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ABSTRACT

Polarization Mode Dispersion (PMD) is a serious barnier that limits high-speed optical fiber
telecommunication systems. 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 (IM-DD), continuous phase frequéncy shift keying (CPFSK) direct-

and heterodyhe 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 deiay (DGD). 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 DGD. 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 linecoding 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-phasé 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
modutation 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
]5MD in a multi-channel transmission system, a high-birefringent adjustable linear chirped Bragg
grating (LCFBG) based PMD compénsation scheme 1s developed and its performance is

~ evaluated using the optimum system parameters.

The results of this research work will find applications in the d.esign of WDM transmission

systems in presence of fiber nonlinear effects and PMD,

vii
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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 perspecﬁve
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.

1. 1 Historical perspective of fiber optic communication systems

Even though an optical communication system had been convinced in the late
18" 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 teiégraphy 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.

-y



Introduction

The bit rate of most ad\;anced coaxial systems which was put into service in the
United Sates in 1975 was 274 Mbit/s. At around the same time, there was a need
of. conversion from ‘aﬁalog to digital transmission to improve transmission
quality, which requires further increase of transmission bandwidth. Many efforts
were made to overcome dl;awbacks of coaxial cable during 1960s a'n‘d 19705. 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 tha;n ‘

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 ( >l5 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 sou'rces' 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
wiﬁdow 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 modern 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 uéing special fibers called dispersion
compensating fibers and other novel devices. At high bit rates ( =10 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 1980s 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 communiclation systems

operating over the embedded optical fiber network [21-[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 EDFA invention, 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 reasbn 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 propégate along anly oﬁe 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 degenerqte modes will have the same mode
index (n), only when the core of the fiber is perfectly cylindrical (i.é., it has a
uniform diameter). In spite of the measu.reé taken to provide a symmetrical core
cross-section, there is some asymmetry and the degeneracy is broken. The
reasons for birefringence in éingle-mode fiber can be broadly classified as
~intrinsic and extrinsic. Intrinsic factors are those that are present in the 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/vkm for



Introduction

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™ -107, 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.1.2 illustrates the intrinsic and

extrinsic mechanism of fiber birefringence.
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Fig. 1.1: 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,

An,, = ’nf —n,|. 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 propagatidn characteristics. The pulses

i
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arrive at the output is differentially delayed. This difference between the delays
is termed as the differential group delay (DGD). It is this DGD ( At) 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 6ptical data links. Fig. 1.3 -

illustrates the effect of birefringence on a pulse input into a short fiber segment.
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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 DGD at the output [8].
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Fibers for-which An is large (~10™) are called highly-birefringent (Hi-Bi)

fibers. In general, the net effect of launching a signal with an arbitrary state of
polarization into a ptece of Hi-Bi fiber will givé two replicas of the input signal,
polarized at different orthogonal states of polarization and with a felatiVe.time
shift between them. The inpﬁt state of polarization which yields the lowest value
of refracfive 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 fnutua]ly orthogonal. These states are commonly referred as
principal statesrof 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
DGD are assuhed 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=ATp | (LD

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

of the vector (At} is the DGD 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 cxpreséed 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)=cp, E (t+1,)+c. p E (t+1) (1.2)

in
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where, Eam( t) and E (t) are output and input electric field vectors

respectively. ¢, and ¢_ are complex coefficients required to indicate the field
amplitude launched along the slow PSP and fast PSP respectively. The

magnitudes |c+| and |c_|, 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 (t, t_) 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 At, ¢, and c¢_.

1.2.2 PMD in short and long fibers

The effects of birefringence 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 B, and B, are the propagation constants along the slow and fast propagation
modes respectively and if n and’ n, are their effective refractive indices, then:

on, ~on,  @An
B, B, = L= . (1.3)

¢ L c

where, @ and ¢ 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 pi-opagation constants.

M _d o aedwm)
L—du)(ﬁs Ps) c ¢ do : (1.4)

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

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

As mentioned earlier, 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 of long fibers. This is because of the phenomenon called mode coupling
that is taking place in all fibers longer than a certain statistical length calléd
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 100 m. Fibers that
are longer than the correlation iength is considered to belong to the ‘long’ fiber
category. As a lightwave propagates down the long ﬁber',- there is a constant
sharing of énergies 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.

kS
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1.2.3 The statistical nature of PMD

The intersymbol interference (ISI) caused by pulse spreading due to PMD has a
different origin from the ISI 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 timelyield 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 of DGD and the
Maxwellian fit (dotted line) [7]
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Interestingly, as a result of the multiple factors which contll‘ilbute 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 vanations 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 foremdst 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 Gbit/s ~ 40 Gbit/s. 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.

I
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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
modern 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 focused 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 systgm 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 analysis 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 v»_'orks to find the

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

S. J. Savory et al [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.

12
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H. Sunnerud et al [25], analytically investigated the PMD impairments as well as
ité 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 al [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 OOK in the presence of chromatic dispersion and PMD.

Using numerical simulation C. Xie er a/ [27], studied the PMD-induced
degradation for on-off keying (OOK) 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 OOK for

uncompensated and compensated system.

Due to the environmental variations, such as temperature changes, vibration aﬁd
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 passiifely mitigating the effect of PMD without

employing active PMD compensators [31}-[34]. 'W. Kaiser et al [35], also

13
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experimentally reported the reduced sensitivity of optical duobinary linecoding
to the effects of PMD.

Due to the strong 'frequency dependence of PMD, the need for higher order PMD
compensation grows as channel bit rate increases. S. Kim [36], ér_lalyticaliy
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
némlinearly 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 a/
[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 adjustability.

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 keyiﬁg (CPFSK), discontinuous
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FSK, differential PSK, binary pulse position modulation (BPPM) etc. lEach of
these modulation schemes, such as ASK, PSK, FSK, DPSK etc. and combination
thereof, with direct, homodyne and heterodyﬁe 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 PSK/DPSK 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.

(1) 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 (IM) with coherent and direct detection

receivers.
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(i) 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 stﬁdy
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 IM-DD
transmission system considering the effect of induced ISI among adjacent bits.
The performance is determined in terms of average BER assuming Maxwellian
distribution for the DGD at a bit rate of 10 Gbit/s. Simulation is carried out for a

single channel transmission system in terms of eye diagram.

16



Introduction

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 DGD and group
velocity dispersion (GVD). Next, the expression of moments of the random
phase noise process is derived from the knowledge of output phase fluctuation
due to DGD. The probability density function (pdf) of the random phase
fluctuation is then determined by inverse Foﬁrier 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 épproaph for optical heterodyne CPFSK
transmission system to evazluate the BER performance limitations due to PMD
with delay-demodulation receiver. The method is based on the linear
approximation of a lineariy 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 DGD. 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 1; 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)ina .

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
chaﬁges 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 mathemaﬁcal 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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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 Maxwe.llian
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.

21 Intenéity 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 (IM), which is the

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

systems. It can be represented as on-off keying (OOK) mbdulation with
particularity that bit 0 and 1 do not have the same noise level. This is due to the

predominance of the signal-amplified spontaneous 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 clectron stream (i.e.,
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electrical current) is then amplified and passed through a threshold device.
Whether a bit logical 0 or 1 is depends on whether the stream is above or below
a certain threshold for bit duration and thus the receiver provides direct detection

(DD). In short, the method is called IM-DD.

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
presehts 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 inlformation is extracted

from the carrier at f.. If f,. =0 - that is the detected signal is at the original

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

S # 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 majdr‘drawbécks 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 '_approacim
to evaluate conditional and unconditioned BER performance limitations of an
optical IM-DD transmission system impaired by PMD. Since temporal behaviors
of fiber PMD 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 unconditiohal 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 c_ertain
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 the same 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°®
would correspond to on average 2 errors per million bits. A commonly used
criterion for digital optical receivers requireé BER < 1x 10®. 1t 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.

21



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

Fig. 2.1 shows schematically the fluctuating signal received by the decision
circuit, which samples value 7 fluctuates from bit to bit around an average value

{, or [,, depending on whether the bit corresponds to 1 to O in the bit stream.
The de-cision circuit compares.-the sampled value with the threshpld value [,
and calls it bit | if 7> I, or I<1,.Anerror occurs if / </, forbit | orif />
I,, for bit 0 due to noises that add into the signal in the system.

[ )

Sianal

Time 1

_ Probability
Fig. 2.1: Bit error probabilities

Both sources of errors-can be included by defining the error probability as, -
BER = p(H)P(1/0)+ p(0)P(0/1) 2.0

where p(l) and p(0) are probabilitie-s of receiving bits 1 and 0 respectively,

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

probability of deciding 1 when 0 is received. Since 1 and 0 bits are equally

likely to occur, p(1)= p{0) =1/2, and the BER becomes,
. BER = %[P(l/ 0)+ P(0/1)] . (2.2)

Fig. 2.1 shows how P(0/1) and P(1/0) depeﬁds on the probability density

function p(/)of the sampled value /. The functional form of p(f) 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(0/1) and P(1/0)

as,
I (1-1} -
- TV - 2.3
PO/ = e [mcxp{ 7o J 1 2.3)
1 (1-1,)
- LIV 2.4
P1/0) JOJZ_ﬂEexp[ 207 ]a’f (2.4)

where o and o/ are the corresponding variances. From the definition of the
complementary function we have,

2
. erfc(x)—J;f

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

exp(—x?)dx (2.5)

P(O/l)-u—erf[{/_:;] | . @6
P(l/O)——erfc[J_::] _ 2.7)

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

BER = —[e[fc[ o ]+ erfc(J_ O_IO J:| ‘(2.8)

Equation (2.8) shows that the BER depends on the decision threshold 7, .

2.2.1 Q-factor

In practice, /,, is optimized to minimize the BER. Hence we minimize BER
with respect to 7, using, '
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d i ‘ _2 p 4
= o fCU(x)]“ = e — (2.9)
and obtain .
(1,*—?)) _Up —lfq) +1n[,95_,) , (2.10)
o, O, Ty .

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

,(11_1:)) =(ID—IO)

2.1D)-
o = (2.11)
Hence we find that the minimum occurs when,
' I +of
I, = Gohy 1Oy (2.12)
O, + 0, :

when, o, =a,, I, =(I, +1,)/2, which corresponds to setting the decision

threshold in the middle. The BER is given by
1 o)
BER = —erfc| = 2,13
2 (JE J | | ¢

where the factor Q is given by
— ]l — ]0
o, +0,

(2.14)
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BER

0 2 4 B 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™'? for Q =7. Now the expréssion 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) _E(O)

T ]
o, +0o,

(2.15)

where E

, (crf)“’ are the energy and variance in energy of the 1 bit
and £, (o2) are the energy and variance in the energy of the 0 bits. The

variance in energy is defined as o’ =(E2>—<E>2. Hence in order to evaluate

the Q factor we need to calculate the variance in energies of 1 and 0 bits at the

receiver end.
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2.3 System model of IM-DD transmission system

The schematic configuration of aﬁ IM-DD 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 Gb/s 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 fed to a
sampler followed by a cbmparator. The threshold voltage of the corﬁparator is
set to zero value. If the output voltage is greater than zero a binary ‘1 is detected,

otherwise a binary ‘0" 1s detected.

TRANSMITTER . RECEIVER
Input Qutplrt
signal . ’ . Elect. signa
—{ Driver | R _ AN/ LPF
: circuit .
SLD  SMF : PD ,

Fig.2.3: Schematic configuration of an optical transmission system model

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 47 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 A4t is the DGD between the PSP’s, T is the bit
ilnterva], Tpis the full width half maximum (FWHM) of the input-pulse and 26 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 -T2 =%Ar sin(28) (2.16)

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 pm 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, (¢} coupled into the fiber can be modeled as
E(t) =P, ib,‘ gUt—KT) (cie, +cye,) (2.17}

where P, is the transmitted peak power, b; = 0, 1 represents the transmitted bit,
and g(#) the transmitted pulse shape. The vectors represent the input PSP’s are
indicated with ¢; =( e;; x + e;y) (i= 1, 2} and the compIeX coefficients ¢;  and

¢z determine the SOP of the transmitted field (Jc;]° + lc) = 1).
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(?) is given by,
ECty=JF Y b.feos O g(1-4AT Jx (2.18)
.+sin0t=g71—kT—A1)e"""y]A |
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 ¢ is the fiber induced phase difference between
the two waves. At the receiver, after detgction by means of a photodiode and
filtering by a baseband filter of pulse response A(1), the photocurrent jf#} taking
into account the orthogonal property of the PSP’s, the kth decision variable is
given by [44],

Je=RPME fcod © y(Atsi' ) + sif 0 y(Atsint 0 AT} + (2.19).
RPMY b fcos 8 ¥(1, —hT} +5if O y(t, —hT-AT)] +nft,)

where R, represents the photodiode responsivity, M the photodiode average gain
if an APD is used (if a PIN is used M=1), t, = (kT + dr sin°6), sampling instant

n(ty) the noise sample and

w

C )= [ h-&) 1g(&) )} dg (2.20)

-

The noise power o}, which depends on the received signal can be easily
evaluated assuming the dark current noise is negligible and according to [45] it is

expressed aSg} = o2 + 2e < j, > BMPY

where o} is 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 (ISI). We represent this term by,
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iy = RPM S blcos’ 8 y(t, ~hT) +sin®8 yit, ~hT-A7)] +n(t,) (2.21)

hrek
The effect of ISI can be evaluated by approximating the (2.21) with terms 4 = k-
1, k-2, k-3, k-4 and h = k+1, k+2, k+3, k+4, that is considering in a fourth

approximation only the interference among the adjacent bits.

The probability that a ‘0’ is received when a ‘1’ is transmitted and the

probability that ‘1’ is transmitted when a ‘0’ is transmitted can be given by

(< jk > — < im‘ >)_ S

J26!

p(1/0) = 0.5 erfe [‘“—2)"}"—] (2.23)
. ) o; .

p(0/1)=10.5erfc (2.22)

. where ju is the optimum threshold value and o; the noise sample standard
deviation corresponding to the considered pattern. Of course the value of jy
depends on different conditions as pulse shape, noise, filter shape and so on. We
can express the BER conditioned on a given value of A7 as,
R =0_25[erfc[(<n > - <, >)—f.h] . erfc[am = J] (2.24)
V2o

,/2 al

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 terﬁporal 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 circul.ar, 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 of the 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 47 between the two PSP’s follows a Maxwellian probability density

function.

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

BER = meER(At)PM(Ar)d(At) (2.25)

. 2.5.1 Analytical results and discussion

Following the ana.lytical 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 10 Gb/s 'with several values of instantaneous
DGD. The evaluation is performed assuming ¢ = [/ and M=I 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 peﬁalty due to the effect of PMD. It is observed that the penalty at given
BER is increasing with fncreasing 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.
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' Received Optical Power, Ps in dBm

Fig. 2.4: Plots of conditional BER versus received optical power, P,
for a 10 Gb/s system impaired by PMD
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Bit rate = 10 Gb/s
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Fig. 2.5: Plots of unconditional BER versus received optical power for a
10 P, Gb/s 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 Gb/s and different values of mean DGD. The results show that the
BER is highly degraded when the mean DGD is'higher for a given fiber length
and the system §uffers a significant amount of powér penalty due to the effect of
PMD. It is observed that the penalty at BER=10" is increasing with ‘increasing
value of the mean DGD. Penalty is found to be approxiinately 0.27dB, 0.38 dB
0.45 dB and 2.4 dB for mean DGD 20 ps, 30ps, 35 ps and 40 ps respectively.
" Further increase of DGD leads to a BER floor above 107°.

2.5.2 Simulation results and discussion

We have carried out simulation to assess the impact of PMD in a single channel
IM-DD transmission system. The simulation setup is shown in Fig. 2.6. The

different parameter used in the simulation is shown in Table 2.1 -
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Fig. 2.6: Simulation setup for a single channel IM-DD transmission system

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 BER vs input optical power and Q-value vs input optical power

for different fiber link length

(b)

Fig. 2.7: (a) Eye diagram at the input (back-to-back) (b} Eye diagrams for differcnt
values of secd (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,
2
EOP = ~10 log(%) | (2.26)

Av=Dpy L ' (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 DGD

From the Fig.: 2.9, we found that analytical and simulation results the same
power penalty up to 35 ps DGD and the simulation gives little bit better result
than that of analytical approach at DGD >35 ps.

e o —
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SI Parameters (unit) ‘ Value
no.

1 Fiber length (km) 200

2 Input power ( dBm) 15

3 PMD coefficient (ps/Ykm) |2

4 Bit rate (Gbit/s) , 10

5 Receiver sensitivity (dBm at 107) 24

G :

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 IM-DD system. BER performance results
are evaluated for a range of instantaneous and mean values of DGD. The results
show that the performance of an IM-DD system suffers power penalty of 0,27
dB, 0.45 dB and 2.4 dB corresponding to mean DGD of 20 ps, 35 ps and 40 ps
respcctivelyi at a BER of 107 operating at a bit rﬁte of 10 Gb/s. Furthermore, at
increased values of the mean DGD there occur BER floors above 10” which can
not be lowered by further increasing the signal power. It is noticed that BER
floors occur at about 2x10'9, 107 and 10°® corresponding to mean DGD of 45 ps,
50 ps and 60 ps respectively at 10 Gbit/s. The effect of PMD is found to be more
detrimental at higher bit rates. For conditional BER performance based on the
instantaneous DGD and the amount of power penalty is about 7.75 dB for a
corresponding DGD of 160 ps. The results also-show that the power penalty due
to PMD suffered by an IM-DD system is significant at higher mean DGD
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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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 |
mode] analyti(.:al 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 (GVD) at the output of the
receiver is also determined analytically. On the basis of deﬁe]oped pdf, the
random phase fluctuation the BER performance results are evaluated at a bit rate

of 10 Gbit/s fiber for different values of the mean DGD.

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 propetly 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 systemn 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 [51]. 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
systemn 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 limitétions 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 éingle mode
fiber (SMF) which includes the effects of PMD in presence of GVD. The

conditional BER is then determined using the pdf’s of the random phase
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fluctuation due to PMD and GVD at the receiver output in 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 Gbss.

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 transmifte_d 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 photocurreﬁts are summed. We decompose the entire system i'ntc; a pair
of subsystems, each corresponding to one PSP. We sum the outputs of the two
subsystems to obtain sampled decision variables i, (¢)=1,, (©)+i,,(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 ‘17 is detected, otherwise a binary ‘0’

18 detected.

Trangmitier Fiber Receher
=== mmm——— il e i 1
| : : :
1 1 ]
:
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signal 1 |(( [ - / :
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+
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Fig.3.1: Block diagram of an optical CPFSK transmission system with MZI
' based direct detection receiver
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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,()=2F explji2at+4,(t) +¢,(O}] (3.1)

!
@ =2 jy(tl)dt,; where u(f) represents the laser instantaneous frequency
li]

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

format the signal phase,

(1) =27 Af ]'](t)dt (3.2)

and  J(t)= ia” p(t—kT) | (3.3)

where, ak‘= +1 is the random bit pattern of the & th information bit, ¢, (1) is

the CPFSK modulating phase, p(¢) represents the elementary pulse shape of
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duration T seconds (bit rate B = %) .

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

Et)=Na E,(t)e, +1-a E,1)s, (3.4)
where a = PMD power splitting ratio
If electric field experienced a total DGD, Az in the fiber; then the electric field
at the output of the fiber,

Ea(t,Af)=\/EEa(t—%) g, +l-a Ea(t+%) e, (35

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

given by, ‘
H ()Y =explj2af (—%)] | (3.62)
H puir (1) = expl 2 (5] (3.6b)

and  H_ (y=H,n()+H,.() : (3.6¢)

So the output electric field due to PMD expressed as,

E,(t,AT) = E, (t) ®h

1

(t,A7) (3.6d)

pmd

. where :
Boa (AT = FLH 0 (Y + H oy (0] (3.6¢)

If we assume that SMF is lossless and consider only that chromatic dispersion

(CD) is present, then the SMF transfer function due to GVD is given by,
: 2

H_,(f)=exp(- jy(#fT)?); where, ¥ = chromatic dispe'rsion index ziﬁ D.R,L,
mc

where, T is the pulse duration, A is the wavelength, D, is the chromatic
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dispersion coefficient, R, 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 glven by
H(f)=a explj2 f(~~—) Ty}

Hy(f)=4l-a exp[ﬂﬂf(T)—j?(fﬂ)z}

where, _
) hl (I) = hpmn'l (r) ® hcd (t)
h? (i) = hpde (l) ® hcd (t)

(3.7a)

37b)

(3.7¢)

. (3.7d)

h, ()= F7'[H ()] ; Fiber impulse response due to chromatic dispersion

Ropa (£) = F'[H ., (/)]; 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 _
Ea(0) = 2P, explj{2aft + ¢,/ (1)}]

where ¢, (f) = output phase
@.1(1) = Re[exp(jg, (1)) h (1)}
=Re[ jh (") exp(jo, (=)t
again, 4,(—1') = $. ()44, ((~1)

Thus, for linear phase approximation, we can write,
I3 t
¢.s'.'| ('r - t') = Re[ J.hl (T) ¢5f (r - T))df] + Re[ jhl (T) ¢n] (t - T))dr}

=0,(+6,@)
where, 6’5’, (1), the filtered output signal phase of the 1* pair MZI,
0.,(t), Laser phase noise and
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6!, (t) = Re[ jh (r) ¢.(t - 1))d7]
—¢(t)®h ()

=27 Af j 1()dt ® h, (1)

=27 Af jZakp(t-kT)(@hl(z)dt (3.10b)
o,y =2mAf ]-Zakgl (¢ —kT)dt; ‘ (3.10c)
where g](t)=Re_[p(t)®h](t)] (3.10d)

The detatled derivation of the g,(¢) is given in the Appendix A
Similarly, the filtered output 51gna1 phase of the 2" palr MZI is g:ven by,

0, = 27 AF [ a,g,0 kTN G.11a)
where g,(t) = Re[p(t_)m® h, ()] , | (3.11b)

3.3.3 Transmittance of MZI

In the FSK direct detection receiver with Mach-Zehnder interferometers (MZI),
the MZIs 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 T»(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:

1
nN= E[COSZ(JD’T)] ' (3.12a)
T,(f) = ~[sin® (f7)] (3.12b)
where, 1 is the time delay between the two branches of the MZI.
- and Af = J. . , f. is the carrier frequency of the FSK signal
4 Af n

and # is an integer. The ‘mark’ and ‘space’ of the FSK signals are represented by
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f. and f, respectively, where f, = f,+ Af and f, = f.- Af . Therefore,
when ‘mark’ is transmitted, 7,(f)}=1 and 7,(f)=0. Similarly, for transmission
of ‘space, 7,(f)=0 and T,(f)=I. Thus, two different signals f, and f, 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. '

13.3.4 Photodetector output current (1* and 2" balanced detector)

For a mark transmission, the current at the output of the first balanced
photodetector is given by, ‘

I, (t)=R,P cos[2af.t +A8,(t,T)+AD, (1,7)] (3.13) |
where, AL (LT)=6,(0)-0,(t-1)
=27 Af JlZatg,(t —~kT)dt 27 Af TZakgl(t —kT)dt
=27 &f |3 a,g,(t-kT)dt _ (3.14)

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

AB, (t,T)=0,(1)-6,(t—1) (3.15)

,
i(t)=RyP, cosf Inf,t+2m Af IZatgl(t —KT)dt+48,,(1,7)]  (3.16a)
-3 Kk
=R,P.cos[2nf.1+2m A Iaog](r—kT)dz+
1 s (3.16b)
WA _[ > gt~ KT+ 88,(1,1)] '

PRy 1]

For mark transmission, a, =1 and ideal CPFSK demodulation condition
(assuming NRZ data), we have, 227, r =(2n+1)z/2, where n is an integer.
Forn=0; 2xAfr=n/2; _Also for optimum demodulation, 7 =T/2h and

H(=2AfT) is the modulation index. Now applying the condition of ideal

(optimum) CPFSK demodulation, in the above equation,
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iw (1) = Ry P, cos[ 2nf, 1+ 2n7 Afgy(t)+2m 181 Y ayqy(1-kT )+ 88,,(t,1)]  (3.17a)

k=0

> @ (t-kT)+ A8, (t1)]  (3.17b)

k=0

Cwhere, (0= [a@d s g0 =RelpO)®h 1)

AB,(1,7) =8, ()-8t 1) ' (3.18)

n

oo
=R,P.cosf2nf 1+—-—+—q(t)+
d's [ fc 2 2 2‘?[() 2

!
where A8, (t,7) = j p(t,)dr, , Phase distortion due to laser phase noise and

i-r

2nf v +§ , Expected phase change for ‘mark’

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

Af md cdl(t’r) = _£+£q1 (t) +£Zakq[([“kT) (3.19&)
o 2 2 2 &
=A_¢o,l (t,7)+ +§Zakq, (+—kT) : (3.19b)
k=’
= Mg, (t,T)+E, _ (3.19¢)

where, Ap,,(t,7), Mean output phase error due the first pair of photodetector,

and :
£,, Random output phase fluctuation due to ISI for random bit pattern

caused by PMD and GVD in the 1* pair of MZI.

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

photodetector is given by,

.fmz(t) = RdP.\ COS[ 2,nfct +2n Aft g2 (!) +2n TN—Z @y qZ(t - kT) + AenZ(!‘ T)j (3'203)
k=0

L

T mT T
=R, P cosf2nf 1+———+ —q.,{t)+
d% s [ fc 2 2 zgl() 2

D (1—kT)+48,5(11))  (3.20b)

k=20
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where, qz(t) =i~ ‘[gz ()dt 5 g,()=Re[p(t) ®hg'(t)] and

AO o (T) =A@, (8,T) +4, - (3.21
where, Aigosz (t,7), Mean output phase error of the second pair of photodetector,

and
- £,, Random output phase fluctuation due to IS! for random bit pattern

caused by PMD and GVD in the 2™ 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:

S, (f)=2R,P, =2e(i)BW (3.22a)
Sa(f)=i; = ﬂ{;ﬂ (3.22b)
8 ,(f) = 0SRIPIS, (f) - 52 8(/)] (3.220)

where S (/) and;c represent the PSD and the mean value of x(7) respectively

and 4(f) is a delta function in frequency. Denoting the total noise power spectral
density by, |

5. =8 (N+Su(N)+5 () (3.23)
The total noise power at the receiver output can be obtained as,

ol =al= [S, (NN df (3.24)

where , H,(f) is the transfer function of a Gaussian low-pass filter in the

receiver of 3-dB bandwidth equal to (.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,

im (t) = iml (t) + 'iml(t) (3 25)
=R, Px () + R, Px, (1) .

and
i,(t) =i, )+, ()] (3.26)
=[R,Px,(t) + R, Px,(1)]

where, x,(¢) and x,(f) describe the phase noise induced by the interferometer

intensity due to random phase fluctuation and can be expressed as,

x, (£) = cos[Ap, ()] (3.27a)
and x,(f) =cos[Agp, (1)] (3.27b)
again, A, (t)} and Ag,(t) are given by.
Ap (1) = Aepmd,cdi )+ A, (1) (3.27¢)
Ap, (f)zAgpmd,m'z () +4p,(1) (3.274d)

A@, (1) 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 ¢ is,

i, (0) = R P, [cos(Ap,, (1,7) )+ cos(Ag, (t,0)] +n()  (3.282)

i,(t) = —2R P, [cos( &p )cos( Ap)]+ n(¢) . (3.28b)
Whel"e, 5_€0=A‘ps|(t,r);A¢52(1,T) , A_¢=A¢Sl(t,f)'|2'A§Dsz(f,T) and n(t) iS

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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L p=la07LO) (3292)
c,t G,
0= 4R, P, [cos(éqa)'COS(A;f’)] (3.29b)

O-," + O‘S

Then, the conditional bit error rate can be expressed as,

Ple|Sp, Ap) = % erfc(%i) © (3.30)

For a given value of mean DGD, A7 , the conditional BER can be expressed as:

BER(AT) = [ [Ple| 6p,00) Py, (5p) Py (80) d(6p) d(8p)  (331)

—og—00

3.3.7 PDF of random output phase and average BER

Considering the effect of random output phase fluctuation caused by PMD and
GVD, the output current for ‘mark’ is given by,

in(1)=RyP,[cos(Ag, (1,1)+ &, )+ cos(Ap(1,T) +E, ] +n(t) (3.32)

"The contribution of the term (random phase fluctuation) & and &, can be
evaluated by finding the pdf. Assuming {a,} are independent and identically

distributed (iid) random variables, the characteristic function of &£ and £, is

given by [61],

O, G2 =[ oot a,01=- S Y0ms - a3
D, (J'fz ]_[cc}S $2 45 ()] = Z(jéz))law (3.33b)

(1) = |q2(t —iT)] , M;, and M are the even order

where, ¢,,(f) = 'ql(t -

moments of the characteristic function of random variable £, and &, respectively;
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which can be evall‘latedrby using the following recursive relations [62].

M;, =Y, (N) (3.34a)
M3, =13AN) (3.34b)
Y, () =2 C,, Yy (i-1) gl (3.34¢)

R j=0 .
Yo ()= "C - g (3.34d)
J=0

where, C,; 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,

Prﬁ"l ',_'.F_I[CDAW (jé (3.35a)
Pafz = F—l[q).mrz (4¢5)1 (3.35b)

where, 7' denotes the inverse Fourier transformation.

pnd edl (f) - AQ paid cd?2 (’)]

2 : ~ (3.363)
Aeplud.cd] (f) + Aepmd,rd2 ('r)j + ﬂ(l)

2

AB
i (t)=2R, P cosf

IH!

cosf

A Bpmd edl (t) —-A Bp.lnrf,cd2 (t)

Let, S = - (3.36b)
AB N+AG t '
and Agﬂ =- pmd.cdl( ) ; pmd,c?‘Z( ) (3360)
So, i,(t)=2R,P, [cos(p) cos{Ag)]+ n(t) (3.36d)
Similarly, for ‘space’ the current is,
[.(1)=-2R, P [cos(dp) cos(A@)]+ n{t) _ (3.37)

‘Now according to the equation (3.36b) and (3.36¢) equations, the ultimate
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characteristic functions of d¢ and A are,
D, (6 = P 1 (j&) a2 (JE2)
D4, (&, ) is the complex conjugate of ©,,, (j&,) pdf
©,p(JS )= P (6D 142 (JS2)
The pdf of 6¢ and Ag can given by,

Pop(80) = F7[®, (& )]
P (8g) = F[®,,(GE )

The joint pdf of ¢ and Ag can expressed as,

Pﬁgo,dw (6p,Ap) = P.5¢, (6p)® P,, (A@) '

The average bit error rate of a direct detection CPFSK system is then,

BER(AT)= [ [P(e] 0p,A0) Py, o, (50, A0) d(6p) d(Ap)

—0—on

(3.38a)

(3.38b)

(3.392)
(3.39b)

(3.39¢)

(3.40)

Where, Py, (6¢) and Pﬂ-w(qu) are the probability density function of S¢ and

Ag 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 Az 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 DGD cdn be

evaluated as ‘

BER((A7))= TBER(AT)PA,(Ar)d(Ar) (3.41)

where, P, (Ar) is the PDF of Ar which has Maxwellian distribution with At

as quadratic mean of Ar.

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 Gb/s with several values of mean DGD and fiber lengths for
the following cases: '

(i) Conditional BER performance

(i1) Average BER performance

(iii) Average BER performance considering Maxwellian distribution for mean

DGD.

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 DGD of 10 ps, 20 ps, 30 ps, 40 ps, 50ps 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 DGD is higher for a given
fiber length and the system suffers a significant amount power penalty at BER =
10" which is increasing with increasing value of the mean DGD.
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Fiber length, L= 00 Km | 4
%%%%%%% Mod. index, h=0.50, —
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&

Mean DGD, (at)= 10 ps
—_— 15

'3 e " L 1‘ 1
N W/ 26 24 2 0 8 A6 A4 12 A0
Received Optical Power, Ps in dBm

10

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 DGD of 10 ps, 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 DGD 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 107 is plotted in Fig. 3.4 as a function of DGD
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 DGD/bit
duration ratio (Ar/T) are 020 and 0.30 respectively for direct detection

CPFSK system.
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Power Penally (dB)

Fig. 3.4: PMD-induced power penalty as a function of DGDY/ bit duration ratio
(<Ar>/T) for NRZ- and RZ-O0K, 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 GVD. The plots of average BER versus received
optical power Ps are shown in Fig. 3.5 for mean DGD 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 and
plots for modulation index 1.0 are shown in Fig.3.6. The results show that the
BER is highly degraded when the mean DGD is higher for a given fiber length
and the system suffers a significant amount power penalty at BER = 10" which

is found to increase with increasing value of the mean DGD.

The penalty due to PMD suffered by the direct detection CPFSK system with
post detection low pass filter at BER 107 is plotted in Fig. 3.7 as a function of
DGD 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 approximate'ly 0.50 dB, 1.10 dB, 2.10 dB and 3.50 dB for
mean DGD of 20 ps, 30 ps, 40 ps and 50 ps respectively when the modulation
index is 0.50. It 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 of NRZ-OOK
syétem. But at higher modulation index penalty suffered by CPFSK with 0.50 is
higher than that of OOK and DPSK system.

T T T T T T T T T T T

i | ' Maodulation index, h = 0.50
Dispersion co-efficient, Dc=15 ps/km-nm
10? b 7 B84 ]
N DS

10 0 ps ]
= \
g \ 54 ps
[ 10-0 \ .
oo} ) 30 ps
: \

0
-8
10 \ ohes

Mean DGD, {a7)= 10 ps \
10 i k
Mean DGD, (a1)=0ps |‘

i

10' Il 1 L 1 1 s 1 1 1 1
32 30 28 28 24 22 20 1B -6 <14 12 -0

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)

T T LI T T T I 1 | — T T
0 . {Modulation index, h = 1.00
10 r Dispersion co-efficient, Dc = 15 ps/km-nm ]

BER{ A

-
D4

Mean DGD, (At} = 10 ps

Mean DGD, (a1 = 0 ps

10 1 1 1 1 1 L Il z
32 30 .8 ® 24 .22 20 18 16 14 712 410

Received Oplical Power, Ps in dBm

Fig.3.6: Average BER versus received power, Ps for direct detection CPFSK
system impaired by PMD {modulation index, h=1.0)
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Fig.3.7: PMD-induced power penalty as a function of DGDY/ bit duration ratio
(< Ar > /T ) for NRZ- and RZ-O0K, 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.

Average BER (tat))

Modulation index, h= 0.5
Fiber lengih, L= 100 km

12

Received Oplical Power, Ps In d&m

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 DGD at a bit rate of 10 Gb/s. The results show that the BER performance
is more affected at higher values of mean DGD and at higher modulation index.

T T T
modulation index h =1.00
Fiber length, L = 100 km

Average BER ({at))

Muan OGD sy =0 ps

<

-18 -16 -4 -12

i L
-25 -26 -24
: Received Optice! Power, Ps in dBm

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? is plotted in Fig.3.10 as a function of DGD normalized by bit duration. It is
observed from Fig.3.8 that the penalty at BER = 107 is increasing with
increasing values of the mean DGD. 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
DGD of 20 ps, 40 ps, 60 ps and 80 ps respectively. Further increase of DGD
leads to a BER floor above 10~ 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 and 10® for modulation index of 0.50 and 1.0 respectively to a
corresponding mean DGD of 90 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 DGD 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 DGD of 60 ps at modulation
index of 1.0. Thus the ambunt of power penalty is higher at higher valueé 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 systéms and heterodyne lightwave systems.
Coh'crent 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 Gb/s
considering Maxwellian distribution for the DGD.

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
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the bit rate has a mére compact spectrum than the PSK signal and is therefore
suitable for high speed transmission system. Héterodyne 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 aﬁd automatic
polarization control methods for coherent optical communication are described
in detail in [63]-[65]. The impact of PMD 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 baséd
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 systemn
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 régime 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° aré evaluated at a bit rate of
10 Gbrs. -
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4.2 Delay demodulation receiver model

The received optical signal is combined with the optical signal output from the
local oscil]atdr 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 -demodu_lation. The output of the filter is then demodulated using a
delay line discriminator, Theroutput of the discriminator is then filtered by a
low—péss filter and fed to a sampler followed by a comparator. The threshold
voltage of the comparator is set to zero value. If the output voitage is greater
than zero than a binary ‘1’ is detected, otherwise a binary ‘0’ is detected. The

block diagram of a CPFSK delay demodulation receiver is shown in Fig. 4.1,

Low
Optical »{ Biinad F Vigt) pass Decition Output
o/ coupkr optial M Filter > filter p cimut
p| Frod-and
w | AFC

Fig. 4.1: Block diagram ofa 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\(1)=2P, expli2af.i + jo. (0]ic, ,] @

E,(1y=2P; exp[j27f.t + j§,()][c,€,] (4.2)

where, f. is the carrier frequency, P, is the transmitted optical power and the
CPFSK modulating phase 4_(¢) is given by
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8.(0=278f [10)d +4,) @3)
10=Yap—kry ‘ | (4.4)
k=—0

where a, =21 is the random NRZ bit pattern of the kth information, Af is the

peak frequency deviation, p(f) is the elementary pulse shape of duration T
seconds and ¢, (¢) is the phase noise of the transmitting laser. Here, c,,c,

_represent unit vectors and e, , e, represent the two principal states of polarization

(PSPs) respectively.

The electric field output of the fiber is then given by

Eq ()= 2P, explj2af.t + j¢, (D[, 1@ h (1) (4.5)
Eqn() =25 explj2nf .t + 9, (D]lc, 2,] © by (1) (4.6)

where A (¢} and h,(t) are the inverse Fourier transform of the fiber low pass
transfer function of a non-dispersion shifted lossless fiber H,(f) and H,(f)
respectively, which include the effect of PMD and group velocity dispersion and
® 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 H ()} and H,(f) are given by,

H\(N) = el 21/ (<55 =y (&.7)
Ho(f) =T a expl 24 (55) - jy(arr)'] (4.8)

where a is the PMD power splitting ratio, At represents the DGD between the
two PSPs and '

e o Al
y = Chromatic dispersion index =— DR, L ;
o

T = pulse duraﬁon, A = wavelength, D= Chromatic dispersion, R, = Bit rate
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and L = fiber length

Now, as{suming linear phase approximation, the output electric fields for two

polarization states can be given as,

Eq (1) =~2P, explj27f t + jy, (1)][c,.¢] (4.9)
Eoy (1) =12P, explj27f. + j, (D][c, ;] @10

where, '
Po ()= Rf{[¢s (1) ® h, (1)) ' (4.-1 la)
=27 Af ]Z a, Re[p(t — kT) ® h, (#))dt _ (4.11b)

and

P, (1) = Re[g, (1) © b, (1)] _ (4.12a)
=21 Af ]—Z a, Re[p(t —kT)® h, (tj]dt | (4.12b)

The signal at the output of the IF filter is given by,

fo(t) = Ry PP, (expl j2nf it + joo ()] +expl j2nfipt + jooa (1 )]} +i,(t) (4.13)

now considering the real part only
ta(t)=RyP P, {COS[ZTEf{F; +o, ()] + CbS[ZWfrF’ + o (M} + (1) (4.14)

where i (1) represents the total noise current consisting of shot noise and

5

receiver thermal noise, R, is the responsivity of the photodetector, P, is the
output power at the fiber end, F,, is the local oscillator power, f,. is the IF

frequency.

The phases @, (¢) and ¢, (r) are given by

P (1) =Re[g, ()@ 1 () ® hp (1)] (4.15a)
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B () =2n Af ]Zakg,(t — kT)dt (4.15b)

where,  g,()=Re[p(t)® h (1) ® hyp (1) (4.150)
and 4, (1) =Re[4, (1) ® 1, (1) ® by (1)] (4.16a)
B, (1) =27 Af ]Zak g,(t—kT)dt (4.16b)

where, g,(t)=Re[p(t) ®h, ()@ h,.(t)] (4.16¢)

where A, (t) is the impulse response of the IF filter. The IF signal current is then

given by [using (14)], -
io = 2R, [P P, cos{2nf ,ut + [¢ ¢°2 1} cos[%% ] +i(t) (4.17)
Let ¢(; ([) — ¢D] > ¢02 and ¢g(t) ¢Ol ¢0‘2
So, iy(t) = 2R, [P, Py, cos (1) cos[2af ot + 4} ()] + f,,(t) (4.18)
The output of the IF filter can be expressed as,
Vo(£) =2R, PP, a(t)cos[2af .t + ¢y ()] + n(1) . (4.19)

Assuming, a(¢) =cos ¢, (¢) is the amplitude due to PMD and GVD

n(r) is the receiver noise due to photodetection with one sided spectral density
and variance, N, =2eR, P, B, , e representing the charge and B, is the

bandwidth of the bandpass filter. It is convenient to assume that H (f) is an
ideal bandpass filter about f,. of bandwidth 2B, where B is the baseband

bandwidth of the transmitted digital signal.

Following the delay demodulation (delay time t) and low pass filtering (wide
enough to pass the signal undistorted), the low pass filter (LPF) output is given

by,
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Vou (1) = Voaltycos[ Ago(t,7)] (4.20a)

Vo (8) = A(f) cos[Ag, (2,7)] (4.20b)

where,
A(t) =V,a(t)

=2R,\ PPy, cosd;(f) _
A(r) 1s the amplitude and the differential output phase of v, () of the LPF can

be expressed as,

Ay (1,7) =27f T + Mgy (1,7) + AD, (¢,7) (4.21)
where , Ag, (1, 7)=¢,(t) — ¢, (2, 7) : (4.22a)
C=oAf IZakgO(t _ KT )dt - 2m Af __[Zakgo(: _kT)di (4.22b)
—w K —w K X
=2n Af [ a,ge(e—kryds _ (4.22¢)
1 k

t ¢ '
=2nAf IZaogo(r—kT)dt+2nAf IZakgo(r—kT)dt (4.22d)

-1 k foq k20

Say, a *mark’ is transmitted, thus @, =1

Aqﬁ(; (,r)=27 tAf q(t)+ 27 T Af Zakq(t —kT) (4.22¢)

k=0

ABYLT) = Ady(t,T) + & (4.22)

where g()== [, (0dr and  go() = (g, + 2(0)]

-1

using the notation,

A8 (t,7)=2x rje,, (1)d1, : (4.23)
and @ ()=arotan| — =8| (4.24)
! A(t) + n,(2) '
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n (f) and n (r) are the in-phase and quadrature components of noise n(¢)
respectively, with zero mean and variance o> . It is assumed that the IF filter is a
finite band-pass integrator which is éymmetric around f, with bandwidth
B,= %, and demodulation time 7 = %h , k<1 ( narrowband CPFSK) and for
the IF filter chosen, the correlation between &, (¢) and 8, (¢ —1) is zero. For

other types such as a gaussian or second order Butterworth, the noise correlation
is negligibly small for B, 22 and s <1 (for NRZ data).

4.3.1 Conditional bit error probability

In delay demodulation receiver the data decisions are based on the polarity of
(¢). Assuming a ‘mark’ is transmitted (saya, =1) and under ideal CPFSK

VDMI'
demodulation condition, 2af,r=(2n+1)x/2 ; n is an integer and
27 Aft = x/2 for NRZ data. Now, applying the above conditions, the phase of

v, (2) at the sampling instant #y can be written as [using (4.21) and (4.22¢)],

Aoty 1) =20f 1t + 2R AS gty )+ 21trAfZakq(tg —kT)}+ A8, (15,7) (4.25a)
kel

Ay (10,7 = 2 1 +12‘-- 123 +%q(z0) +§ano —kT)+ 40, (1,.%) (4.25b)
. k=0

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, A@, (t,,7) represents the phase distortion due to receiver

noise.

Denoting the phase distortion of the signal only due to PMD and GVD as »

Tz i ,
q:——+—q(a:o)+—Za,fq(tD —kT) (4.26a)
2 2 2o '
=Ag, (t,r)+E (4.26b)
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where, A @, (1,7) is mean output phase error and

£, the random output phase fluctuation due to ISI for random bit pattern -

caused by PMD and GVD.
For a given IF SNR, the conditional bit error pI‘Obabl]lty P(e| £), conditioned on

a given value of £ given by [70],
Ple|&)=P(-n < Ag,(t) mod 27 <0| &)

: =l— A’"Z( T [ [ ] ]”“[gﬂzx (4.272)

exp[—(2n+ 127 Av t]xcos[(2n + )(Aa, (t,7) + £)]

=% — F(aay(t,7),8) - | (4.27b)
'_él_
ﬂ : ) v 2
i where, p = %0_2 is the IF SNR, 7 (x) is the modified Bessel function of first

; kind and order o, o is the variance of n(f). The second term in (4.26b)

implicitly defines F(Aao, 4’) in (4.27b).

4.3.2 Pdf of the random output phaée 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,

F,(j&)= HCOS[é’q =3

> 2{)' My, (4.28)

where g,(f) = ‘q (¢ M ,, are the even order moments of the characteristic
function of random output phase £. Moments M ,, can be evaluated by using

the following recursive relations,
M, =Y, (N) (4.29a)
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Y, ()= Zl’c Y, =1 gl (4.29h)

where *'C,, is the binominal coefﬁcnent and N is the actual number of terms

The pdf of the random output phase_; & can be written as,

P(&)=F'[F,(j&)] (4.29¢)

So  for a given value of mean differential group delay (DGD), Ar the

unconditional BER can be expressed as,

BER(AT) = [P(e| &) P (&) dE - (4.30)

The above integration can be carried out by Gauss-quadrature rule.

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 térrestrial and
submarine transmission systems are 100’s or 1000’s of km, 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((A1))= |BER(AT) P, (A7) d(AT) (@431
4.4 Results and discussion

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 DGD at a
bit rate of 10 Gb/s. The plot for conditional BER versus received optical power,
Ps are shown in Fig. 4.2 and Fig. 4.3 for different values of DGD 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 DGD is higher for given fiber length and the system suffers a
significant amount of power penalty due to the effect of PMD. At BER 107 the
penalty 1s found to be approximately 0.70 dB, 1.75 dB, 3.50 dB and 5.75 dB
corresponding to’ instantaneous DGD 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 DGD is 70 ps and h =
1.0. '

1w L " [Modulation index, h=0.50
Fiber length, L= 100 km

Conditional BER A1)

DOGD. at=0ps

L L L
-48 -46 -44 -42 -40 -38 -36 -34 =32 <30
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
is plotted in Fig. 4.6 as a function of DGD normalized by bit duration. It is
observed from Fig.4.3 that the penalty at BER = 10 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 reépectively at a modulation index
of 0.50. Further increase of DGD leads to a BER floor above 10" which can not

be lowered by further increasing the signal power

T T T T T T T T

n ; : ‘ : :
10 R .. - e e , - Modulationindex: h=100 ———————————— -
; ' H :  |Fiber length, L = 100 km

Condilional BER {41)

. DGD, Ad=0ps .

1" i i L K ‘ i
-48 46 -44 -42 -40 -38 -36 -34 -32 -30
Received Optical Power, Ps in dBm

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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T T T T T T T T
" Modulation index, h = 0.50
10 Fiber length, L = 100 km 4
BOps_
g 9 p\ b
~ 55-n
w
4]
E) &0 :\ ]
5
< .
'S
Mean DG, (At> =0 ps
10k 20 ps e
O ps
10" 1 1 1 : i i 1 £
-48 -46 -44 -a2 40 -8 -36 34 32 -30
' Received Optical Power, Ps in dBm
Fig. 4.4: Plot of average BER versus received power, Ps for heterodyne
CPFSK receiver impaired by PMD at modulation index 0.50
! ¥
' - fModulalionindex, h=1:0 -
“|Fiber length, L = 100'km
s
14
w
m
-
g
<
2

-48 -a6 4l .42 40 -38 -36 34 22 -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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He1em¢§ne CPFSK:sy:ta‘m
Modulgtion Index, h = 0.50

Helsrodyns CPFSK syslem
Modulation Index, h =i1.0

Power Penalty (dB)
o

- ! i ; i i
0 0.1 8.2 03 04 0.5 Q06 0.7 08
. (AT

Fig. 4.6: PMD-induced power penalty (considering average BER) as a function of
DGD/bit duration (( < 4r>/7T )} for NRZ- and RZ-OOK, NRZ-DPSK and
heterodyne NRZ-CPFSK system.

It is noticed that BER floors occur at about 2x10®, 10 and 2.5x10*
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 Fig.4.6
for comparison. It is further noticed that penalty suffered by heterodyne
detection CPFSK with modulation index 0.50 is higher than that of NRZ-QOOK
system. But at higher modulation index, penalty suffered by heterodyne CPFSK
is also higher than that of OOK 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
the 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

" pPMD.
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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 1 dB occurs with probability 107 or less. With the evolution
of specialized manufacturing methods, PMD in present day telecommunication
grade fibers is kept low (<0.1 ps/Nkm). 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_cholastid nature of PMD 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, ie.,

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 ISI. When applied to digital fiber-optic communication system,
such methods are adopted after the receiver, to reduce the ISI 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], incorporafing 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.
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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
frequenéy 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. [t 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 ISI. Such electronic PMD equalizers can be integrated into the receiver,
thus saving installation costs. The goal of électronic equalizers is minimization
of IST 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 ISI 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, AT, and superimposes the differentially delayed
signals at the output port. The tap weights are adjusted to minimize ISI in the
received signal. The DFE 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 IST 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 perfoﬁnance.
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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 and use of more PMD robust line coded signal and soliton
transmission, allocating more margins to PMD distortions, FEC coding, channel
switching and polarization scrambli'ng. 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 Gb/s system [74}-[76]. For
DWDM systems, Sarkimukka et a/ [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 approaéh five times as much as PMD
can be tolerated compared to the suggested I'TU limit (G.691). A novel family of
optical line codes were also used to counteract the fiber chromaﬁc.dispersion and
it is reported that a relative improvement of 2 dB at BER 107" 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 return-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}
signals 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, thé’
power in isolated zeros rises only slowly, whereas in the case of NRZ, 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 (DMS), which are known to be more resistant to
PMD effeéts. A comparison of the penalties incurred by NRZ, RZ, CRZ and
DMS signals in the presence of high PMD has been made using computer
simulation in a 10-Gb/s terrestrial system, [82]. The results showed that RZ,
DMS aﬁd 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 PMD and
GVD in a single mode fiber. The analysis is carried out for three different
linecoding schemes, i.e., alternate mark inversion (AMI) or bipolar, order-1 and
delay modulation coding, to investigéte the efficacy of the linecoding in
counteracting the effect of PMD in CPFSK optical transmission system. Fig. 5.2

shows the conventional NRZ- and AMI linecoding. In AMI, ‘0’ is encoded by
no pulse and ‘1’ is encoded by a pulse p(f) or - p(r) depending whether the

previous ‘1’ is encoded by - p(¢) or p(¢). 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 {DM) is also known as Miller coding.- In DM, a ‘1" is represented by
a transition at the midpoiﬁt 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 evaluvated 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 DGD:due to PMD.
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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
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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 & <1 and transmitted in
sequence a.ccording to the duobinary logic. Novel optical codes are ranging from
order 1, 2, .... n and in our case we have used order 1 code. The first order code

~ uses four wave forms, (¢}, and the state diagram is shown in the Fig. 5.3, where
Zl and Zz are the code status and the elementary signals si(t) , where i =1,

2, 3, 4 are depicted. Elementary signals form two pairs with s,(#) = —s,(¢) and
5,(t) =-s,(¢) . In addition two of the elementary éignals s,(¢) and s,(t)are

scaled by a. In our case, « is chosen as 0.5 to produce best spectral shape.
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s2(8)
fta, eeme- 0
o (@) e T
8a(t)

i

Fig. 5.3: (a) Elementary signals and (b) code state diagram of novel order I code -

The information (data) sequence fu, } is encoded to form the coded signal,

X0 = 3 8,05, (t~KT; 1) (5.1)

k=—ao

where o, denotes the generic encoder state and g, (o, ) is a coefficient defined
by the following rule

Loy (O) G, =Y

l,...5,(t) if o, :Zz (5'2).

gl(t,uk): {_

where, Zl and Zz indicates the states allowed to the encoder, and s, (f;%, )is
one of the two elementary signals s,(#) and s,(¢) selected in accordance with

the following rule:

o, +1 ;gz(uk,at) (5.3

The above encoding rules are summarized in table 5.1 and an example of a

waveform generated by the order 1 code with 0=0.5 is shown in Fig.5.4.
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Information Generic encoder | Sequence of the state | Encoded signal
sequence (u,) | state (o,) of the encoder (g,) x,(t)

0o > > 5,()

0 2 2 =51} =5,(0)
| >, D 5, (0)
1 > 2. —5,() = 5,(8)

Table 5.1: Summary of the encoding ¢riteria for novel optical code

Order 1 code

Fig. 5.4: Order 1 novel optical coded signal

Additional insight into the structure and characteristics of the order-1 code can
be gained by expressing the four elementary signals in Fig.5.3 as linear

combinations of rectangular pulses of duration77/2 .

I; O0<t<T/2
c(t)={ <t< _

(5.4)
0 elsewhere
Now, the elementary signals s,(f) for i=1,2,3;4 in terms of c(¢) is given by,
s,(t)=c(t)+c(t=T/2) | © (5.52)
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s;(N=alc(t)—c(t-T/2)] {5.5b)
5,0 =5, (5.50)
5.(t) = -5,(t) . (S.Sd)

5.2.2 CPFSK modulation with linecoding

As mentioned earlier, appropriate linécoding of the DBF laser driving signal can
overcome the adverse effects of PMD. Three linecoding schemes are considered,
i.,e, DM, 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 PMD. 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,
Iy = br(t —kT) - . (5.6)
k=-c0 ’

where, b, ’s are independent and identically distributed (iid) random variable

taking values £1 and r{¢) = p{t) ®c(¢). The Fourier transform of r(¢) is given
by, |

R =CNPY) (5.7)

 where, . .
K- ’
C(f) =2 ¢, exp(~j2m(T) 5

is the transfer function of the encoder and where c(t) = F'[G(f)] is pulse
shaping due to linecoding. The sequence of symbols {bk} is generated to avoid

error propagation by a precoder defined by’
K-l
a, = cb,,mod(2) (5.9
=0

The K code coefficients ¢,,c,,c, ........ Cy., -are usually integers and can be
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properly chosen to generate a specific linecoding scheme,
1t 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 g,(¢) and g, (¢} in the previous case

g (1) =Re[p(t) @ c() @A (1)@ Ry (1)] . (5.10)

g2(1) = Re[p() @ c(1) @ 1, (1) @ b (1)] (5.11)

For the lincoded signal, the pulse shaping function ¢(¢) can be obtained from the
following C(f) for:

Alternate mark inversion {(AMI):

C(f)=0.5[1-exp(=j2%T )] (5.12)
Delay modulation (DM): -
[3+2cos(nfT)+cos(2nfT)—cos(3fT )] +

Jl6sin(2nfT )+ sin(nfT )+ 3sin(3nfT ) + dsin(4rfT )]
S+12cos(2yT }+4cos(4nT)

c(f)=

Order 1 ;
C(f)= %[(1 ‘ a)cos(’?fT A ) +(1 —'a)cos(i”ﬂ A )T (5.14)

where « is the scaling factor

Now following the derivation of CPFSK direct detection or CPFSK heterodyne
detection the average BER can be found for AMI, DM and order 1 linecoding

using the following expression,

BER = ?BER(AT) P, (A7) d(Ar) (5.15)

82

(5.13)



Single Channel PMD Compensation

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 DGD with and without linecoding at a bit rate of 10 Gb/s.
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 DGD. The results show that the BER performance is more affected at
higher values of mean DGD and at higher modulation index. It is noticed that
BER floors occur at about 2x10%, 10 and 2.5x10 corresponding to mean DGD
of 60 ps, 70 ps and 80 ps respectively at modulation index of 0.50, which means
that at these mean DGD’s BER can not be lowered by further increasing the
signal power, The amount of penalty is approximately 6.80 dB when the mean
DGD 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].

Av erage Bit Error Rate (BER)

-4B -45 41 -39 -36 -33 -0 -2 -25
Received Optical Power, Ps in dBm

Fig. 5.5: Plot of average BER 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-1-CPFSK respectively at BER 10, For delay demodulation (Fig.4)
linecoding, it is about 1.5 dB at the same BER and for a mean DGD of 30 ps.

: : , : : , :
: : Modulation index, h=1.8:

Fiberlength, L= 100 km:
Line code: Deldy modulation

Average Bit Error Rate (BER)
:m

: T \ G A i
-48 -45 -42 -39 36 -33 -
Received Optical Power, Ps in dBm

Fig. 5.6: Plot of average BER versus received power, P's at modulation index 1.0 with
delay modulation linecoding

T T T T T T

@b b L .. Motlonrcer n=0s]
: Fiber fength, L = 100 km
. Line code . AMI
i T
) : : )
T0pE~ . N
; ~ - :P e S e
x H
; R

5 . \\ ; :
g : i :
EH : : :

\ l \ L 1 1

K ET) S

Received Oplical Power, Ps in dBm

Fig. 5.7: Plot of average BER versus received power, s at modulation index 0.50
: with Alternate Mark Inversion (AMI) linccoding
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For small power penalties PMD follows the following expression [7],
(A7)
e(in dB)= A l-a) - 5.16
(in dB)= ( MT a(l-a) (5.16)

where, M T is the symbol duration A is a dimensionless parameter determined

by the pulse shape. In our case, M=1 and the value of A is about 39, 22, 19 and
16 corresponding to NRZ, DM, AMI and order-1 codes respectively.

T T T T T T T
10° . ...|Medulation index.h= 1.0 EO—
Fiber length, L =100 km 1 :
line code : AMI
107 | R T TR E i e .............. 4
o .
] :
o
F- Tl S N v AN, RV S— ]
o ;
5 :
= :
w .
T 49t : -
& :
e :
I>.l .
< E
LT T T O N T I P o s
Mean DGO, {4ty = 0 ps '
10" - -
107 ‘ L i i ;
-48 -45 42 -33 -30 -27 -25

Received aptical 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 107 (at DGD 70 ps), 3.5x10° (at
DGD 60 ps) and 5x107 (at DGD 60 ps) for AMI, order-1 and delay
modulation lineéoding respectively. Above these values of mean DGD, the BER
can not be lowered by further increasing the signal power |
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Average Bit Eror Rate {BER)

T i

Fiber length, L =100 km’

Lina code : Order 1

. |Modulation index, h=0.50| .~ =

Fig. 5.9: Piot of average BER versus received power, Ps at modulation index 0.50

Received Optical Power, Psin dBm

with Order 1 linecoding

Modulation index, h= 1.00

Line code : Order 1

“|Fibe length, L S400km | 77

T
uw
)
»
|
4
5
E
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&
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e
H
< 1wt :
Mean DGD {Aty=
ool o
, P 3
H H R i ‘
Py %
- ; : A . i
48 45 -42 -39 -36 -33 30 =27 -25

Fig. 5.10: Plot of average BER versus received power, Ps at modulation index 1.0

Recelved Optical Pewer, Ps in dBm

with Order 1 linecoding
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Power Penalty in dB

el : '
R RS ; ; Y ;
0 .1 0.2 0.3 0.4 05 06 07 0.8
Nermalized mean DGO A0/7

Fig. 5.11: PMD-induced power penalty as a function of DGD/bit duration
{(<aAr>/7) for NRZ, DM, AMI and Order 1 linecoding of a CPFSK
system { modulation index =0.50)

T T T
Halazodyns CPFSK ) .
Medulalign index, h =

Power Penafty in dB

ol 7 H i i i i
0 01 02 0.3 0.4 0.5 06 0.7 08
Normalized mean DGD BT '

Fig. 5.12: PMD-induced power penalty as a function of DGI/bit duration
((<ar>/T)for NRZ, DM, AMI and Order 1 linecoding of a CPFSK
system { modulation index = 1.00)
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Parameter " Values unit
Temperature (T} 300 ' K
Bandwidth (8) 10 . GHz
Receiver load (R;) 50 Ohm
Receiver responsivity (Ry) 1 AW
Wavelength (1) 1550 nm
Operating frequency (f) 1.93355x10'" Hz
Scaling factor () 0.50 ' Unitless
Dispersion index () 15° ps/nm-km
Power splitting ratio {(a) 0.50 Unittless

Table: 5.2: The assumptions used in computing the BER performance results

Fig. 5.11 shows the 107 BER power penalty of NRZ- , AMI-, order-1- and DM-
CPFSK, versus the ratio of mean DGD to bit duration (At)/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-1
linecoding is more superior to- AMI and DM. For example, the power penalty
improvements are about 0.5 dB, 1.15 dB and 1.95 dB corresponding to DM,
AMI and order-1 respectively at mean DGD of 30 ps with respect to NRZ-
CPFSK. From Fig.5.11, it is also observed that the power penalty improvemerits
above 30 ps mean DGD is almost constant for all linecodes and the amounts are

about 0.30 dB, 0.80 dB and 1.65 dB corresponding to DM, AMI and order-1

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-1 linecoding gives nearly twice the
maximum allowable value of (At)/T than NRZ data

5.3.2 Comparison amon'g different linecodes 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 DGD | Ourwork
optical power >30 ps
Altemmate Mark Inversion (AMI) | BER  vs received | 0.80 dB for DGD | Our work
' optical power >30 ps
Order 1 BER vs - received | 1.65 dB for | Our work
optical power DGD>30 ps
Duo binary - Eye diagram 1.20 dB for DGD> | Ref[118]
. 35 ps.
Modified duo binary Eye diagram 1.35 dB for | Ref.[118]
DGD>35 ps
Low-density parity-check BER vs electrical | 1.30 dB for DGD > | Ref[119]
(LDPC)-coded SNR E, /N, 30 ps
A novel chirped intra-bit | Q-factor 1.45 dB for DGD> | Ref. [120]
polarization diversity modulation 40 ps and
(C-1PDM) 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 iower frequency.

In our research work, we have studied three linecodes (DM, AMI & order 1) to
find their tolerance in first order PMD. We compare our research work other
contemporary works in Table 5.1. From the table we found that order 1 line code
is most effective and it can mitigate about 1,65 dB for mean DGD > 30 ps

5.4 Summary

In this reséarch work, an analytical technique without and with linecoding is
provided . for the performance evaluation of a heterodyne CPFSK system
impaired by PMD in présence of chromatic dispersion. The effectiveness of
several linecodiﬁg schemes, i.e, AMI, order-1 and DM, in alleviating the
performance degradation due to the PMD is quantitatively assessed. We found
that for lower values of PMD the compensation effect of linecoding is more
pronounced than higher values of DGD. The power penalty improvements above
30 ps mean DGD is almost constant for all linecodes and the amounts are about
| 0.30 dB, 0.80 dB and 1.65 dB corresponding to DM, AMI and order-1
respectively. Among the three linecodes order-1 linecoding is superior to AMI
and DM. From the analytical results, we observed that oder-1 is the best, AMI is
better than DM linecoding. For example, at 30 ps mean DGD, order-1 effects is
0.80 dB and 1.40 dB higher than AMI and DM respectively. This happens due to

the compact spectrum of order | linecoding.
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Chapter 6

EFFECT OF PMD IN MULTICHANNEL OPTICAL
- TRANSMISSION SYSTEM

In this chapter, \';fe propose system models for treating PMD in two channel
(pump-probe) as well as N-channe! 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
WDM 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)
1s 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 nontinear phase shift becomes time dependent and leads to spectral
broadgning 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 chénnel through GVD that result the inter-channel

crosstalk.

_ Oner important feature of nonlinear fiber effects is that the strength of interaction '
depends on hght polarizatioﬁ of the propagating waves. Both absolute (Iinéar,
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, polarizationr variation and polarization mede
dispersion [92]-[107]. 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 ef al [92], déveloped 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. G. Zhang et
al [94], experimentally reported that SPM can suppress PMD penalty and XPM-
induced polarization scattering in dense WDM fransmission systems can reduce
the PMD impairment. C. R. Menyuk et al [95], analyzed the interaction of PMD
and Kerr nonlinearity and 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 al [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 ih 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 anglq 8(2)
between the pump and probe SOP fluctuation that produce intensity dependent
pulse distortion on a propagating signal. Using the pdf we analyzed the impact of
PMD on XPM in terms of average BER for an IM-DD WDM system at a bit rafe
of 10 Gb/s. we also find the variance of the SOP between pump and probe with
respect to fiber link and channel spacing. To best of our knowledge the

influence of PMD on XPM in terms of BER 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 assﬁme that the pump,

A)

act as channel 1, which modulates the transmitted ( f,) data from the laser diode

at wavelength, 4, and the probe, Az) 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 IM-DD method.

, EDFA in cescade
? -/ \
R AN ol (ol (o N T I
T A, l’/ l/ g 5 M
WOM DEMU Single Mode Fiber (SMF) WDM DEMUX
Input Signal { £} ) ' | ‘ Direct defection

Fig. 6.1: Block diagram of a pump-probe configuration with EDFA in 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 intrachannel
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 tandom. 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 |A2) by

assuming unperturbed, | 4,,) and perturbed, |4, ) probe fields respectively.

With these simplifications (as shown in Appendix B), we can write the following

equations for pump and probe field evolutions as,

A A if3 & A4 a, ) )
Wy B Sayienla) e
8 A : |
Iaz"’) = —a—;| Aza)—é—Qb.o-| Ay) (6.2)
Az [Ay) By 2*(Azp [41)

P = .—aZ(AMJAN)+IGTIPOSO[3+cos9(z)] (6.3)

where, P, =(A,|4,) and S, =(A4,,|4,,) are the pump and unperturbed probe

power, P=(A,|o|4,)/P, and S=(4,,l0|4,)/S, are the unit vector
representing the SOP of the pump and unperturbed probe on the Poincare
sphere; Q = (@, — @,) is the channel spacing, £, =8/9y, and £, =8/9y, are the
effective nonlinear parameters, 8(z) = P.S (z) is the random angle between the
pump and probe SOP, &8, = (B, — B,;)1s the group velocity mismatch between

the two channels and 7 = (¢ - f3,,2) is the reduced temporal variable.

From (6.1) we see that the pump polarization 7 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 (€25). The total optical power of the probe field is given

by,
(4 A4,) = (Ayy | Apy) + [ Ay | A5)) + ¢ ] = S, + 68, ' (6.4)

where 48, is the modulation amplitude, which is a measure of the XPM induced

crosstalk. PMD randomly changes the angle between P and @(2) 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, 8, () = &, (L, )/S,(L); we obtain,
Es}(w)=—jez(z)ﬁ(z,m)[3+cose(z)] si —;—Lj‘mzﬁu(z,)dq}dz (6.5)

where a tilde denotes the Fourier trarisform and ﬁ,, (z, ) is the Fourier spectrum
of the pump power at a distance z'inside the fiber and f,, 1s the GVD coefficient
of the pump.

Since the pump polarization P remains constant and the random variation of
S(z) responsible for the randomness of #(z). Thus to find the pdf of the angle
6(z) between pump and probe, we assume that it is driven by the white noise

process and can be written as,

dg . |

=8¢ | (6.6)

‘where, 7 <'.§‘(z)> —0 - (6.7.)
<§(zl).§(z2)> =n?6(z,-2) (6.8) |

where 77=1/L, = D}Q" /3, Q=w, -, is the channel spacing and D, 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 @(z) or
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simply & can be obtained [95],

p 1 , 0%
et Sy S o 6.9
oz ‘277 08* (6.9)

where p(#,z) is 27 periodic in € and p(0,z) = 6(0-6,). 0, is the value of @
at z=0, &, 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 &(z) and

expressed as,

p(8,z) =2L+lZexp(—%n2mzz) cosm(6 —6,) {6.10)
T

m=]

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.
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,

o2 = Ljdzl ]dzzr‘ {(S‘(z1 )S(z, ))}
S 6.11)
:ﬁ [do, J.a’u)z[ja‘zl iz, m?8(z, - 2, )}

To find the E,(z, @), we assume that the effects of dispersion and nonlinearities -

do not significantly change the pulse shape of the pump channel along the fiber

and analytically solving(1), we then obtain,
P(z,0) = B,(0,&) exp{ j[- a(z)+iow 86z, )]a‘zl} (6.12)
4] .

Substituting this expression in (6.5), we obtain the following analytic result for

the XPM-induced crosstalk,
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Sy(w) = B(0,0) ﬂz +cosB(2)| F(z) dz (613) -

where the function F(z) takes into account loss and dispersion variation along

the fiber link and is given by,

z L '
Frz)= —cz(z)exp{.l-[—al(z,)+im Sﬂi(zl)]dz,} .u‘n|:15 J-mzﬂu(zljdzlil dz (614)
a z

The crosstalk level changes with time depending on the bit pattern in the pump

channel. Thus, &, (r) fluctuates with time and the crosstalk variance, also called

XPM-induced interference can given by,

2

1
" T

[5,( (7)]2 dr

—

a,

(6.15)

|~

I S S o -a)T
4—}1_2J;¢::’cal Jodcoz Se(@) 6, (w,) smc[(l_ngM}

where, T is the time interval of measurement. Usually the measurement time T is
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.1. 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 ;. We also assume that chanriel 2 is a low-
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power continuous wave (cw) at wavelength, 12 . 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 (IM-DD) method.

h 4

FA in cascad ’ )
T, \ * rx,

E—

h 4

ONO N ©
vV

TX; RX, Direct
: detection
TXn > ™ RX
WDM MUEX Sing]er Mode Fiber (SMF) WDM DEMUX

Fig. 6.2: Block diagram of a multi.-channeI/WDM 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,

a‘AJ)z_B aIAz)_iBu azlAf)_&lA )—iB O'IA}
b2 a2 e 27 R (6.16)
2y, RV
Lo, 4+ | 4,) (4, |+ 45)(47]] | 4,)
aIA'f),_,_ﬂ aiAf>_iﬁ21 82|A1>_ﬁ|A )_LB .O'|A>
G Tar o2 ot 27 2 (6.17)

Jl4,)

Lo+ | 45) 4
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where, B,;,B,, and a; (j =1,2) are the inverse group velocities, group
velocity dispersion (GVD) coefficient and fiber losses for the two channels and

the Jones wvectors ‘A,) and ‘A2> are two-dimensional column vectors

representing the two components of the electric field in the x-y plane. In the

Jones matrix notations, (A }is the Hermitian conjugate of |A> While |A*> is

the complex conjugate of|A>. The random vector B(z,0) describes the residual
fiber birefringence, while the vector o has the Pauli matrices ﬁs its three
elements. The vector # is formed as ¢ =0 ¢, + 5,¢, +0,8,, whereé,, é, and
é, are three unit vectors in the Stokes space and this vector is used to relate the
parameters between Stokes space to Jones space. The o, o, anda, 2x2- Pauli

spin matrices are given as;

1 0 01 0 ~i
0'] = 0-2 = 0-3 =1 .

0 -1 I 0 i 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,w).

If now there are more than '2’—channels equations (6.16) and (6.17) can be
extended as,

o i .
—72|A2)—532.a|,42)

A}y Ah) 214
Bz 2 2 ot

2:722[2 (4,1,) |4, ), |55 ] )

(6.18)
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34,) _ ol4,) By, o'|4,) e

i
P T T RN R L) (6.19)

il a4 41 ] 4,

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

(L, =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). Thus to avefage 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 'A j> = f’| A}), where the Jones matrix 7 satisfies,

ar i - .
——=——PRB aT 6.20
5 5 B (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. After

averaging over the rapid variations induced by 7 and using a reduced time
variable a 7 = (+ — §,,z), we obtain,

5’A2>'_ iBzz 62|A2> _&
ot 2 onf 2

d4,)
oz

=B, |A2>_%B2'6|A2>

Y ) (6.21)
+ ’:‘:‘2 >R, b+ .c)l4,)
J .
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o)A
|azj> =By

o4,) i, 8°]4) 2014\ - LB, 0ld)

o 2 e 2 2 (6.22)

_%ij'”|A1>+iSJPDJ|AJ)

where, P, =(A1'lAJ> and P, = (Ajl:”A;)

0j

represents the power and the unit

Stokes vector of the jth channel representing the SOP of the channel on the
N . 8
Poincare sphere. FurthcrmF)re, Q, =(w, - ;) is the channel spacing, ¢, :._'9'71

8 . : .
and &, =—y, are effective nonlinear parameters for the jth channel and

channel 2 respectively and 8B, =(f3,; —B,,) 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,

(B,(2)) =0, (b;(2))b,(2,)) = 03 ,(z, - 2,) (6.23)
where, o4, = %ij ; 1 is the second-order unit tensor and D, is the PMD co-

efficient of the fiber.

From (6.22) we see that the pumps (all other channel except channel 2)
polarization ﬁj remain fixed in the rbtating 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 Q, b. The effectiveness of XPM
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depends not only on the group velocity mismatch8f3 ,, 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 | A,) =|A,,)+|4,,) , where | 4,,) and | 4,,) 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,

aA - . .

% = —%|A,,,) - %Qb.a| Ay) (6.24)
o 4 iB,, 8714 - ° .

|a:> :_’9222 zlaf”) _%2.|A2,)~%Qb.a|A,,)+w72;1foj[3+ Pj.a']Am)_ (6.25)

where the dispersion term for |Am> was set to zero for a cw input of channel 2.

The total optical power of the channel 2 field is expressed as,
(A, 14;) = (Ay | 45)) + (450 |4, + . c]= 8, + 55, | (6.26)

here we neglected (A,,|4,,) because of its smallness and introduced the power
and SOP of the unperturbed field as,

(Azo |°'| Azo)

0

S, =(Ay;|A4;) and § = (6.27)

To find the modulation amplitude 4S,, which is the measure of the combined
PMD and XPM-induced crosstalk, we first find an equation for {4 ,, |4 ,, )

only. Using (6.26) and (6.27), this quantity is found to satisfy the following

‘equation,
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(A4 iByy 0 (A4 - '
Koo A) 2;2! 2“):—%——%( (;:J ‘”)~a2(AM|A2,)+[ETZSOZ:EU[3+COS[9J,-(Z)]] (6.28)

“where, 0,(z)= ﬁj .S (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, = (Am |Au) +(AH ]AM> and introducing the normalized modulation

85,(L,®,)

litude for the jth channel 8, (o) =
amplitu j By @=—5 "

, where, ng (w) is given by,

L L .
5 ~ ' .1
ij (®)y=- J'E:2 (z)Paj(Z',m)[37+ cosf8, (z)]] sm|:5 J-mjzﬁzz (zl)dz,:| dz (6.29)

0 , e
where a tilde denotes the Fourier transform and ﬁ,j(z,m) is the Fourier spectrum
of the different pumbs power at a distance z inside the fiber. The effects of PMD
enter in this equation through the angle8 ,(z). More precisely, PMD randomly

changes the angle between }3j and S along the fiber and thus makes 3 X, (w) a

random quantity. The total modulation amplitude for channel 2 is just the

algebraic sum over all pump channels,

8y =28, (0) , (6.30)

To characterize the XPM-induced crosstalk, it is common to introduce the
modulation transfer function using the definition,
Lo L
D (88,(L.0) Y S,(L;)
= j=l

H(L,0)=21 =4 (
P(0,0) P(0,0)

8, () (6.31)
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The total average crosstalk level <8 x) ('r))P changes with time depending on the

bit pattern in the different pump channels. Thus, & X, (1) 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 cése, it
Is common to introduce the crosstalk variance, also called PMD and XPM-

induced interference, using the following equation,

|~

sz E% [6%'(1:)]2 dt

N |t

(6.32)

2

-

:‘4_11;; -[dmf .[d“) gx(mj)g}(ﬁ)z)sim{

where, Tis the time interval of measurement.
If we 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,

o, =>.¢ ' (6.33)

j#2

6.5.1 Determining the PDF of 6,(z) and BER expression

The 6,(z) is the sum of all randomly fluctuating anglés between the different
pumps/channels and the affected channel 2. So, 8 ,(z) can be written as,

‘91. (2) =0,(2)+0,(2)+6,(2)..cccnenren +0,(2) {6.34)
Since the different pumps polari;ation PJ remain constant and the random

variation of S(z) (unit vector of the SOP of channel 2) will be responsible for the

angle of 9,(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,

p(9,z):zi+liexp(——;—r]2mzz) cosm(6-6,) (6.35)
%

m=l
where, 8(z) = .S (z) is the random angle between the pump and probe SOPs

and 8, 1s the initial angle.

Now assumin-g the random variables 6,(z) , 6,(z) , 6,(z) .... B,(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),
Peompined (8:2) = p(81,2)® p(6,,2)® p(8,,2)..... p(By,2) (6.36)

The signal to crossf_alk noise ratio (SCNR) can be written as,

(R,S,)’

2 2
o.m + O'"

SCNR = (6.37)

where o2 crosstalk variance due to the combined effect of PMD and XPM of all

"
pump channels, o, noise variance, /, =R,S,, R, is the responsivity and §, is

the affected channel 2 power.

Thus,
. I
SCNR(for angle 6,)= ————— ' 6.38
Uor angle 0= o (638)

m

For a given value of @, (which is initial angle), the conditional BER can be
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- expressed as,

(6.39)

BER(6,)=0.5 e,fc[\/SCNR(fOr angle 90)}

V2

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= J-BER(OO ) Pombined (9’ z)d9 (640)

-R

In the case of pump-probe configuration, the BER expression can be written as,

BER:’]BER(GO) p(6,2)de | (6.41)

6.6 Results and discussion

6.6.1 Performaﬁée of pump-probe configuration

Following the pump-probe analytical approach, the performance of the 2-
channel of IM-DD WDM system is investigated at a bit rate of 10 Gb/s. The pdf
of the random polarizatfon 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 léngtll increases. It is observed that for any lightwave system of fiber

length much larger than the diffusion length (4, =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 variance of SOP also
increases linearly. Thus the higher value of PMD fibers (usually older fiber) will
farger amount of amplitude modulation fluctuations. The Table 6.1 shows the

set of parameters and assumption that are made to evaluate the system

performance.
14 T ' ' g r — T
Channel seperalion, (1= 0.6nm | ! o t:ig kh:
PMD co-efficient, Dp< 0.2 psifim|
12F e e [ S
1F
&
02f-
i] '
N -4 Al

Random angle batween pump and probe SOPs, 8(z) = (P. S(2))

Fig. 6.3: Plots of pdf of 6(z) at different length of fiber link length with a
channel separation 0.8 nm and PMD coefficient 0.5 ps/Nkm

T
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Random angie betwesn pump and probe SOPs, 0(z) = P. S(z)

Fig. 6.4: Plots of pdf of 8(z) at different length of fiber link length with a
channel separation 0.4 nm and PMD coefficient 0.2 ps/vkm
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Fig.6.5: 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 channe! spacing

The average BER versus purnp 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 systerﬁ suffers a large amount of BER. The significant

dependence of XPM effect on BER as a funétion 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 spaéing. However, at increased pump power the BER increases and
when'pump power is about 16 dBm the BER curves makes a floor at 10°'

irrespective of channe] spacing.

The plots of average BER versus probe power is shown in Fig. 6.7. It 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® 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" only. This happens due to the higher modulation amplitude fluctuation as a

result of high pump power.

Average bil emor rate (BER]

. pump povesi, Pps -16 dBm

! i i
-2 o 2 4
Probe power Ps in dBm

I
12 4

Fig. 6.7: Plots of average BER vs probe power for different pump power

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 Settings
PMD coefficient, D, 0.1-0.5 ps/Vkm
Channel spacing, Q ' 0.8 nm
Pump wavelength, 4, 1550.0 nm

| Probe wavelength, A, 1550.8 nm
Correlation length, /, 2 km
Group velocity dispersion, 8, 17 ps/nm-km
Bit rate, B ' 10 Gb/s
Nonlinear coefficient, y 2.35 W'/km
Fiber attenuation, @ 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. Qut of 4-
channels, we assume that channel 1, 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 of a lolw-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, ﬁs channel spacing typically is much larger than channel
bandwidth and evolution of the SOP channels is mainly governed by

birefringence.

The combined pdf, p,,, ... (6,2)of the random polarization angle between the
pumps and channel 2 is evaluated for various length of the single mode fiber and
shown in Fig.6.9. From the figure, it is noticed that for channel spacing,
AX =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-
channél). pdf, the obtained 4-channel random angle pdf is more close to the

normal pdf of Gaussian distribution.

1 T T | T | F L1
Channel separetion, ¢ = 0.8 nm
08 PMD co-efficient, Dp=0.5 psiv km

Lo T S A oA B (A

Combined padf, Pompirmd -2}

b2k

LR R

Random angle between pumps and channel 2 SOPs, el(z) = Pl' S(z)

Fig. 6.9: Plots of pdf of 6,(z) = ﬁ’f S(z) at different length of fiber

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 and 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 107" irrespective of channel spacing.

4-channel WOM system |

| Wavstonith range: 1549.4 nm - 1552.8 nm)

Average Bit Emor Rate { BER)

Fig.6.10: Plots of average BER 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 107" 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 107
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 {ength 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, 1 nm and 4 nm

respectively.
T Y T
1w 4
107 o e et 4
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g 10° 1
B, 4-channel WDM system
% Channal spacing, ax=1nm
ERT J
: Channal pump power, -15 dBm
10" .
' 1 ! 1 1 i
10 2 [ 2 4 8 14 18

Channel 2 power, PZ { dBm}

Fig. 6.11: Plots of average BER vs channel 2 power for different pump power .
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20k T, . T : ol
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Channe! spacing, 43 =4nm

4-Channel WDM Systelm

Transfer Function Hiw] in dB
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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.

Parameter/description

Pump-probe
WDM system

(2-chanel)

4-channel system WDM system

Channel spacing 1 nm

and pump power -2 dBm

Achieves a BER of
about 107

Achieves a BER of about 10°

Channel 2 power 8 dBm
to attain a BER of 107

Allowable pump power

1 -10dBm

Allowable pump power -15
dBm/channel

Pdf of the random angle

'Narrow]y flaftens as

distahce of the fiber

link increases

As the combined pdf is the

convolution other 3-channels,
it become flat as distance of
fiber link

increases  and

resembles gaussian distribution

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

6.7 Interaction of PMD and XPM: OptSim software simulation

To simulate the interaction of PMD and XPM, the simulation setup for a 4-

channel WDM system is §hown 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 1. The 4-WDM channels are launched over two

dispersion shifted (DS) 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 of PMD and XPM on the WDM/IM-DD optical

t
transmission system in terms of eye diagram, BER, Q-value and PMD

coefficient. The channels are modulated at 10 Gbit/s data rate using NRZ format

- and separated by | 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.

- et

{a)
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(b)
Fig.6.14: (a) input optical spectrum, (b) output optical spectrum
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Ch i Ch?2 (b) Ch3

Chl . Ch?2 Ch3 " Ch4
(c) ‘

Fig. 6.15: {a) Base line eye diagrain (back-to-backj, {b) Channe! 1- 4 at the output
for a PMD coefficient of 0.5 ps/Ykm; (c) Channel 1- 4 at the output for a PMD
coefficient of 1.5 ps/Nkm

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”). 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/vkm and 1.5 ps/vkm. It is observed that
for a fixed channel space (Inm in this case) the channel 2 eye diagram

deteriorates more at 1.5 ps/vkm than that of 0.50 ps/Ykm 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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EOP =-20 !05_{%} (6.42)
0

where, B is the eye opening without PMD effect and By is the eye-opcnin.é with
PMD and XPM in channel 2. We found that the EOP (at a probability of 10™) at
PMD coefficient 1.5 ps/vkm 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 increases

the BER decreases due to the larger effect of PMD and XPM.
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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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Fig.6.17: (a) BER vs PMD coefficient, (b} Q-value vs PMD coefficient (for
chromatic dispersion coefficient, D = 3 ps/nm-km)

S1 | Parameters/description values
no

1 | Fiber ioss (dB/km) 0.20

2 | Dispersion (ps/km-nm) 0.0-6.0
3 | Effective core area (um?) 80

4 | Fiber length ( km, 2-span of 100 km) 100

5 | PMD co-efficient (ps/Vkm) 0.5-1.50
7 | Bit rate of each channel (Gbit/s) 10

8 | No. of channels 4

10 | Channel spacing (nm) 1.0

11 | Working wavelength range ( nm) 1548.5 nm «1551.5 nm
12 | Receiver sensitivity (dBm at 10™) -24

13 | Transmitter power for ch. 1,3& 4 (dBm) |0

14 | Booster EDFA output (dBm) 6

15 | Transmitter power for channel 2(dBm) -10

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 0 ;(2) 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 of PMD co-efficient. It has been demonstrated the interaction of PMD and
nonlinear SMF effect XPM by Rsoft OptSim simulation sofiware in terms of
eye diagram, BIER, 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.

120



Chirped Fiber Bragg Grating in PMD-WDM Compensation

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 dispefsion 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 dispe’rsion 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
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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 4, (which

is actually the Bragg condition, n,,A =,/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 Gbi/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
bastis, 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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An 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

é kl

different polarizations. In essence, the two signal polarizations ‘see’ two

different gratings due to the b'irefringence. The position difference, AL of the
reflection produces a differential ime delay, A¢, between the two polarizations,

Thus, the deiay between the two SOP’s can also be achieved by chirped FBG.
The Hi-Bi fiber proﬁdes 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]-[111]. Since stretching the fiber adjusts DGD
without altering the polarization, this device has the potential for compensatiﬁg
variable PMD for long-distance high-speed optical transmission line. S. Lee et
al [39], experimentally reported a tunable nonlinearity-chirped FBG written into
a Hi-Bi fiber to compensate for varying amounts of PMD. Z. Pan et al [37],
experimentally demonstrated chirp-free tunable PMD compensation for a 10
Gb/s signal by using an adjustabler Hi-Bi nonlinearly-chirped FBG in a novel
dual-pass configuration that significantly reduces the induced chirp of the FBG.
It ts shown that a 45-km link interacting with the FBG induced chirp is reduced
from 4.0 to 0.5 dB. X. Kun et o/ [112], based on numerical simulations reported
that the effictency of this PMD compensator is assessed for the 10 Gb/s 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. [t is an all fiber PMD compensaﬁon 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.7.1. 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 ( Py enters the Hi-Bi
LLCFBG from the longer wavelength port and slow one (P,) from the shorter
wavelength port. The polarization states of the signal ( A,) 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 (A7) for
the PMD compensation. The two orthogonally polarized optical signals are then
combined without interference and directed.to output port 1 of the PBS,l where
an optical circulator can be used to separate the input signal and the PMD
compensated output signal. All light ( 4,) outside the refiection 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 (A7) 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

oy
5 A,
T
Iy =
Output 1 4—;;—&._ \\\ ‘ Y
- \~. Tunable
= . RN — Hi-Bi
1 T N CFBG
OUtpUt p & (LI .,\:l ‘f.” N
|
! e

Fig. 7.1: System mode! of the PMD compensation scheme. The incoming signal has
polarization components along both the fast-(Pg) and slow (P,) axis. The LCFBG
generates the required DGD for the Bragg reflected signal (), while it does not

affect the signal ( 4)) 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,, of the guided mode(s) of interest given by,
n(z) = & ;{1 + v(z) cos(Kz + §(2))] D
where, dn,; =n,, —n,

fringe visibility of the index change, 0<v <]. cos(Kz+¢(z)) is the index

perturbation, which has a constant spatial frequency with an additional position
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dependent phase variation @(z) that represents the change in periodicity. Fig. 7.2
shows a chirped grating of length L and bandwidth A2

chirp *

The chirp could be viewed as the perturbation with a varying spatial frequency,
cos((K + AK)(z)) . The relationship between the period, A and the spatial
frequency can be written as -

dK = —i—’:dA (7.2)

The rate of phase change with distance along the grating, z, can be derived

LUIC NV N (7.3)
dz A
= Grating AN, N
"\.lh.‘e.r'.' — j AU . ' i A,'m;_g
"y - B ! ; '_'
I T I T ] ]
[t Fibern AN, T

Fig. 7.2: A typical chirped Bragg grating

From the Bragg condition 1, = 2n,; A , then the expression becomes,

d8) __2mzdh __4ing dd,
dz Al dz .123 dz

(7.4)

B
Z

where

ts a measure of the rate of change of the design wavelength with

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 An

between a pair of orthogonal modes (called the eigenmodes or slow- and fast
modes) and resUlté from the presence of circular asymmetries in the fiber section.
The refractive index for both the slow- and fast-mode is defined as,

An An
ncﬂ.s =Hcﬂ- +? \ ncﬂ,f :_neﬂ—T (75)

where, n_, s the fiber effective index. In the case of Hi-Bi fibers, the order of

magnitude of the birefringence An is 3 77x10 (for a bow tie fiber). To denote

the refractive index of both modes from now on we will use notation Pg risy

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 nm/ 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 témperature 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 reflection 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, A, = 2n, ;oA ). Suppose at constant temperature, under the
~influence of axial strain (+ve) £(z) , at the grating position z, the FBG will

experience a physical elongation of grating period, Aand a change of refractive

index, n,; ., due to the photo-elastic effect. The grating period can be written -

as,

Az, €(z)) = (A, + Cyz X1+ &(z)) (7.6)
where, A, is the grating period at position, z = 0 without strain. Constant C,

T . : dA
denotes the initial chirp of the grating and represented as, C, =— . The

dZ z=0

induced change in the fiber index dn,, ,,(z)that is due to the photo-elastic

dn‘ﬂ' fo _

effect is expressed as [113], —-p, €(z), where we assumed the photo-

e, £(s)
elastic contributions into  p, which is defined by

ey, 1(s) [p
12

pf_’ = 2

—u(p, +p]2)] in terms of Pockel’s coefficients p, and g is

the Poisson ratio. Together with the Bragg condition the resonance condition
can be approximated and becomes dependent on local strain. Thus Bragg

wavelength 4, at grating position z becomes,

A (@ =204 ;o [(Ag +Coz) + (A, + Co2)(1 - p,)e(2)] (7.7)

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 dlong 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 uniforml rectangular beam with length L and thickness 4. One end
of the beam is free and other end is anchored. A FBG with original length L, is
bonded to the surface of the Beam. Deflecting the free end of the beam with
displacement Y can induce a st_raiﬁ distribution across the surface of the beam

and it can be described by [114], |

e(z) =3(L - 2)hY I(2L°) (7.8)
When a linearly chirped FBG is subjected to axial strain, there is a redistribution
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, £(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 DGD between the ‘s* (along the slow axis) and f (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 denéity. Thus, system involving
the exchange of energy can be represented by coupled mode equations with
appropriate coup]iﬁg constants, The wave formulation for forward and backward

wave amplitudes £(z) and B(z) can be expressed as,

ch; @ =Gy F(2) +iK (2} B (2)
- (7.9)

dB” L .
@) - ig,, B ()~} (2) F* (2)

dz
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where,  F*(z)=F(z) ¢®**'? | B*(z) = B(z) &7°%'? ; F* (z) (reference)
represents the forward propagating mode, B*(z) (signal) is the identical

backward (counter) propagating. mode, &, and x,, are the general dc

(period averaged) self—coup]irig and ac coupling coefficients respectively and can

be expressed as,

. 1de(z) .

G =0p +0 T2 4
s L 2m I dg(z) (7.11)
Y of fis) T o

. /1)"(3) 2 dz
Kis = Oy 1oV (7.12)
fis)
) 1 1
again, &,,=B-F,=2nx n”ﬁ‘ﬂ”(/’t— -—) (7.13)
‘ S (8) Z'B :

8., is the detuning (which is independent of z for all gratings) from the Bragg

wavelength A, related to period A, . Here o, ;. 1s the dc index spatially

averaged over a grating period (index modulation of the FBG). The derivative

1/2( d@(z)/dz) describes the possible chirp of the grating. For single mode fiber
{i.e., where cut off frequency, ¥ < 2.405) the dc coupling coefficient is denoted

by o, , v is the fringe visibility of the index changes (contrast of the

interference pattern, or the fraction of energy in the core,¥ =1—-¥ ) and the
chirp of the gfating can be expressed with the grating period function along
length z by the following equation,

dg(z) __2mz dA

7.14
dz 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 L, and the boundary conditions assume a forward propagating mode with
F*(0)=1 and that the backward propagating mode, at the end of the grating, will
be zero, B+(Lg)=0 as there are no perturbing beyond the end of the grating.

: Length of the grating
—  FYly

BY0)  —

Froy=1——»
«— BYL)=0

Fig.7.4: schematic of the grating with boundary conditions

is constant andd@(z)/dz = 0. As

For a grating that is uniform along z, &, .,

aresult the parameters k,,, ©,, and 6,  areall 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,

|:F+(0)=]}:[T]{ F+(Lg) } (7.15)

B'(0) B*(L,)=0

where T is the transfer matrix and given by,

_ T Ty :
T = (7.16)
T2l T22 ‘
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o _
where, 7, =cosh(y L,)—i—Zsinh(y L,) " (7.17)
Y .
T ——fmsinh( L 7.18
1z~ y g) . ( . )
y .
- ‘ -&f(s} .
- T, =cosh(yL,)+i sinh(y L, ) (7.19)
| K ‘
T, =i sinh(y L,) (7.20)
4

7 1s the parameter relating to coupling coefficient as ¥ = ,/K}m - &}(s)

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,
B*(d’m)) Ty

— = 7.21)
Fi(o,,) T,

pf(s] (ﬁ') =

K ysinh(y L)

Prn(d)=- (7.22)

G sinh(y L) +iy cosh(y L,)

and the reflectivity or the power reflection coefficient, R 1 (4) is given by,

0 sinh (L)
Ry (D) = o, (A) = = (7.23)
cosh? (3L, ) - —22
K

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 R, is then obtained
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from the equation when &, =0, ie, at the phase matching condition,

A, = ZH%I{S)A .

R, =tanh®(x, L) (7.24)
The full bandwidth over which the maximum reflectivity prevails is
A ' L
AM=—20 o, L) +nt ] (7.25)
ey, 1)

The condition for weak grating corresponds tox L, <<z, in which case the

bandwidth is an inverse function of the grating length,

2
Ad = _
20 roly

(7.26)

Thus, for weak grating the bandwidth is length limited, if the converse is true i.e.,
K L, >> m; for strong grating the bandwidth becomes,

2
A K

AAd =
2n

(7.27)
eff, (s)

and the bandwidth is depended on the ac coupling coefficient.

7.3.5 Relative group delay and DGD of the reflected wavelength

Light reﬂécted from a FBG contains both phase and amplitude information. To
determine the magnitudé of the penetration depth and path traversed, FBGs have
been modeled and the phase response is analyzed. The complex reflectivity,
P, (4) can be written as,

B87(0)
F(0)

Pro(A)= {e—j% | . (7.28)

where, B*(z) (signal) is the reflected wave, F*(z) (reference) is the incident

wave, and @_(4) 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 7

complex  amplitude  reflection  coefficient p, (1) . If we
denote @, = phase(p (1)) ; then the local frequency @, may be expanded

@,(4) in Taylor series about @, .

d, L 4%, 2 1%, )
= —{w- - - — - e (7.29
Py =g+ o {w m0}+2 ol fo-og) +6 o (o—wy ) + ( )
. . de, - .
Since the first derivative y is directly propotional to the frequencyw, this
f)] .

quantity can be identified as a time delay. Thus, the time delay z, for light

reflected off of a grating is,

d A d
TR ) — q’P - _ f(s) q’ﬂ (730)
’ do 2me dig,, )

Ty ;s 18 usually given in picoseconds.

where , @ is the angular frequency and c is the velocity of light. Thus an optical

wave traveling through a medium of length L and refractive index » will undergo

28Ry ke
A

wavelength is an indication of the delay experienced by the wavelength

a phase change, @, = ; The deriyative of the phase with respect to

component of the reflected light;

d¢P =_2”n"ﬁ--f(5)Lg . . (731)
2 .
: dlf(s) j'f(é‘)

The time delay, 7, ,,, 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 main peak-at the wavelength

defined as, 4, ,, = 2(n; ;) + Oy ;1 )A(2). In case of a FBG written in a
Hi-Bi fiber, we can define reflection coefficients p,(4) and p (4) for the slow

and fast modes respectively and two wavelengths (A and 4, ) for the

max, s
corresponding main peaks. Thus, with a large refractive-index difference An

between the fast and slow polarization axes; this results in a shift in Bragg

wavelength A4, =4 -4 =2AnA, at the same location for two

max,s max, f
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:
DGD(A) =ts ;(A) =74 ,(A) (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 ete. 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 gréting, 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 clevation
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.
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145 9 -
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0
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Fig.7.5: 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 iengths. 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 tonger 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 cm. Fig. 7.6 can compared with the
simulated work of a 20 c¢cm 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.
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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.
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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 stretehed, the amplitude and the group delay spectrum shifts to
fonger wavelength. As we mounted the grating on a cantilever beam tuning
structure (Fig. 7.3), it provides about +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 2.1
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nm of tuning range using a lcm LCFBG.
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Fig.7.8: Reflection spectrum for the LCFBG under stretching and compression.
Wavelength tuning shifts the passband to longer- or shorter wavelength regime
without changing the shape of the spectrum
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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 incréases 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 1t is seen that for a maximum vertical displacement of the free end of the

cantilever structure is 6 mm assumed which corresponds to a maximum value of
the strain is 3800 gg [114] and the PMD compensator has a adjustable range

from -55 ps to 55 ps.
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Fig. 7.9: Plots of DGD versus wavelength under stretched- and compressed
condition of the LCFBG 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 & from 0% to 0.2% the DGD can
be continuously adjusted from 3 ps to S8 ps. As mentioned earlier, all light

outside the reflection bandwidth A,can be directed to the output port without

adding any PMD. For this system we have a residual DGD1 of 3 ps. It is also
observed that a maximum DGD 1s varied over a 55 ps range by a 0.2 % stretch
of the grating at 1552.2 nm. Ref. [117] 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 granng
divide by its original length (£ = AL/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 3800 u& ; 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 A, enters the Hi-Bi LCFBG from the longer wavelength port,
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it 1s reflected and experiences a time delay ¢, ; whereas, the slow axis
polarization signal 1s reflected and has a time delay ¢,; when enters from the
shorter wavelength port. The time delay difference, At =t —¢,, 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 cm long grating,.
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Fig. 7.11: DGD as a function of wavelength tuning (as a result of the
displacement Y) at a given signal wavelength 4,=1550.5 nm
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Parameters Settings
Index modulation, dr 2.15x10™
Birefringence , An 3.77x10%
Core index, n,, 146
Central wavelength, A, 1550.5 nm
Grating length, L, “1200ecm
Pockel’s coefficient, p, 0,92
Initial grating period, A, 530 nm
Initial grating chirp, C, 1%10°%
Maximum ac index, vén,; %107
Cantilever beam length, L 220 em
Beam thickness, # 15 mm

Table 7.1: Set of LCFBG parameters

7.4.2 LCFBG hased PMD compensator in «a WDM/IM-DD system

To demonstrate the capat;ility 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 DGD
values when the input power is evenly divided between the two PSPs. The power
penalty for small (such as 10 ps) DGD is usually negligible or within the power
margin of the system and therefore be tolerated. It is the high values that cause
significant degradation when signal power splits a]moét equally between the two
PSPs.

The simulation diagram for a 4-channel PMD compensation using Hi-Bi linearly
chirped fiber Bragg grating (LCFGBG) 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

144



Chirped Fiber Bragg Grating in PMD-WDM Compensation

used a 2-cm long customized LCFBG as a compensationr 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.
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Fig.7.13: Hi-Bi LCFBG based 4-channel PMD compensation fiber-optic WDM
transmission system model

Une ed Compensated
ncompensate I Channels
Channels I ‘
|
| >
A I F 3
2 bz
£ y Hi-Bi LCFBG
qt) based / E Mo 22 nl
= S ——— -7 ¢
3 2 ‘I
o X ¢
k: ] 2

~ 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
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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.
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Fig. 7.15: Simulation diagram of a 4-chanel WDM—PMD compensation scheme
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Fig.:7.16 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 ﬁena]ty (EOP) due to PMD for 4-
channel. Here, we define the parameter of the eye-opening penalty (EOP) as,

EOP = ~20 1og(§} (7.33)

0

where, B is the eye opening without PMD effect and By is the eye-opening with
PMD,

Fig. 7.17 shows a comparison of EOP 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 107 in the dependence
of the mean DGD for 4-channel and single transmission system-
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S1 | Parameters/description ' values
no.

] Fiber loss (dB/km) 0.25

2 Dispersion (ps/km-nm) 0

3 Effective core are (um?) 80

4 Fiber length ( km, 2-span of 200 km) 400

5 PMD co-efficient ( ps/Vkm) 2

6 Birefringence of the Hi-Bi LCFGB 3.77x10%
7 Bit rate of cach channel ( Gb/s) . 10

8 No. of channels 4

9 Compensation bandwidth without strain ( nm) 2

10 | Channel spacing (nm) 04

11 | Working wavelength range ( nm) 1549 nm -1551 nm
12| Receiver sensitivity (at 107 ) -24

13 | Transmitter power ( dBm) for each channel -10

14 [ Booster EDFA output (dBm) 9

Table 7.2:  Simulation parameters of Hi-Bi LCFBG
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 obtaiﬁed a linear
strain gradieht 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 wave!gngth, 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 2

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 techneological development
yielded the present 10 Gbit/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 peint 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 foilowing in detail:

e [M-DD, DD- and heterodyne CPFSK transmission system modeling and
analysis.

e Determination of pdf of the random output phases of DD~ and heterodyne
CPFSK system and random SOPs of the pump-probe angle.

e Performance evaluation in terms of conditional and average BER

(150

r!hk_ !



Conclusions and Future Work

considering Maxwellian distribution for the DGD in single- and multi-
channel system.
» Passive PMD compensation using optical linecodes in single channel and
X all optical LCFBG based in multi-channel respectively.
o 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 effe;ts 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 channe! capacity requirement
continues to grow beyond 10 Gbit/s. Therefore, understanding of fiber FMD 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 better physical insight of the effect of fiber PMD and its
compensation on opticél 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 ISI up to fourth approximation
interference among the adjacent bits due to PMD. Based on instantaﬁeous

DGD (for conditional BER), the amount of power penalty is about 7.75
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dB for a DGD of 160 ps. It is shown that BER floors occur at about
2x10°°, 107 and 10 corresponding to mean DGD of 45 ps, 50 ps and 60
ps respectively at 10 Gbit/s. The power penalty due to PMD is
significant at higher mean DGD; for example, at 20 ps DGD 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 DGD and above it

the simulation gives little bit better result than that of analytical approach.

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
DGD. It is shown that with modulation index #=0.5 suffers less penalty
than that of A=1.0 and at mean DGD of 40 ps the amount of penalty is
1.75 dB. A direct detection CPFSK system with /=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

systém.

3. As the coherent optical transmission using 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-démodulation
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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 2x10°%,
10”° and 2.5x10™* corresponding to mean DGD of 60 ps, 70 ps and 80 ps
respectively at 10 Gb/s 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 DGD is 40 ps at modulation index
of ~=1.0 (in DD CPFSK, it is 1.75 dB). Again the penalty due to PMD is
significant at higher modulation index and higher values of DGD. For
instance, at #=0.5 and mean DGD of 40 ps the amount of penaity is 3.50,
which is 6.80 dB for the same value of DGD.

A detailed theoretical analysis is presented for three linecodes to
determine their ability to mitigate the effect PMD. Three optical line
codes {(i.e. AM]. DM and order 1) are used to increase the PMD tolerance
in optical transmission. It is shown that for lower values of PMD the
compensation effeét of linecoding is more pronounced than higher values
of DGD. As a result, the power penalty improvements above 30 ps mean
DGD is almost constant for all linecodes and the amounts are about 0.30
dB, 0.80 dB and 1.65 dB corresponding to -DM, AMI and order-1
respectively for a heterodyne CPFSK system. Among the three linecodes
order-1 linecoding is supérior to AMI and DM. It is found that oder-1 is
the best, AMI is better than DM. For example, at 30 ps mean DGD,
order-1 effects is 0.80 dB and 1.40 dB higher than AMI and DM

respectively.

. 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—ﬁrobe
configuration) is developed is analyzed and secondly a model for multi-
channel is developed and analyzed in detail. Nonlinear effect XPM
causes amplitude ﬁodulation 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 (A A =6 nm and

above) or when the fiber has a relatively large value of PMD coefficient

(Dp = 4 ps/¥/ km or above). Simulation is carried out using the OptSim
software for a 4-channel WDM system to study the performanlce
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™) 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 1s found that for a fixed amount of pump power (-2
dBm) and channel spacing (1 nm) the effect of XPM and PMD is about

2.5 times more in 4-channel system to achieve the same BER of 107

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 em long LCFBG allows the DGD to be adjusted from 0
ps to 55 ps by str;‘:téhing it by 0.2%. The analytically developed Hi-Bi

LCFBG device is used in a WDM transmission; where multiple
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wavelengths couid be compensated simultaneously. Using OptSim,
simulation is carried out at normal situation (at unstretched condition) in
a 4-channel WDM 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 DGD > 40 ps and this
happens due to channel crosstalk in 4-channel WDM system. The
lproposed PMD compensator can be potentially useful, because it is
inexplensive to simple structure, low cost and flexibility to adjust

. compensated DGD.

It .is worth recalling that each of the above mentioned developed analytical
mode!l for studying the impact and compensation of PMD 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 PMD 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 (PDL). PDL 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 PDL and PMD creates
effects which are quite complicated and which can impair a communication
system more than either effect alone. PDL is generally wavelength independent
while PMD 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 PDL.
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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 cr_osstalk.

For occurrences of high instantaneous DGD, 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 Gb/s, 40 Gb/s and higher). One
can estimate the probability that the system no longer functions properly; the
outage probability, which must be very low, typically 10 - 107, correspondipg
to a few seconds to a few minutes per year. The maximum link DGD 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 FBG based device is mainly
determined by the characteristics of the Hi-Bi LCFBG and improved capability
could be achieved by adopting higher chirp ratio phase mask to fabricate the Hi-
Bi grating. However, this performance 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 ISI and the reduction in the SNR. This
unwanted CD effect of the Hi-Bi LCFBG based compensator may be included in

the analysis to reflect its actual performance.

Further research can be initiatéd to develop analytical mode! for probability of

bit error/packet 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, g (t)

The filtered output signal of the 1% pair of MZI is given by,
g(t)=Re[p(1)®h(1)]

Hpmt.’l(.f)rrz exP[_jznf(—%)]

Ronas(1) = [H puar( £ )exp( j2nft )df

@

AT,
=8t —-—
( 2)

Fiber transfer function due to chromatic dispersion,

H.,(f)=expl-jy(4T)’]

2
where, y =-— DR, L = Chromatic dispersion index
m

ha(1)= [H ,(f )exp( j2nfi )df

= ——expl- '{1[1]2—5sgnr}]
T m / Y\ T 4
Hl(f)z Hpuull(f)Hcd(f)
M(1)=h,.(t)®h (1)

=o(-25y9—] exp[—f{i[i] -z
2T y

PO SO B | G
—;_[a(r : "’)T\/;},e’“’[ ;{y[TJ dr
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= Iexp[—jZﬁf(—%E)] exp( j2nft )df
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R 1
h(1)= —j{~
l(t) T\/Eexp[ f{_}’

~Zseny )] (A-7d)

Again, we can write the output pulse g(t) can be written as the convolution

of the input pulse p(t). Now,

8.(1)= Re[ p(1)®hy(t)] (A-8a)

= ? p(TJh (1—~1)dr (A-8b)
\ ,_ArY |
h(t)= rf/i exp[—j{% 2| ~Zsgny)] (A-9)
Now, g,(1)=Re[ p(t)®h(t)] (A-10a)

, =u:[p(1:)h](t—‘|:) dt

At
<] ] I—T_T n
= |pft) expf—j{— ——sgn dt (A-10b
j el : 4 S&nY )] dt (A-10b)
t=yn fT?
"Let s
dt=ynTdf
ATt 2 z :
f———~ynfT
-2 —%sgny ynT2df (A-11a)

15 2 _ !
gx(fJ*Tﬁ_i[P(me Jewp| =it .
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gi(1)=Txymexp{- J{/( 2) —ESS'"T] (A-11b)

[o(rT? expl—jt V(v ~2nfes & i s1dr
| ay
Let, TT= Ty exp[ —j{%(——}-—)2 - e 7] (A-12)
8(0=TT [p(rT* Jexpl~ju(afT ] exp( j2nftJespl ~j2nf ()] df  (A-13a)

gi(t)= ﬁjp(mﬂ )exp[ﬂrrf(t——)]{wz(” ' janf g (A-13b)

Expanding in Taylor series the term, exp[—j»(n/T)*] we get,

| SRV/Z00 e
expl- gy 1=1 + 2= (i2f) (A-19)

Which is in the form of an inverse Fourier transform, we obtain

g.(t)— exp[ J{/( ) —~sgn7’]><
'2" t A'IS)
d*P(- ) (
LUy _ T
P +2 T B

It can be easily seen that each term in the summation on the right-hand-side

of (A-15) vanishes for increasing v, as

2 !
d..l.l _ .
p( }’?TTZ): _1 2 P(ZH)( _¢ )
dt 2n yﬂTl ﬂTTz
- d2u
where, P (f)= __192(f)
d_[ n

e
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and then,
Wpr. ! ) 5
Lim ¢ jqyTE T2 Lim 1 - -1
(J"Yz” ) 2‘: _ J P(Zn)( 2)=0 (A-IS)
Y2 27! dt 'Y“’"On’ an’yT? T

Which is found to be valid for y >> %71’3 T)" , Biy being the input pulse

bandwidth. Thus the output pulse g;(t) cqnesponding to the input pulse pf)

‘with Fourier transform P(f) can be approximated as,

gtz —; é?p[-f{ p4 (i/lf - - (A-16)
R AT
for ¥(nB;,T )2 5> 1
Considering the second term only:
' At
J 2 I_T (A ]7)
t 5 P -
gnft) pRER ( WTZJ

for y(zB, T)? >>1

n

Let us consider as an example, the input pulse p{t) = rect(%) , to which

corresponding approximate output pulse g/'(f) given by,

AT
t__

_r incf—2_ _
4sgny}»]smc( AT ) (A-18)

& (t)'—
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APPENDIX B

Coupled vector and pmﬁp—probe equations

In a dielectric medium where an external electric field is applied, the effective

electric field D(r,¢) is linked with the apparition of elementary bipolar moments
p(1) induced by the opposite movement of the equilibrium position of the linked.
charges. The macroscopic polarization field P(r#) 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=e,3" . E+e,7” : EE +¢,y”  EEE (B-1)

where ¥/ is the (i +1) th tensor.

- The amorphous characteristics of silica make all the even order nonlinear

polarization zero. In particular, ¥ =0, we will consider the terms of higher
than 3" order as negligible, we have than,
P=g,i". E+e,7? EEE

- (B-2)
P (ry P, (ry

Although ¥ 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 densitics. Moreover, the large interaction
distances (around 20 km for a 0.2 dB/km attenuation) play a 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, |

PY(r,0=e,7”  E(r,t) E(r,t) E(r,t) . (B-3)
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where, 7 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(—imt)+ E, exp(—iw,t)] (B-4)
whére Re stands for the real part and E, and E, are the slowly. varying
(complex) amplitudes for the fields oscillating at frequencies @, and
@, respectively.

Now writing P™ also in the same form as the electric field we get,

P? =Re[ P, exp(~iw,t) + P, exp(—icm,t)] (B-5)

The nonlinear polarization at the pump and signal frequencies found to be,
Eo¥in . .
Pw,)= T[(EJ..EJ,)EJ. +2(E;.E)E, ]+

)

- (B-6)

50);,,“ [(E;.E;,,)Ej +(E,.E)E, +(E,.E,)E, ]

where j,m=12- (j# m) and electronic response is assumed to be isotropic

for the silica such that )}, =3y, =3x%), =332,

The two optical fields E, and E, evolve along the fiber length as dictated by
the combination of GVD, SPM and XPM. |

If we use (B-5) and (B-6) in the Maxwell equation [41], we find that £, and E,

satisfy in the frequency‘domain a nonlinear Helmoltz equation of the form

o] .
VE 8 @E, =~ =5, (B-7)
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where the tilde denotes Fourier transform &, is the vacuum permittivity and
&;(w) is the linear part of the dielectric constant resulting from the linear

response of silica glass. Its tonsorial nature is important to accourit for the PMD
effects that have their origin in the birefringence of silica fibers, while its

frequency dependence leads to chromatic dispersion.

Both E, and E, evolve along the fiber length. It is common to choose the z

axis along the fiber axis and assume that E, and E, lic 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|2 ) 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,(ro-a)=F(xy)|4,(z .0- o )explifie,)z] (B-8)

Ez (rio-w,)=F, (x,y)’ 22 (z . 0- w2>exp[iﬁ(a)2 )z] (B-9)

Where Fi(x,y) and F,(x,y) reﬁresent the fiber mode field profile, p(w,) and

B(w,) are propagation constants at the two carrier frequencies and the Jones
vectors ‘2,) and »:4“2> are two-dimensional column vectors representing the
two components of the electric 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 r;i ,>

and |22> 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 ]Z,) and |22> 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 a,; for the two channels. With these

§,> and |Z,> taken tI'1é

simplifications, the equation governing the evolution

form,

E 5|Hj>+[ 0%, (o)

oz. 2[,6(6:)])02 +éﬂ(w")J°J|ﬁf>:-W_j<}ﬁif>F (B-10)

3 v
where f denotes the average over the mode profile, o, isr'a unit matrix and the
nonlinear parameter at the carrier frequency @, is defined in the usual meaning
and nonlinear coefficient y, is given by,

Mo, 3ijl|:1

" cay BB, )ay]

(B-11)
To proceed further, we write the dielectric constant tensor & ;(@) n the basis of
Pauli matrix as [18].

2

2 : : l ‘
{%’-Jé‘j(ﬂ))={ﬁj(m)+m} o —Bj(0)Blo)s (B-12)

The vector ¢ is formed aso = 0\, + 7,8, + 5,é,, whereé,, é, and &, are three

unit vectors in the stokes space and the Pauli matrices are given as;

(1 OJ (0 1J [0 -;-J |
o, = o, = oy, =] ©(B-13)
0 -1 10 i 0

The vector B(w) 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 (@)~ a(w,) and
expand B,(@) and B(w) around @, in Taylor serieé as,

(ﬁ)_ wj)z
P@)> Bo(@,)+ B (@~ 0)+ f———+
B(0) = B(w,) + (0~ ©,)8 + ... (B-15)
Using these expansions in (B-12) and substituting them into '(B-IO.) we obtain

the following vector equation in the frequency domain,

8 A; . -
uz{—E,L—”—H'B,(m‘—coj)+"'3—2(m~mj)2:{

i)

_g[B(me(m,_mj)a]ﬂ| 2;)*%@!‘%

oz 2 2  (B-16)

Now we write (B-16) in the time domain by using{@w — ;) — i[g], use the

form of nonlinear polarization (B-6) and denote B(z,w)as simply B ;- We 6btain

the following complete vector equation governing the XPM process in optical

fiber,

q4,) . d4,) #y )

Az Vo o 2 a2

e CIENR P EE PR E VI

o i 1 O A;
_TJ|AI>—';—BJ.G|AJ-)+E(5.O'|6—:> B-17)

]|Aj)

+2 4y )4,

where j,m=12 (j=m), @5 By B and a; are the optical carrier

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 {is the Hermitian conjugate while .A) is the

complex conjugate of'A). The random vector B; =B(z,0) describes the

residual fiber birefringence, while the vector ¢ 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 evoive on the Poincare sphere at
different rates as dictated by the magnitudes of B, and B, . The vector &
describe the intrachannel PMD effects resultiﬁg 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-17) through the nonlinear parametery; .

Equation (B-17) 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:

(1) The probe is assumed to be weak enough that the XPM and SPM
induced by it can be neglected.

(i) ~ We neglect the d term responsible for intrachannel PMD.

- Although the above 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. With these

simplification (B-17) can be written in the following two equations:

6|A,)_£[3A62|A,)
&t 2 a2

4%—‘|A,)—%B,.GJA,)

(B—IS)
J14.)

+”T'[2(A,|A,)+]A;><A,‘
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(B-19)

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 (L, ~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 (N PR)I. 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

[4

transformation |A j> =T | A; > , where the Jones matrix T satisfies,

art i ..
e -_1B,sf (B-20)
dz 2

The unitary matrix 7 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

- {a -a,
T=|" ,2 (B-21)
a, a :
where |a,|2 +|a'2|2 =1. If we introduce a Jones vector ]a,} with its two elements

a, and a, this vector satisfies,
d| a])

i .
A a) (B-22)
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Since random residual birefringence makes all SOPs equally likely, |a,) can be

expressed in its most general form as
e

_in | coS(—)e ?
2 2 P (B-23)

la,)=e
sm(2)e z

where ¢ and ¢ are uniformly distributed in the range [0,27] and cosf is
Thus, the most general form of the

uniformly distributed in the range[—1, 1]

transformaﬁon matrix T is given by,
_ |cos(=)e ? —sin(—)e ? :
T= 2 e 2 i (B-24)
il — 2 — 2
sm(z)e cos(z)e
We make the use of the following relation,
|A*)(A* =|4) (4]~ (4|o,| A)o, (B-25)
A)(A|+(A|o | 4).
PPRCITECIAY EY 526
Now (B-18) and (B-19) becomes,
a|A" >=_ a|A; )_iﬂZI al‘A" )_ﬂ|Af > :
oz " ot 2 ot 2 : (B_27)
i L[y yAf (4)|F o, F| Ao T 4] )
o) B[Aé) B P14 ) wa v o
e S A L DA R LY . (B-28)
(4 |f“c3f|A;)f‘cjnA; )

+ 212l 4+ (1o | 43).0-

where b is related to B by a rotation as,
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[B(z,0,) —-B(z, o,)]
Q

b=R"' =R

1 48 (B-29)
dw
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., Ro=T'eT

We now avérage over (B-28) and’ (B-29) over &, ¢ and ¢, to obtain the

evolution of the field on a length scale much longer than the birefringence

correlation length. It can be also showed that
I

A; =—

<< ! .3

Substituting (B-30) into (B-28) and (B-29) and using the reduced time ‘as

T'o,T]| A,’)f"aj") (A;|o |4;).0 (B-30) -

- = (t - B,,2) as the new temporal variable and writing 4, and A, instead of A,

and A, respectively, we obtain the following two equations,

3 4 ol4,) i, 8%|4 2, . :
|azf>=__5ﬂl |arr>_ 221 alz_zl)_'?wA’)_lg‘P“'A’) (B-31)

84 5. 84 - it ’
%=—%%—%|A2>—§Qb.G|AZ>+%&PO(3+P.a).1A;) (B-32)

where, P, = (A, |A,) is the pump power, }3=(AI |cr|A,)/P0 is the unit vector
representing the SOP of the pump on the Poincare sphere, Q=(w, —®,) is the
channel spacing , &, =8/9v, and &, =8/9y, are effective nonlinear parameters
for the two channels, 8B, = {3, —B,, ) 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
|4,) =|A4,,)+|A4y) , where |4,,) and |A4,,) are unperturbed and perturbed

probe fields respectively and simply we obtain the equations (6.1), (6.2) and
(6.3).
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