -20 10g( :0 )
where, B is the eye opening without PMD effect and Bo is the eye'opening with

PMD.

Fig. 7.17 shows a comparison of Eap penalty between our 4-channel simulated

transmission system and with single change LCFBG based compensation system

as a function of DGD. From the curve we found that about 2.5 dB of EOP

reduction is obtained at 40 ps by the compensation scheme. The performance

of the single channel is 0.55 dB better for values of fiber DGD > 40 ps and this

happens due to channel crosstalk in 4-channel WDM system.
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Fig.: 7.17: Eye opening penalty (EOP) at a probability of 10'] in the dependence
of the mean DGD for '4-channel and single transmission system
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SI Parameters/description values

no.

I Fiber loss (dB/km) 0.25

2 Dispersion (ps/km-nm) 0

3 Effective core are (Llm') 80

4 Fiber length ( km, 2-span of 200 km) 400

5 PMD co-efficient ( ps/"km) 2

6 Birefringence of the Hi-Bi LCFGB 3.77xW4

7 Bit rate of each channel (Gb/s) 10

8 No. of channels 4

9 Compensation bandwidth withoLltstrain ( nm) 2

10 Channel soacing (nm) 0.4

II Working wavelength range (nm) 1549nm-1551 nm

12 Receiver sensitivity ( at 10,9) -24

13 Transmitter Dower ( dBm) for each channel -10

14 Booster EDFA outDut(dBm) 9
Table 7.2: Simulation parameters of Hi-Bi LCFBG based PMD-WDM
compensation scheme

7.5 Summary

The performance analysis of a novel PMD compensation scheme using a 2-cm

long LCFBG is carried out, which can be tuned mechanically to provide linearly

continuous DGD. By deflecting one free end of the beam, we obtained a linear

strain gradient on the grating. The various properties of reflectivity, relative

group delay and DGD of the Hi-Bi LCFBG have been discussed in detail. With

an optimal design of the grating and cantilever beam parameters, this PMD

compensation method is well suited for WDM applications over a significant

range of operating wavelength, where a number of channels can be compensated

together. Larger amount PMD can be compensated by concatenating several of

these devices in cascade.
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We found that the performance of our simulated compensation scheme achieved

a significant improvement in quality of eye pattern of the received signal for a

link length of 400 km at a bit rate of 10 Gb/s and it compensates about 50 ps of

DGD per channel. It is also observed that the amount eye power penalty for a

single channel is about 0.55 dB less than that of 4-channel WDM system (at 40

ps of DGD) and that happens due to absence of channel crosstalk in a single

channel system. Thus proposed PMD compensator can be potentially useful;

because it is inexpensive to simple structure, low cost and flexibility to adjust

compensated DGD.
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Chapter 8

CONCLUSIONS AND FUTURE WORK

Since the advent of optical communications, a great technological effort has

been devoted to the exploitation of the huge bandwidth of optical fibers. Starting

from a few Mb/s single channel systems, a fast technological development

yielded the present 10 Obit/s per channel dense WDM systems. Such a pace in

technological progress must be supported or better preceded, by an analogous

evolution of the theory. Our mission in this research work to analyze the optical

system from strict communication theory point of view to understanding the

effects of PMD and its compensation on the performance of optical fiber

communication systems using different types of modulation scheme. For this

purpose, we have studied the following in detail:

• IM-DD, DD- and heterodyne CPFSK transmission system modeling and

analysis.

• Determination of pdf oft he random output phases ofDD- and heterodyne

CPFSK system and random SOPs of the pump-probe angle.

• Performance evaluation in terms of conditional and average BER
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considering Maxwellian distribution for the DGD in single- and multi-

channel system.

• Passive PMD compensation using optical linecodes in single channel and

all optical LCFBG based in multi-channel respectively.

• Comparing the 'obtained analytical results with other recently reported

available simulation and/or experimental works.

8.1 Summary of major contributions

The main motivation of this work was to obtain and compare analytical models

to characterize the effects of PMD and its compensation on fiber optic

communication system. Fiber PMD has been found to be one of the limiting

factors for optical fiber communication systems as channel capacity requirement

continues to grow beyond 10 Gbit/s. Therefore, understanding of fiber PMD is

crucial to optimize system performance of optical fiber transmission links.

Accurate models are needed to describe the propagation and performance

evaluation of the transmitted signal through a transmission media like optical

fiber. In this respect analytical models are very helpful for a deeper

comprehension and overall view of the system can be used to drastically reduce

computation time. Keeping this in mind, several analytical models have been

presented to give beller physical insight of the effect of fiber PMD and its

compensation on optical transmission system. The major results obtained from

each approach are summarized as follows:

1. An analytical model is developed to evaluate the effect of PMD for IM-

DD transmission system. Based on the model analytical formulations are

established from which the conditional and average BER expression is

derived considering the effects of lSI up to fourth approximation

interference among the adjacent bits due to PMD. Based on instantaneous

DGD (for conditional BER), the amount of power penalty is about 7.75
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dB for a DOD of 160 ps. It is shown that BER floors occur at about

2x 10,9, 10" and 10,5 corresponding to mean DOD of 45 ps, 50 ps and 60

ps respectively at 10 Obit/so The power penalty due to PMD is

significant at higher mean DOD; for example, at 20 ps DOD the penalty

is 0.27 and at 60 ps it is about 5.25 dB. It is observed that analytical and

simulation results the same power penalty up to 35 ps DOD and above it

the simulation gives little bit better result than that of analytical approach.

2. A low pass equivalent direct detection CPFSK system model is

developed considering PMD, chromatic dispersion and the signal

components in the output PSPs propagate independently through the

entire system. Due the presence of PMD the output phase of the balanced

detector is random; pdf of this phase is determined by evaluating the

moments of the characteristic function of the signal. Performance of the

system is evaluated in terms of conditional BER, average BER

considering with- and without Maxwellian distribution for the mean

DOD. It is shown that with modulation index h=0.5 suffers less penalty

than that of h= 1.0 and at mean DOD of 40 ps the amount of penalty is

1.75 dB. A direct detection CPFSK system with h=1 suffers almost same

amount of power penalty as NRZ IM-DD system (which is 5.15 dB at 60

ps). Results are also compared with other analytical work. It is found that

power penalty of IM-DD DPSK is lower than DD CPFSK system due to

the high spectral efficiency (i.e., >0.4) of DPSK. But in terms of

implementation complexity and cost DD CPFSK is superior to DPSK

system.

3. As the coherent optical transmission usmg heterodyne or homodyne

detection are attractive due to their improved receiver sensitivity

compared with direct detection, we assessed the BER performance

limitations of an optical heterodyne CPFSK with delay-demodulation
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receIver. The characteristic function of the random output phase is

analytically derived and using the characteristic function we calculate the

pdf of the output phase. It is shown that BER floors occur at about 2xlO's,

10,5 and 2.5xI0,4 corresponding to mean DOD of 60 ps, 70 ps and 80 ps

respectively at 10 Obis and modulation index of 0.50. The CPFSK

heterodyne transmission system is more sensitive to the effect of PMD

than DD CPFSK system, For example, the amount of penalty is

approximately 6.80 dB when the mean DOD is 40 ps at modulation index

of h=LO (in DD CPFSK, it is 1.75 dB). Again the penalty due to PMD is

significant at higher modulation index and higher values of DOD. For

instance, at h=0.5 and mean DOD of 40 ps the amount of penalty is 3.50,

which is 6.80 dB for the same value of DOD.

4. A detailed theoretical analysis is presented for three linecodes to

determine their ability to mitigate the effect PMD. Three optical line

codes (Le. AMI. DM and order I) are used to increase the PMD tolerance

in optical transmission, It is shown that for lower values of PMD the

compensation effect of linecoding is more pronounced than higher values

of DOD. As a result, the power penalty improvements above 30 ps mean

DOD is almost constant for all linecodes and the amounts are about 0.30

dB, 0.80 dB and 1.65 dB corresponding toDM, AMI and order-I

respectively for a heterodyne CPFSK system. Among the three linecodes

order-l linecoding is superior to AMI and DM. It is found that oder-l is

the best, AMI is better than DM. For example, at 30 ps mean DOD,

order-] effects is 0.80 dB and 1.40 dB higher than AMI and DM

respectively.

5. At high bit rates the effect from both PMD and fiber nonlinearity are

pronounced due to high power and large signal bandwidth used. To

assess the effect on system performance, the interaction of PMD and
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XPM; first a two channel WDM system model (pump-probe

configuration) is developed is analyzed and secondly a model for multi-

channel is developed and analyzed in detail. Nonlinear effect XPM

causes amplitude modulation to the co-propagating channel and due

PMD this fluctuation become random. The pdf of the random SOP angle

between pump and probe is determined and BER performance is

evaluated. Results show that the XPM induced crosstalk becomes

polarization independent when channel spacing is large (6. A.= 6 nm and

above) or when the fiber has a relatively large value ofPMD coefficient

(Dp = 4 ps/Fkm or above). Simulation is carried out using the OptSim

software for a 4-channel WDM system to study the performance

limitation due to the combined effect of XPM and PMD. The results are

presented in terms of eye diagram, BER, Q-value and PMD coefficient. It

is shown that the EOP (at a probability of 10-3) at PMD coefficient 1.5

ps/~km is about 1.85 dB more than that of 0.5 ps/~km. A comparison is

also established between the pump-probe configuration and 4-channel

WDM system. It is found that for a fixed amount of pump power (-2

dBm) and channel spacing( I nm) the effect of XPM and PMD is about

2.5 times more in 4-channel system to achieve the same BER of 10-9

6. Finally, a Hi-Bi LCFBG based analytical approach is developed to

compensate PMD in optical domain. Theoretical analysis is carried out to

derive the different parameter of interest; such as reflectivity, DGD,

relative group delay in the short- and long wavelength port, of the grating.

We focus on the robustness of system performance and PMD

compensation optimization with respect to different device parameters. It

is found that a 2 cm long LCFBG allows the DGD to be adjusted from 0

ps to 55 ps by stretching it by 0.2%. The analytically developed Hi-Bi
. ,

LCFBG device is used in a WDM transmission; where multiple

154

r



.Conclusions and Future Work

wavelengths could be compensated simultaneously. Using OptSim,

simulation is carried out at normal situation (at unstretched condition) in

a 4-channel WOM system of 400 km length of fiber link (consists of 2

span of 200 km) in terms of eye diagram. Results are compared with

single channel system and found that about 2.5 dB of EOP reduction is

obtained at 40 ps. It is also observed that the performance of the single

channel is 0.55 dB better for values of fiber 000 > 40 ps and this

happens due to channel crosstalk in 4-channel WOM system. The

proposed PMO compensator can be potentially useful; because it is

inexpensive to simple structure, low cost and flexibility to adjust

compensated DOD.

It .is worth recalling that each of the above mentioned developed analytical

model for studying the impact and compensation of PMO has its own valid

range of parameters or valid systems.

8.2 Suggestions for future research

Approximations have been used throughout the works in this thesis to simplify

the problems. We have neglected the influence of higher order PMO introduced

by the fiber and the influence of this factor should be incorporated in a more

through analysis.

We also assumed zero polarization dependent loss (POL). POL refers to energy

loss that is preferential to one polarization state. In the Jones picture, one axis

suffers more loss than the other. The combination of POL and PMO creates

effects which are quite complicated and which can impair a communication

system more than either effect alone. POL is generally wavelength independent

while PMO is generally wavelength dependent. Therefore, it should be a great

interest to see how analytical models developed in this thesis can be modified in

the presence of POL.
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In the multi-channel PMD analysis, we confined ourselves with the interaction

of PMD and XPM only. In our developed model, other nonlinear effects like

SPM, FWM etc., could be incorporated to analyze the performance degradation

due to PMD and the other nonlinear crosstalk.

For occurrences of high instantaneous DOD, signal quality may be intolerable

and results a PMD-induced outage. Such outages may significantly affect

network availability for higher bit rates (i.e. 10 Obis, 40 Obis and higher). One

can estimate the probability that the system no longer functions properly; the

outage probability, which must be very low, typically 10.6 - 10-5, corresponding

to a few seconds to a few minutes per year. The maximum link DOD that a

receiver can tolerate before the signal degradation become unacceptable depends

on a variety of factors; including modulation format, optical SNR and receiver

design. So, in the design of robust long-haul fiber-optic network, the system

outage probability due to PMD could be done as further extension of this thesis

work.

The PMD compensation capability of the FBO based device is mainly

determined by the characteristics of the Hi-Bi LCFBO and improved capability

could be achieved by adopting higher chirp ratio phase mask to fabricate the Hi-

Bi grating. However, this performal)ce improvement would be limited by the

induced distortion due to the existence of CD at the fast- and slow axis of the

compensator. The CD induced pulse broadening would decrease the receiver

sensitivity due to the increase in the lSI and the reduction in the SNR. This

unwanted CD effect of the Hi-Bi LCFBO based compensator may be included in

the analysis to reflect its actual perforrnance.

Further research can be initiated to develop analytical model for probability of

bit errorlpacket error rate in an IP over WDM network and optical burst
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switching networks considering the influence of above mentioned system

impairments. Still, a lot of room is available for the researchers in the area of

fiber optics. The impact of PMD and other nonlinear effects like stimulate

Raman scattering and stimulated Brillouin scattering may be considered in a

WDM system.
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APPENDIX A

Derivation of output optical signal, gJ t)

The filtered outputsignaJ of the 1" pair ofMZ1 'is given by,

gJI) = Re[ p(I)@hJI)}

H pmdl(f) = exp[ - j2nf( _ ~T )]

~
hpmdl(I)= IHpmdl(f)exp(j2nji)df

-~

= lexp[ - j2nf( - ~T )} exp(j2nji )df
-00

!'J.,
=o(t --)

2

Fiber transfer function due to chromatic dispersion,

",'where, y = - DRbL = Chromatic dispersion index
JlC

~
h'd(I)= IH,,,(f)exp(j2nji)df

-00

1 1(/J' 7r=--exp[-j{- - --sgny}]T.j;Y y T 4

HJ f) = H pmdl(f )H,,,( f)

hi(I) = h,,,,,dJI)@h,d(I)

( J
'Lh 1 . 1 1 7r=O(/--)@--exp[-j{- - --]

2 T.j;Y yT 4

~I !'J.r 1 .I('J'= o(t---,)--exp[-j{- - d,
_~ 2 T.j;Y Y T
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[

l>t]'t--
I .1 2 1th,(t)=--exp{-J{- --' --sgny)]

T.[i"r y T 4 (A-7d)

Again, we can write the output pulse gl(t) can be written as the convolution

of the input pulse p(t). Now,

Let

g,(t) = Re{p(t)@h,(t)}

00

= f p(t)h,(t ~ t) dt
-00

[ :'. l>tt--
I . I 2 1th,(t)=--exp{-J{- -- --sgny)]

T.[i"r y T 4,

Now, g,(t)=Re{p(t)@h,(t)}

00

= f p(t)h,(t-t)dt
-00

=oofp(r)_l_' eXP{_j{~[_t-_-l>_2t_~_t]'-!!-sgny)] dt
-00 T.[i"r y T 4

r:=ynjT'
dr: = y nT2dj

(A-8a)

(A-8b)

(A-9)

(A-lOa) ,

(A-lOb)

178

)

)
'-.,

;, '. :If',''.. t ~,~,.

(" •..



Appendix A

1_<1~
g, (I) = T jYit exp[ - j{ 1/ (__ Z)' -.':.sgn y}/y T 4.

_Ip(yrrfT2 exp[ - j{ X(y(njT)' - Znft + <1t fn}} df

(A-lib)

t-""r/
Let,TT=T~exp[-j{l/( /2)'-~sgny] (A-12)/y T 4

g, (I) ~ TT1p(yttfT' )exp[ - jy(njT)' } exp(j2nji )exp[ - j2rrf(~t )]df (A-13a)
-00

g, (I) ~ TT ooJP(yttfT')exp[ jZrrf(t - tn )J{l + :t(jyT' )" ( j2rrf J''' }df (A-13b)
2 2" III

-00

Expanding in Taylor series the term, exp[ - jy(7ifT) , ] we get,

Which is in the form of an inverse Fourier transform, we obtain

1 t-""Iig,(t)= r=exp[-j{ 1/ ( 2), _ 7r sgny]x
TvJrY /y T 4

[

d'''P( __ t )j
P( __ t_)+ ~(jyT')" x . Y7rT'

;ryT2 LJ 2/1 n! dt2n

(A-14)

(A-IS)

It can be easily seen that each term in the summation on the right-hand-side

of (A-IS) vanishes for increasing y, as

d 2" ( t)
__ P --Y7r-T_-_'=(~)2" pl''')(~)

dt'" Y7rT2 JrYT'

d'" (I)where pi''') (I) ~ p
, dl'"
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and then,

1

(A-IS)

. (A-16)

Which is found to be valid for r» 1/( B T)' ,Bin being the input pulse
/ (n III

bandwidth. Thus the output pulse g,(t) corresponding to the input pulse p(t)

'with Fourier transform P(f) can be approximated as,

I" I-"'~ n -I
g,(t)'" cexp[-j{ II (__ 2)' --sgnyJ P(__ ,),

Tvny /y T 4 ynT

for y(nB,,,T)' »1

Considering the second term only:
M

t_L~:T/ . (--
gl2(t) '" _l_exp[_j{ II(__1_22)' -"'-sgnyJ x- __J_p'( 2_)

TFi /y T 4 4n'yT' ynT'
(A-17)

for r(nB,,,T)' » I

Let us consider as an example, the input pulse pet) = rect(!...-), to which
T

corresponding approximate output pulse g~ (I) given by,

t;.,t-t;.Ji t--
g," (I) = ~ exp[ - j{ 1/ ( 2)' - n sgn r}] sin c( 2) (A-18). vnr /r T' 4 rnT
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APPENDlXB

Coupled vector and pump-probe equations

In a dielectric medium where an external electric field is applied, the effective

electric field D(r,t) is linked with the apparition of elementary bipolar moments

p(t) induced by the opposite movement of the equilibrium position of the linked

charges. The macroscopic polarization field P(r,t) is the average bipolar.

moment per unit volume. The nonlinear response of the medium is expressed by

a nonlinear polarization field P which satisfies the development,

P = Co X (l) • E + caX(1) : EE + COX(3) :EEE

where X(l) is the (i + I) th tensor.

(B- J)

(B-2)

The amorphous characteristics of silica make all the even order nonlinear

polarization zero. In particular, X(1) = 0, we will consider the terms of higher

than 3'd order as negligible, we have than,

P = coXll). E + coX(3) :EEE
PJr,t) PNJr,t)

Although X(3) is small, it will be responsible for most of the nonlinear effects

occurring during the electric field propagation. Highly confined in the core of the

fiber, it will create high power densities. Moreover, the large interaction

distances (around 20 km for a 0.2 dB/km attenuation) playa key role in the

manifestation of the nonlinear effects.

Assuming that the instantaneous electronic response dominates for the XPM

process, the third-order nonlinear polarization in a medium such as silica glass

given by,

P(3) -(3).E(r,t) = CoX : (r,t) E(r,t) E(r,t)
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where, i(3) is a measure of the instantaneous electronic response of the

nonlinear medium.

In the case of two distinct optical fields propagating simultaneously inside an

optical fiber, the total electric field can be written as, .

E = Re[E, exp(-iliJ,I)+E, exp(-iliJ,I)] (B-4)

where Re stands for .the real part and E, and E, are the slowly varymg

(complex) amplitudes for the fields oscillating at frequencies liJ, and

liJ, respectively.

Now writing pm also in the same form as the electric field we get,

pm = Re[P, exp(-iliJ,l) + P, exp(-iliJ,I)]

The nonlinear polarization at the pump and signal frequencies found to be,

(B-5)

(B-6)

where j,111 = 1,2. (j 7' m) and electronic response is assumed to be isotropic

for the silica such that x:i~,= 3x:i\, = 3X:;~, = 3X:;\,

The two optical fields E, and E, evolve along the fiber length as dictated by

the combination ofGVD, SPM and XPM.

If we use (B-5) and (B-6) in the Maxwell equation [4 I], we find that E, and E,

satisfy in the frequency domain a nonlinear Helmoltz equation of the form

(B-7)
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where the tilde denotes Fourier transform "0 is the vacuum permittivity and

iij (w) is the linear part of the dielectric constant resulting from the linear

response of silica glass. Its tonsorial nature is important to account for the PMD

effects that have their origin in the birefringence of silica fibers, while its

frequency dependence leads to chromatic dispersion.

Both Eland E, evolve along the fiber length. It is common to choose the z

axis along the fiber axis and assume thatEI and E, lie in the x-y plane. This

assumption amounts to neglecting the longitudinal components of the two

vectors and is justified in practice as long as the spatial size of the fiber mode is

larger than optical wavelength. We follow the notation of [15] and employ the

ket vector IA } for representing a Jones vector polarized along the x-y plane. In

this notation, two fields at any point r inside the fiber can be written as,

E I (r, w - w]) = F, (x, y)1Al (z ,W - w]) exp[ip(w])z] (B-8)

E,(r,w-w,) = F,(x,y)IA,(z ,ro-ro,}exp[ip(w,)z] (B-9)

where F, (x,y) and F,(x,y) represent the fiber mode field profile, P(ro2) and

P(w,) are propagation constants at the two carrier frequencies and the Jones

vectors IAI) and IA,} are two-dimensional column vectors representing the

two components of the eIectric field in the x-y plane. Since, F,(x,y) and

F,(x,y) do not change with z, we only need to consider the evolution of IAI}

and IA,} along the fiber.

Now substitute (B-8) and (B-9) back into (B-7) integrate over the transverse

mode distribution in the x-y plane and assume that I AI} and IA,} to be slowly
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varying function of z so that we can neglect their second-order derivatives with

respect to z. The fiber mode profiles can be taken to be nearly the same for

typical channel spacing i.e., F; (x,y) '" F,(x,y) = F(x,y) , which amounts to

assuming the same effective core area G'!f for the two channels. With these

simplifications, theequation goveming the evolution IA/) and IA,) taken the

form,

alAj) (m';;.(m) i JI-) iY.(_)-- + J J +_ m 0' A ""_J P.az 2ip(m
j
)c' 2 P( ;l 0 J 3 J F

(B-IO)

where F denotes the average over the mode profile, 0'0 is' a unit matrix and the

nonlinear parameter at the carrier frequency mj is defined in the usual meaning

and nonlinear coefficient Yj is given by,

(B-1 1)

To proceed further, we write the dielectric constant tensor ;;j(m) in the basis of

Pauli matrix as [18].

(B-12)

The vector (J is formed as (J = O'lel +O',e, + O',e" where el , e, and e3 are three

unit vectors in the stokes space and the Pauli matrices are given as;

(
0 - iJ

0', = i ° (B-13)

The vector B(m) account for fiber birefringence. Its frequency dependence

produces PMD.
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If the channel bandwidth is not too large, we can assume a /w) ~ a(w) and

expand 13j(w) and B(w) around w
J

in Taylor series as,

(w_ w)'
13(w)~ 13o(w.)+ 13,(w - w.) + 13,--- + .

J J 2

B(w) ~ B(w.) + (w - (oJ).5 + .
J ,

(B-14)

(B- I 5)

(B-16)

Using these expansions in (B-12) and substituting them into (B-IO) we obtain

the following vector equation in the frequency domain,

alAj) [ aj ip, 2]1- )--~ --.-+iP,(w-wj)+-(w-wj) Aj& 2 . 2

Now we write (B-16) in the time domain by USing(W-W)-+i[~J, use the. &
form of nonlinear polarization (B-6) and denote B(z, w) as simply Bj• We obtain

the following complete vector equation governing the XPM process in optical

fiber,

ah) =_p, ah) iP'j a'IAj) ~IAj)-!...Bj"(fIAj)+-!.".(f alAj)
az J at 2 at2 2 2 2 at (B-17)

+ i:j [2(Aj IAj )+[A;)(A; 1+ 2(Am IAm)+ 21A: )(A: HA: )(A: III Aj)

and aj are the optical carner

frequencies, inverse group velocities, GVD coefficient and fiber losses for the

two channels. These parameters are generally z dependent for dispersion-

managed periodically amplified systems.

In the Jones matrix notations, (A I is the Hermitian conjugate while IA') is the

complex conjugate of IA) . The random vector B j = B(z, (j) describes the

residual fiber birefringence, while the vector u has the Pauli matrices as its three
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,elements. Because of a frequency difference between the two channels, the state

of polarizations (SOP) of the two channels 'evolve on the Poincare sphere at

different rates as dictated by the magnitudes of B, and B,. The vector t5

describe the intrachannel PMD effects resulting from random change in group

velocities of the two polarization components of the channel and providing pulse

broadening [15], [96]. The effects of both the SPM and XPM are included in

(B-1?) through the nonlinear parameter Y
J

•

Equation (B-1?) describes the XPM interaction between two channels in its most

'general form. It can be simplified considerably when we consider the pump-'

probe configuration and assume that the probe act as channel 2 and is in the form

of a low-power continuous wave (CW), while the pump act as channel 1 and

imposes the XPM-induced phase shift on channel 2. Two approximations can

then be made to simplify the following analysis:

(i)

(ii)

The probe is assumed to be weak enough that the XPM and SPM

induced by it can be neglected.

We neglect the t5 term responsible for intrachannel PMD.

,. \"

Although the ~bove two terms broadens pulse in each channel, they barely affect

the intrachannel XPM interaction because channel spacing typically is much

larger than channel bandwidth and the evolution of the SOP of the channels ,is

mainly governed by B . This approximation corresponds to the case when

interchannel PMD dominates but intrachannel PMD is negligible.

simplification (B-1?) can be written in the following two equations:

alA,) =_p alA,) _ iP21 a'IAI) .c~IA )-!..B .ulA )
az II 01 2 aI' 2' 2' I

+i~, [2(A,IAI)+jA;)(A;I]IA,)
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iliA,) ~-P12 iliA,) _ iPl1 il'IA,) ~~IA,)~!..B,.GIA,)
ilz ill 2 ill' 2 2

+ 2~, [2(AIIAI HAl )(AI I+jA;)(A; I] IA,)
(B-19)

(B-20)

The XPM induces not only a time ,dependent phase shift in the probe channel,

but also a nonlinear polarization rotation of the probe channel [18].

However, both beat length (L8 '" 10m) and correlation length (L, '" 100m)

associated with residual birefringence are much shorter than the nonlinear length

( L" > 10 km depending on the optical power). As a result, the polarization

rotation induced by the residual birefringence is much faster than that induced by

nonlinear polarization rotation (NPR). Rapid variation of SOP's average over the

SPM and XPM effects in (B-19) and eventually the nonlinear PMD becomes

negligible. Thus, we can average over such rapid polarization variations to study

the evolution of XPM on a length scale much longer than the correlation length

( L, ) by adopting a rotation frame through a unitary

transformation IAj)= tl A;), where the Jones matrix t satisfies,

dT i --=--B .aT
dz 2 I

The unitary matrix t in (B-20) corresponds to random rotations of the Stokes.

vector on the Poincare sphere that do not change the vector length. In Jones

space, an arbitrary unitary matrix can be written in the form

(B-2 I )

where la,l' +la,I' = I. If we introduce a Jones vector la,) with its two elements

a, and a, this vector satisfies,

dl a,) =_!.. B .ala )
dz 2 I ,
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Since random residual birefringence makes all SOPs equally likely, 1 a,) can be

expressed in its most general form as

[
e i.]_i.o cos(-)e '

la)=e' 2.
I (J _!!£

sin(-)e '
2

(B-23)

where qJ and qJ are. uniformly distributed in the range [O,21l"] and cosfl is
"

uniformly distributed in the range [-1,1]. Thus, the most general form of the

transformation matrix j is given by,

[

e _i(.+.")

cos(-)e '
1'= 2e _i(q:>-tpnl

sin(-)e '
2

e i(.+.O):
-sin(-)e '

2
() i(lp+lpo)

cos(-)e '
2

(B-24)

We make the use of the following relation,

IA')(A'I = IA) (AI- (Alo-JI A)o-J

IA )(A[ = ~A)(AI+(:lo- IA).o- j

(B-25)

(B-26)

(B-27 )

Now (B-18) and (B-19) becomes,

alA; ) = _ alA;) _ i/321 a'IA: ) -~IA' )
az /3" at 2 at' 2 I

+ i~l [3(A; IA;) - (A; 11"0-/1 A; )f'o- i] IA; )

ajA;) =_p, ajA;) _ ip" a'jA;) -~IA' )-!...o.b,rrIA' )
az 'at 2 at' 2' 2 ' (B-28)

+ 2i;, [2(A;IA;)+(A;lcr IA;)cr-(A;IT'cr,TIA;)T'cr,TjIA;)

where b is related to B by a rotation as,
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Appendix B

b = k' [B(z,w2)-B(z,w,)]" k' dB
Q dw

(B-29)

where R is the three dimensional (3-D) rotation matrix in the Stokes space that

is isomorphic to T in the Jones space i.e., Rtr = T'trT

We now average over (B-28) and' (B-29) over e, ffJ and ffJo to obtain the

evolution of the field on a length scale much longer than the birefringence

correlation length. It can be also showed that

(B-30) .

Substituting (B-30) into (B-28) and (B-29) and using the reduced time 'as

-r = (t - [3"z) as the new temporal variable and writing A, and A, instead of A;
and A; respectively, we obtain the following two equations,

alA,) =-/i" alA,) _ if321 a2IA,) -5.IA )-i£ p.IA )
az "" ar 2 ar' 2 ' '0'

alA) ." a'IA) . .-'-=-~--'--~IA )-'-o.b.uIA)+lI>2? (3+p.u)IA)az 2 in' 2 '2 '2 0 . '

(B-3 I )

(B-32)

where, Po=(A,IA,) is the pump power, p=(A,ltrIA,)/Po is the unit vector

representing the SOP of the pump on the Poincare sphere, Q = ("', - "',) is the

channel spacing, 8, = 8/9y, and 8, = 8/9y, are effective nonlinear parameters

for the two channels, lip, = (PII - P,,) group velocity mismatch between the

two channels .

.To study the temporal modulation of a CW probe field induced by the

combination of XPM and PMD as a consequence of pump field, we have to

solve the (B-31) and (B-32). We can linearize (B-32) by assuming that

IA,)=IA20)+IAu) , where IA20) and IAu) are unperturbed and perturbed

probe fields respectively and simply we obtain the equations (6.1), (6.2) and

(6.3).
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