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Abstract
The work done in this thesis focuses on the impact of transmission impairments in high speed optical
networks. Specifically it focuses on the impact of nonlinear impairments in long haul fiber optic data
transmission. Currently deployed fiber optic transmission networks are running on NRZ OOK
modulation formats with spectral efficiency of only 1 bit/symbol. To achieve spectral efficiency
beyond 1 bit/symbol, fiber optic communication systems running on advanced modulation formats
such as QPSK are becoming important candidates. The practical deployment of QPSK based fiber
optic communication system is severely limited by Kerr-induced nonlinear distortions such as XPM
and XPolM, from the neighboring NRZ OOK channels.
In this thesis we focus on the impact of nonlinear impairments (XPM and XPolM) in fiber optical
transmission systems running on QPSK modulation with both differential and coherent detection. The
dependence of impact of nonlinear impairments on SOP, baud rate of the neighboring NRZ OOK
channels and PMD in the fiber, is analyzed in detail through numerical simulations in
VPItransmission Maker®.
In this thesis we also analyze digital signal processing algorithms to compensate linear and nonlinear
impairments in coherent fiber optic communication systems. We propose a simplification of the
existing method for joint compensation of linear and nonlinear impairments called ―digital back
propagation‖. Our method is called ―weighted digital back propagation‖. It achieves the same
performance of conventional digital back propagation with up to 80% reduction in computational
complexity.
In the last part of the thesis we analyze the transmission performance of a newly proposed hybrid
WDM/TDM protection scheme through numerical simulation in VPItransmission Maker®. The
transmission performance of the hybrid WDM/TDM PON is limited by impairments from passive
optical devices and fiber optical channel.

Key words: Fiber optic communication, Kerr-effect, cross phase modulation, cross polarization
modulation, quadrature phase shift keying (QPSK), differential detection, coherent detection, digital
signal processing, digital back propagation, fiber optic access networks, passive optical network.
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Introduction

The history of modern day fiber optic communication dates back to 1960s when Dr. Charles K Kao
proposed that the losses in an optical fiber based on silica glass can be reduced to 20 dB/km by
removal of contaminants. By the mid of 1972 Robert Maurer, Donald Keck and Peter Schultz invented
the multimode germanium doped optical fiber with loss up to 4 dB/km. This development along with
invention of GaAs semiconductor lasers paved the way for the first commercial fiber optic
communication link in 1977 in long beach California working at 6 Mbps [1].
During the 1980s the development of Erbium doped fiber amplifiers and wavelength multiplexers demultiplexers technologies increased the data rate capacity and distance reach of optical networks
[2], [3]. During 1990s experiments on transoceanic fiber optic links supported the commercialization
of submarine fiber optic networks which further revolutionized the telecommunication sector [4].
However these fiber optic communication networks used On-Off keying with direct detection at
receivers as their information coding and decoding mechanisms. This lead to low spectral efficiency.
In order to increase spectral efficiency beyond 1bit per symbol advanced modulation formats based on
amplitude and phase modulation such as differential quadrature phase shift keying ((D)QPSK) and
quadrature amplitude modulation (QAM) with polarization multiplexing were proposed as alternatives
[5], [6], [7]. Despite the introduction of these advanced modulation formats in fiber optic
communication the spectral efficiency is limited by linear and nonlinear impairments such as
chromatic dispersion (CD), polarization mode dispersion (PMD), self phase modulation (SPM), cross
phase modulation (XPM), cross polarization modulation (XPolM) and four wave mixing (FWM) [8].
In parallel to introduction to the advanced modulation formats in fiber optic communications high
speed (digital signal processors) DSPs made digital signal processing of the received optical signal
possible. Different algorithms have been proposed to overcome the constraints set by linear and
nonlinear impairments [9], [10]. These algorithms include chromatic dispersion compensation by both
adaptive and static filters, estimation of carrier phase and digital back propagation of received signal to
compensate nonlinear phase noise.
The impact of linear and nonlinear impairments is not only limited to core junction networks but it has
its effects on fiber optic access networks as well. These effects manifest themselves in the form of
distance reach and subscriber capacity of the networks. The dominant constraints in optical access
networks are insertion losses in passive optical devices, linear crosstalk in multiplexing and demultiplexing devices [11], [12] and attenuation in the fiber optic cables. In this thesis an in depth study
of a proposed hybrid wavelength division multiplexing/time division multiplexing packet optical
network (WDM/TDM PON) architecture is done to analyze the reach of the optical network limited by
linear impairments form the optical devices and the optical fiber.
Our analysis for the above mentioned aspects of fiber optic communication networks was done by
simulations in VPItransmission Maker®, which is a worldwide standard simulator for both ultra long
haul fiber optic communication systems and short range fiber optic access networks. It contains
simulation modules for active and passive photonic components, different fiber types such as standard
single mode fibers (SSFMs), dispersion compensating fibers (DCFs) and multimode fibers (MMFs),
different built in digital signal processing modules, different kinds of transmitters and receivers, time
domain and frequency domain analyzers, electrical signal sources and filters. Another important
feature of this simulator is its capability to interface with other programming languages such as
Matlab® and Python, so that users can define their own custom modules and integrate them with
modules in VPItransmission Maker®.
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The main focus of the thesis is to analyze the impact of nonlinear impairments when currently
deployed non-return to zero On-Off keying (NRZ OOK) dense wave division multiplexed (DWDM)
systems are upgraded to systems running on advanced modulation formats such as polarization
multiplexed differential quadrature phase shift keying (PM DQPSK) and polarization multiplexed
8-level differential phase shift keying (PM D8PSK). This impact is analyzed in [Paper A]. The impact
depends on relative state of polarization (SOP) of the neighboring NRZ OOK channels and the PM
DQPSK/PM D8PSK channel. We also analyze the evolution of SOPs of the central channels due XPM
and its affect on the system performance in [Paper B]. In [Paper C] we analyze the dependence of
impact of nonlinear impairments on SOP of NRZ OOK channels and baud rate of PM DQPSK
channel. In [Paper D] we analyze the dependence of nonlinear impairments on baud rate, SOP of NRZ
OOK channels and PMD in the fiber for both coherent and differential detection schemes.
In [Paper D] and [Paper F] we propose a new digital signal processing algorithm to compensate
nonlinear impairments in a polarization multiplexed coherent QPSK system. Our proposed algorithm
reduces the implementation complexity of the previously proposed algorithms for compensation of
nonlinear phase noise.
In [Paper G] we analyze the impact of linear impairments in newly proposed hybrid WDM/TDM
PON architecture. The newly proposed architecture increases the system capacity but its reach is
limited by the impairments from passive optical devices and optical fiber.
The thesis is organized as follows: Chapter 2 introduces advanced modulation formats and their
implementation techniques in fiber optic communications. Chapter 3 discusses the impairments in
fiber optic communication. It discusses both linear and nonlinear impairments in general and the
analysis of SPM and XPM in 40 Gbaud transmission systems. Chapter 4 discusses the digital signal
processing algorithms for compensation of linear and nonlinear impairments in fiber optic
communications and our proposed algorithm for joint compensation of linear and nonlinear
impairments. Chapter 5 discusses the dependence of nonlinear impairments on SOP, baud rate and
PMD in polarization multiplexed fiber optic communication systems. Chapter 6 discusses the various
PON architectures and the proposed hybrid WDM/TDM PON architecture. It also discusses the
physical layer performance of the proposed hybrid WDM/TDM PON architecture.
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Modulation techniques in
fiber optic communication

The traditional fiber optic communication systems running at 10 Gb/s and 40 Gb/s use intensity
modulation of the laser carrier signal where a bit ‗0‘ is represented by very low intensity optical carrier
signal and ‗1‘ is represented a very high intensity carrier signal. This scheme is often termed as OnOff keying. The modulation formats that are used for manipulating the intensity of the laser carrier
signal for On-Off keying are non-return to zero (NRZ) and return to zero (RZ). In NRZ format a bit
‗1‘ is represented by a high intensity signal throughout the symbol slot whereas in RZ a bit ‗1‘ is
represented by a high intensity signal only during partial fraction of the entire symbol slot.
Graphically they are represented in Fig. 1.
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Fig. 1 – NRZ and RZ modulation formats.

The above mentioned modulation formats have a spectral efficiency of only 1bit per symbol. This
leads to very poor spectral efficiency in DWDM systems. To achieve spectral efficiency beyond 1 bit
per symbol, phase modulated fiber optic communication systems have been proposed [13]. In these
modulation formats both the phase and amplitude of the carrier signal is modulated to encode the
information bits. Typical advanced modulation formats proposed for fiber optic communication are
quadrature phase shift keying (QPSK), 8-level phase shift keying (8PSK) and 16-level quadrature
amplitude modulation (16 QAM). These modulation formats are represented by constellation
diagrams which represent the amplitude and phase of the signal in the complex plane. The focus of the
studies in this thesis is QPSK and 8PSK modulation formats so their constellation diagrams are shown
in Fig. 2.

(a)

(b)

Fig. 2 – QPSK (a), 8 PSK (b) constellation diagrams.
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The number of bits encoded per symbol in the above figures is log2M where M is the modulation level
or the number of possible bits per symbol.

2.1 Transmitters for advanced modulation formats
To implement advanced modulation formats discussed in previous section in fiber optic
communications various architectures have been proposed [13]. One of the architectures is depicted in
the Fig. 3.
QPSK

Q = {0,Vπ}
MZM

8PSK

PHASE SHIFT
(π/2)

D = {0,Vπ/4}
Q = {0,-Vπ}
Laser
Source

Output
Field

I = {0,Vπ}
PM
MZM
I = {0,-Vπ}

Fig. 3 – Transmitter architectures for QPSK modulation and 8PSK modulation.

In the above architecture there are two critical optical components. The first one is the phase
modulator and the second one is Mach Zehnder Modulator. An optical phase modulator manipulates
the refractive index of the optical waveguide in proportion to the applied electrical field. This
phenomenon takes place due to Pockels effect. This device is usually made of Lithium Niobate
(LiNbO3) [14]. A phase modulator has a characteristic voltage ―Vπ‘‘ indicating the voltage inducing a
phase shift of 180o in the incoming optical field.
The second device, Mach Zehnder Modulator (MZM) (shown in Fig. 4), is also based on phase
modulator but it consists two such optical waveguides cascaded in parallel in a single package. The
MZM modulator divides the incoming optical field into two arms and then a phase shift of opposite
sign is applied to the field in each of the arms. The output from both the arms is then added in the
output port. The output signal is a phase modulated BPSK signal.

Fig. 4 – MZM modulator and its operation to generate BPSK signal.

In the architecture presented in Fig. 3 two MZMs are cascaded in parallel, each MZM produces a
BPSK signal. In one of the arms of the modulator a constant phase shift of 90o is applied to the BPSK
signal. Addition of both the fields results in the generation of the complex QPSK signal. This
modulator is a called ―I-Q Modulator‘‘ (In-phase – Quadrature) since the signal in one arm is ―inphase‘‘ with the carrier phase and the signal in the other arm has a phase difference of 90o with respect
to the carrier phase.
4

2.2 Coherent detection
In order to decode information bits from the complex phase modulated optical signal, the receiver
needs to detect both the absolute phase and amplitude of the received signal. For this a local oscillator
is used at the receiver to beat with the incoming optical signal. The signal from the local oscillator and
the received signal are fed to a 90o optical hybrid. This is an optical device which splits the incoming
signal into two orthogonal components. One of the components under ideal conditions is ―in-phase‘‘
with the local oscillator and the other is 90o out of phase and is called the ―quadrature‘‘ field. The inphase and the quadrature fields are then detected by photo detectors. The architecture of a coherent
receiver is shown in the Fig. 5. The architecture in Fig. 5 also shows digital signal processing modules
which will be discussed in detail in Chapter 4.

LO

PBS

CMA

+

CMA

CMA
CMA

+

BER Counter

90o
Optical
hybrids

Carrier Recovery
Viterbi-Virterbi Algorithm

PBS

ADC
2 samples per symbol

Received
optical signal

90o
Optical
hybrids

Fig. 5 – Architecture of a coherent receiver.

The performance of phase modulated optical communication systems depends on the modulation
level. With increasing modulation level the system becomes more sensitive to noise perturbations due
to less distance among the constellation points. Generally in any digital communication system with
advanced modulation formats each point on the constellation differs from its neighboring point by one
bit only, so that a constellation point wrongly decoded at the receiver results in only one bit error. This
type of encoding in called Gray coding. The back to back performance in terms of bit error rate of any
coherent communication system with Gray coding is given by equation (2.1) [15]
(2.1)
where
is the probability of bit error, M is the number of bits per symbol and Q is Q function. The
performances of a QPSK and an 8PSK communication system are compared in the Fig. 6.

Fig. 6 – QPSK and 8 PSK performance (BER vs SNR).

From the analysis of Fig. 6 it is can be observed that the required SNR for QPSK at a BER of 10-3 is
6.8 dB where as for 8PSK it is 9.9 dB. It means that there is 3.1 dB penalty in moving from QPSK and
8PSK modulation format at a BER of 10-3.
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2.3 Differential encoding and differential detection
Information can also be encoded in the phase difference between two consecutive symbols of a
constellation. The advantage is that the receiver becomes simpler as there is no requirement for carrier
phase recovery. The basic principle of differential encoding and detection is to use the phase of
previously transmitted symbol as a reference for current symbol thus eliminating the need for coherent
phase reference for transmission. Information bits are then encoded as differential phase between the
current and previous symbol. The simplest example of this is that of differential binary phase sift
keying (DBPSK). An un-encoded BPSK signal constellation has two possible phases either 0o or 180o
for representation of either bit ―1‘‘ or a bit ―0‘‘. If differential encoding is used then a bit ―0‘‘ can be
encoded with no phase change in the current symbol phase and a bit ―1‘‘ can be transmitted with a
phase increment of 180o in the current symbol phase. This differential encoding is implemented by
XOR Boolean function given as follows
(2.2)
where and
are current and previous encoded symbols, and
encoder. The DBPSK encoder is shown in Fig. 7.
Data
Sequence.

is the current input symbol to the

Encoded Data
Sequence

XOR

AK

IK
1 – bit
delay

Fig. 7 – Differential encoder for DBPSK.

Differential decoding is the reverse process of differential encoding in which two symbols are
compared to recover the original data sequence. A differential decoder for DPBSK is shown in Fig. 8.
Encoded Data
Sequence

XOR

Data
Sequence.

IK

AK
1 – bit
delay

Fig. 8 – Differential decoder for DBPSK.

In fiber optic communication differential detection for a DBPSK signal is implemented by a delay line
interferometer (DLI). It is shown in Fig. 9.
Received
optical signal
+
-

Fig. 9 – Optical DBPSK receiver.

A DLI has two branches. The uppermost branch gives the signal a delay of one symbol and in the
lower branch there is no delay. Then the signal is detected by a balanced photo detector which
converts phase difference to amplitude modulation. The information is then decoded as ‗1‘ if it is
above a certain threshold and ‗0‘ if it is below the threshold.
For using differential encoding at higher modulation levels such as differential quadrature phase shift
keing (DQPSK) and differential 8-phase shift keying (D8PSK), in fiber optic communication, more
complex encoders and decoders are required [5], [16]. Table 1 shows the information bits and the
corresponding phase difference among consecutive symbols for DQPSK transmission and Table 2
shows the information bits and the corresponding phase difference among consecutive symbols for
D8PSK transmission.
6

Table 1 – Information bits and corresponding phase difference for DQPSK.
Information bits
00
10
11
01

Phase difference
45o
135o
225o
315o

Table 2 – Information bits and corresponding phase difference for D8PSK.
Information bits
000
100
101
111
110
010
011
001

Phase difference
0o
45 o
90 o
135 o
180 o
225 o
270 o
315 o

The optical DQPSK receiver (shown in Fig. 10 [5]) consists of a (delay line interferometer) DLI which
performs the differentiation of current symbol phase with pervious symbol phase. A DLI has two
branches. The uppermost branch gives the signal a delay of one symbol and lower branch gives the
signal a phase shift of ±π/4. Then the signal is detected by a balanced detector which converts phase
difference to amplitude modulation. The information is then decoded as ‗1‘ if it is above a certain
threshold and ‗0‘ if it is below the threshold. This is done for both in-phase data stream ‗a‘ and
qudrature data stream ‗b‘.
+

Received
optical signal

a

-

π/4

+

-π/4

b

-

Fig. 10 – DQPSK receiver.

The architecture of an optical D8PSK receiver (shown in Fig. 11 [16]) is similar to a DQPSK receiver,
except that it contains four DLIs and the phase shift introduced by the DLIs is ±3π/8 and ±π/8. The
third output stream ‗c‘is an XOR of the two lower DLIs.
+

Received optical
signal

a

-

3π/8

+

-π/8

b

-

+

π/8

-

c
+

-3π/8

-

Fig. 11 – D8PSK receiver architecture.
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The performance of differential detection depends on the phase difference between the two points on
the constellation. The higher the modulation level, the lower is the phase difference between
neighboring points on the constellation which results in higher probability that the points on the
constellation will be in error. In communication theory the performance of differential detection
(DQPSK) is given by equation (2.3) [15].
(2.3)
where
is the bit error probability is the Marcum Q function,
of first kind and parameters and are defined as

is zero order Bessel function

(2.4)

(2.5)
where is the signal to noise ratio. The performance of differential detection (DQPSK) is plotted and
compared to coherent detection (QPSK) in Fig. 12.

Fig. 12 – BER vs OSNR for differential and coherent detection.

From the analysis of Fig. 12 it is apparent that in theory coherent detection outperforms differential
detection by 2.7 dB for BER of 10-3.

2.4 Polarization division multiplexing
Phase modulated communication systems exploit both the phase and amplitude of signal to encode
information bits to increase the spectral efficiency of the system. However polarization can also be
exploited as another dimension to further increase the spectral efficiency of the system. Any
polarization state can be represented by two spatial orthogonal components. These orthogonal
components can be used as separate data channels in a fiber to double the spectral efficiency. This
method of enhancing spectral efficiency is called polarization division multiplexing (PDM). It is
realized by using two optical components. The first one is polarization beam combiner (PBC) which is
used at the transmitter to combine the optical signals in two orthogonal polarizations into a single
optical channel. The second one is polarization beam splitter (PBS) which splits the incoming optical
signal at the receiver into two orthogonal polarizations at the receiver. An example of a PDM system
is show in Fig. 13.
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(D)QPSK/D8PSK
Transmsitter
SSMF

(D)QPSK/D8PSK
Receiver

DCF

PBC

PBS
Fiber
amplifier

(D)QPSK/D8PSK
Transmsitter

Fiber
amplifier

Optical
bandpass filter

(D)QPSK/D8PSK
Receiver

Fig. 13– Polarization multiplexed (PM) (D)QPSK/D8PSK transmission system, {Standard single mode fiber (SSMF),
dispersion compensating fiber (DCF)}.

The earliest experiments with polarization multiplexing were reported in [17]. After the introduction
of advanced modulation formats in fiber optic communications several experiments were also reported
using the combination of PDM with advanced modulation formats [18], [19]. These experiments
clearly indicate the promising future prospects of PDM systems in commercial fiber optic
communication systems.
However with the advantage of higher spectral efficiency the PDM systems also have some
disadvantages. In polarization multiplexing the launched power into the fiber is divided into two
polarization components so the receivers in each polarization receive half of the total power which
results in a power penalty of 3 dB. Another source of penalty is due to coupling between the
orthogonal polarization components from linear and nonlinear impairments in fiber optic
communications such as polarization mode dispersion (PMD) and cross polarization modulation
(XPolM). These impairments will be discussed in detail in chapter 3 and chapter 5.
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3

Transmission impairments

Transmission impairments in fiber optic communication can be categorized as linear and nonlinear.
Linear transmission impairments include amplified spontaneous emission (ASE) noise, attenuation,
chromatic dispersion, polarization mode dispersion and linear crosstalk in WDM systems from optical
filters/de-multiplexers and wavelength routers. Nonlinear impairments include self phase modulation,
cross phase modulation, cross polarization modulation. To understand transmission impairments we
should understand the propagation of a pulse in an optical fiber which is described by nonlinear
Schrödinger equation [20]
(3.1)
where is the signal amplitude, is the distance of the fiber, is the attenuation coefficient,
group velocity dispersion parameter and is the Kerr nonlinear coefficient.

is

3.1 Linear impairments
Following discussion explains linear transmission impairments in fiber optic communications.

3.1.1 Attenuation
In absence of

and , the solution to the equation (3.1) would be
.

(3.2)

Equation (3.2) shows that the signal power will get attenuated exponentially with increasing distance.
The attenuation coefficient is also expressed in dB per unit length and is related to the linear scale
coefficient by the following relationship.
(3.3)

.
The attenuation length is defined as

(3.4)
It gives the distance after which the signal power has been reduced to
i.e., to 37%. For typical
fiber optic communication systems working at 1.55
the attenuation coefficient is 0.2 dB/km which
gives the attentuation length
.

3.1.2 Dispersion
The solution to equation (3.1) in frequency domain, in absence of nonlinear impairment coefficient
and attenuation coefficient , becomes
.

(3.5)

From equation (3.5) it becomes apparent that different frequency components in the optical signal
suffer different phase shift. This phase shift results in broadening of the pulse widths. This broadening
results in interference among consecutive pulses and it is called ―inter symbol interference‘‘ which is a
source of penalty in fiber optic communication systems.
The parameter
is called the group velocity dispersion (GVD) parameter. It describes the time delay
accumulated over a certain distance, by two spectral components whose separation is expressed in
frequency ( ). It is has units of
.
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However in fiber optic communication a more commonly used parameter for expressing the
propagation delay among two pulses, whose separation is expressed in wavelength ( ), is dispersion
parameter ―D‘‘. It is defined as
(3.6)
where is wavelength of the carrier signal. It has units of ps/nm-km. The dispersion is also dependent
on wavelength of the channel. This dependence is expressed in terms of a slope parameter given by
(3.7)
Another important parameter that is related to dispersion is dispersion length which describes the
length after which a pulse has broadened by 40 % of its original pulse width. It is defined as
(3.8)
where , for a Gaussian pulse shape, is related to full width half maximum pulse width, given by the
following relation
(3.9)

.
For non-return to zero pulses at 10 Gb/s the pulse width
lengths are around 175 km.

is around 100 ps and dispersion

The impact of chromatic dispersion can also be observed in the received signal constellation shown in
the Fig. 14 in blue markers.

Fig. 14 – Constellation diagram of QPSK signal at the transmitter (black lines) and after chromatic dispersion of 6ps/nm-km
and 1km of fiber length (blue markers).

3.1.3 Amplified spontaneous emission noise
Amplified spontaneous emission noise is the noise generated by the Erbium doped fiber amplifiers
(EDFAs) used for amplification in fiber optic communication systems. ASE noise is generated by
spontaneous decay of electrons in the upper energy levels to lower energy levels in the atoms of
Erbium doped material. This results in the emission of photons in a wide frequency range. The power
spectral density of ASE noise is given by [20]
(3.10)
where
is the spontaneous emission factor, is the Plank‘s constant,
is the signal central
frequency and is the gain of the amplifier. In a fiber optic transmission link with
amplifiers, the
optical signal to noise ratio (OSNR) is given by
(3.11)
where
12

is the transmitted power,

is the spontaneous emission noise power defined by

(3.12)
where

is the optical bandwidth of the receiver.

At the receiver the ASE noise generates two kinds of noise after detection in photodiodes. The first
one is due to beating of the ASE noise with the signal and second one is due to the beating of the ASE
noise with itself which are given as follows
(3.13)
(3.14)
where
noise,

is the signal and ASE beat noise,
is the spontaneous spontaneous emission beat
is the electrical bandwidth of the receiver and
is the responsitivity of the photo detector.

3.1.4 Polarization mode dispersion
Polarization mode dispersion broadens the signal pulse width due to different propagation delay
among two principle states of polarization in a fiber. This occurs due to fact that real optical fibers
have irregular core radius or shape along the fiber length. This asymmetry introduces randomly
varying difference among the refractive indices of two principles state of polarization of the fiber. Due
to this difference the light propagates with different velocities in the two axes and the signal broadens
along the propagation. The propagation delay is given by [20]
(3.15)
where
is the propagation delay in the two principle states of polairzations.
and
are the
group velocities in the x- and y- polarization components of the signal. However the term
cannot
be used as a parameter for PMD for practical telecommunication systems since PMD is random in
nature. It has a Maxwellian distribution and it is defined my mean differential group delay (DGD)
given by
(3.16)
where
is the mean DGD,
is the PMD parameter expressed in picoseconds per square root of
kilometers of fiber length. The typical values of DGD are 0.01-1
.

3.1.5 Linear cross talk in WDM systems.
Linear cross talk in WDM systems arises in optical filters, de-multiplexing devices and wavelength
routers. In WDM systems a signal at a particular wavelength is de-multiplexed at the receiver by
means of an optical filter. The optical filters do not completely suppress the wavelength components
outside the signal optical bandwidth. Thus power from the neighbouring channels in the WDM system
leaks into the central channel spectrum causing cross talk penalty in the central channel. This crosstalk
penalty increases with the increasing number of channels in the WDM system. Since this crosstalk is
caused by channels which are out of bandwidth of the central channel band so it is called out of band
cross talk. Linear out of band crosstalk is depicted in the Fig. 15.
Filter spectrum

Power (dB)

WDM spectrum

Cross talk

Cross talk

Wavelength

Fig. 15 – Linear cross talk in WDM systems.
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For a WDM system with N channels the total photocurrent generated by the filtered optical signal at
the receiver is given by [20]
(3.17)
where is the power of the mth channel or the filtered channel, is the power of the nth neighboring
channel,
and
are the receiver photo responsitivities and
is the receiver transmittivity for
channel n when channel m is filtered. So the first term in equation (3.28) is the current due of the
filtered channel power ( ) and the second term in equation (3.28) is the current
due to power of
the crosstalk from the neighboring channels. To maintain a particular performance of the system in
terms of eye opening, the current must be increases by . The power penalty is thus given by
(3.18)
Substituting expressions for
and from equation (3.17) into equation (3.18) and assuming that all
the receiver photo responsitivities, are equal
and the launch powers in all channels are in
on state, the power penalty in logarithmic scale is given by
(3.19)
where

is the measure of the out of band crosstalk.

Another source of crosstalk in WDM systems is wavelength routers based on AWGs. The operation of
a 4x4 AWG router is depicted in Fig. 16.
4x4 AWG
a1,a2,a3,a4

a1,d2,c3,b4

b1,b2,b3,b4

b1,a2,d3,c4

c1,c2,c3,c4

c1,b2,a3,d4

d1,d2,d3,d4

d1,c2,b3,a4
Fig. 16 – 4x4 AWG rourter.

The letters a,b,c and d indicate the port and the subscripts 1,2,3 and 4 indicate the wavelength number.
Under ideal conditions the wavelengths in the input optical ports are routed to the output ports
according the scheme shown in Fig. 16. However due to imperfections in the AWG structure each
wavelength in the output port suffers out of band crosstalk from the wavelength channels in the same
port as well as in-band crosstalk which occurs due to power leaking from other ports at the same
wavelength.
The in-band crosstalk penalty for a WDM system with N channels is given by [20]
(3.20)
where
(3.21)
where is the measure of in band crosstalk defined as the ratio of in-band interference power to the
monitored channel power, N is the number of channels and -value is the measure of eye opening of
the receiver.

14

3.2 Nonlinear impairments
The following discussion explains nonlinear transmission impairments in fiber optic communications.

3.2.1 Self phase modulation
The solution to equation (3.1) in absence of dispersion parameter

becomes
(3.22)

where

is defined by the following equation
(3.23)

where z is the length of the fiber optic link and

is the nonlinear coefficient defined as
(3.24)

where is nonlinear refractive index,
affective area of the core.

is the central frequency, c is the speed of light,

is the

The solution to equation (3.23) is defined as
(3.25)
where
is the number of amplifiers in the fiber optic link. Equation (3.25) thus defines nonlinear
phase shift which is proportional to the power of the signal itself and the number of amplifiers in the
link.
Another parameter that is of importance is the nonlinear length of the system. It indicates the length
which limits the total phase shift by one radian (
). It is given by the following relation.
(3.26)
For a typical SSMF the
nonlinear length is greater than 76 km.

and transmit powers below 10 dBm per channel the

For phase modulated optical communication systems, self phase modulation (SPM) manifests itself as
the rotation of constellation from its original position. At the receiver the rotated constellation points
are erroneously decoded and become source of penalty. A QPSK signal constellation transmitted at a
distance of 20 km, with dispersion of 0.6 ps/nm-km, nonlinear coefficient of 1.31W-1km-1 at launch
powers of 0 dBm and 10 dBm is shown in Fig. 17.

Fig. 17 – Constellation of QPSK signal, transmitted (black lines), 0 dBm (blue lines), 10(dBm) red lines.
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3.2.2 Cross phase modulation
Cross phase modulation is the modulation of the signal phase that is proportional to the power of the
signal in the neighboring channels in a DWDM system. It arises due to the fact that the refractive
index not only varies with the power of the central channel but also with the power in the neighboring
channels in a nonlinear fashion. This causes nonlinear coupling among the channels in a DWDM
system. Mathematically it is expressed as follows
(3.27)
where
is the nonlinear phase shift introduced in the jth DWDM channel,
coefficient and
is defined as

is the nonlinear

(3.28)
In practical DWDM systems the XPM induced phase shift in the central channel is random since at a
given time instant the neighboring channels have different amplitudes as all the channel sources in a
DWDM system are independent of each other [22]. Secondly due to different propagation velocities of
different frequency components in the DWDM system there will exist a dispersive walk off among the
channels. Due to this dispersive walk off among the channels the affective power from the neighboring
channels causing XPM will reduce and lower the affect of XPM. So the impact of XPM can be
reduced by increasing the spectral separation among the channels [23].

3.2.3 Analysis of SPM and XPM in 40 Gbaud DQPSK/D8PSK
transmission systems
In phase modulated fiber optic communication systems with DQPSK and D8PSK modulation formats
the impact of SPM and XPM is more severe since the constellation rotation causes the points to shift
out of their decision regions. To analyze the impact of SPM and XPM we simulated a transmission
link with DQPSK/D8PSK channel at 40 Gbaud and four NRZ OOK channels at 10 Gb/s as the
neighboring channels. The simulations were done for both single polarization and polarization
multiplexed systems. The setup is shown in the Fig. 18 [Paper A], [Paper B].
10 Gb/s NRZ OOK Source
OSA

10 Gb/s NRZ OOK Source
SSMF
40 Gbaud PM RZ DQPSK/
D8PSK
Tranmsitter

10 Gb/s NRZ OOK Source

DCF
40 Gbaud PM RZ DQPSK/
D8PSK Receiver

80 km
x4

MUX

77 Ghz 3 dB
demux filter

10 Gb/s NRZ OOK Source

Fig. 18 – Set up for simulations.

The results for transmission simulations are shown Fig. 19 which plots the required OSNR for
BER=10-3 versus launch power per channel per polarization. The total launch power during the
simulations was adjusted so that each channel in every polarization and wavelength has equal average
launch power.
The impact of nonlinearities is apparent in all the cases for DQPSK and D8PSK, since as the launch
power increases the required OSNR also increase in a nonlinear fashion. For each scenario launch
power is increased until BER=10-3 is no longer achievable even in the absence of noise.
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36

Single Channel

34

DWDM 200 GHz
Required OSNR [dB] for BER = 10-3

32

DWDM 100 GHz

30
28

40 Gbaud
PM RZ D8PSK

26
24

40 Gbaud
SP RZ D8PSK

22
20

40 Gbaud
PM RZ DQPSK

18
16
14
-10

40 Gbaud
SP RZ DQPSK
-5
0
5
launched power per channel per polarization [dbm]

10

Fig. 19 – BER vs OSNR for BER = 10-3.

The required OSNR when going from SP to PM increased by 3 dB in both cases of DQPSK and
D8PSK which is consistent with the back to back simulation results in [Paper A]. The required OSNR
in moving from 4-level DQPSK to 8-level D8PSK in both the case of SP and PM is 6.3 dB which is
also consistent with the back to back transmission results in [Paper A].
40 Gbaud
SP RZ DQPSK

Single Channel
DWDM 200 GHz
DWDM 100 GHz

40 Gbaud
PM RZ DQPSK
40 Gbaud
SP RZ D8PSK
40 Gbaud
PM RZ D8PSK

Fig. 20 – Nonlinear threshold for all cases in Fig. 19.

Fig. 20 shows the nonlinear threshold (NLT) – defined as the launch power for which the required
OSNR is increased by 2dB compared to back-to-back for all the cases in Fig. 19. We observe that the
difference in NLT between SP RZ-DQPSK and SP RZ-D8PSK is around 3dB, which is explained by
the fact that the phase difference between neighboring symbols in a D8PSK constellation is half that of
a DQPSK constellation.
Next we observe that in the case of single polarization (SP RZ DQPSK) and (SP RZ D8PSK) the NLT
is degraded considerably (between 1 dB and 2 dB) when adding neighboring WDM channels, due to
XPM. However even greater penalty is caused by adding an orthogonal-polarization channel (3 dB
NLT degradation going from SP to PM DQPSK Single Channel and 2.3 dB NLT degradation going
from SP to PM D8PSK Single Channel), suggesting that cross-polarization phase modulation is
dominant over XPM. And indeed, it can be seen that adding WDM neighbors to a PM channel does
not degrade NLT significantly.
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4

Compensation of linear and
nonlinear impairments

The development of high speed analogue to digital converters (ADCs) and field programmable gate
arrays (FPGAs) has made possible the use of digital signal processing algorithms in fiber optic
communication systems for the compensation of linear and nonlinear impairments. Digital signal
processing algorithms have been proposed in many studies to compensate chromatic dispersion, PMD
and, for carrier phase estimation [9], [10], [24], [25]. Various studies have also been published
implementing the proposed algorithm in real time [26], [27], [28], [29]. In the following study we give
introduction to the various digital signal processing algorithms to compensate both linear and
nonlinear impairments.

4.1 Chromatic dispersion compensation
The NLSE in absence of nonlinearity and attenuation can be written as
(4.1)
Solving equation (4.1) in the frequency domain gives us the following solution.
(4.2)
The frequency domain transfer function can be obtained from equation (4.2) [24]
(4.3)
where is the angular frequency c is speed of light and z is the distance. The equivalent time domain
function is given by
(4.4)
So the equation (4.4) can be used for implementing a filter that can compensate for chromatic
dispersion. But the formula in equation (4.4) has an infinite impulse response (IIR) response so it
should be truncated to convert it into a finite impulse response (FIR) filter. The coefficients of the FIR
filter are given by
(4.5)
where T is the sampling period, k is the number of coefficients of the filters.
Chromatic dispersion can also be compensated in frequency domain using equation (4.3) with a
negative chromatic dispersion given by
(4.6)
where

,

is the fast Fourier transform length and T is the sampling period.
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4.2 Adaptive equalization
Linear impairments that vary with time in the transmission links such as residual chromatic dispersion
and polarization mode dispersion can be compensated using adaptive equalization. Adaptive
equalization is done iteratively. It can be done in training mode, decision directed mode and blind
mode. In training mode a training sequence is sent to the receiver so that the receiver can adapt to the
channel impulse response by minimizing the error between the adaptive filter output and the reference
training sequence. In decision directed mode no training sequence is sent and the receiver adapts to
channel impulse response by minimizing the error between the filter output and decision taken on the
filter output. In blind equalization no training sequence is sent and the receiver adapts to the channel
by minimizing the error between the received signal and some property of transmitted signal.
The most commonly used and computationally simple adaptive equalization algorithms in
communication systems are least mean square algorithm (LMS) and constant modulus algorithm
(CMA). In least mean squares method (LMS) the filter output
is compared with a reference
signal in case of training mode or decision taken on the filter output
in case of decision directed
mode. It is given by
and the filter coefficients
are updated iteratively using the following
equation [30]
(4.7)
where
is the input signal and
is error between
and
. Here the constant is the
step size for updating the filter coefficients. If the step size is too big then the filter will not converge
to zero error while if the step size is too small it will take longer time for the filter to converge. So the
step size value should be a compromise between the two constraints. The error
is given by
(4.8)
where

is filter output from signal input

given by
(4.9)

The LMS adaptive filter is also shown in Fig. 21.

x(n)

Variable filter

y(n)
–

Updating
Algorithm

d(n)
+

e(n)

Fig. 21 – Adaptive filter scheme.

In LMS adaptation the training sequence or the decision on the output is a complex signal. So the
LMS adaptive filter forces its output to converge to the training sequence or the decision taken on its
output, both in terms of phase and amplitude. The process of LMS adaptation for a QPSK signal
constellation is shown in Fig. 22.

Fig. 22 – LMS error evaluation.
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Constant modulus algorithm on the other hand is a blind adaptation technique, in which the adaptive
filter converges to channel impulse response by minimizing the error between filter output and
constant modulus amplitude. CMA assumes that transmitted signal has constant amplitude and any
variation of the received signal amplitude is introduced by the channel impairments.
In CMA method the updating equation for the filter coefficients
is given by [30]
(4.10)
where is the step size for updating the filter coefficients,
and a constant reference of unit amplitude. It is defined by

is the error between the filter output
(4.11)

and
is defined as in equation (4.9). The output of CMA adaptive filter is not consistent in phase
to the transmitted signal phase since the CMA adaptive filter forces only the amplitude of its output to
converge to unit amplitude.

4.3 Polarization recovery
A polarization multiplexed fiber optic channel can be modeled as a 2x2 matrix. This matrix contains
the impulse response of the individual polarization and the coupling between the two orthogonal
polarizations components. It is given by the following equation [31]
(4.12)
where
and
are the received x- and y- polarization components of the field,
and
are the
impulse responses of the x- and y- polarization components of the field.
and
are the impulse
responses of the coupling between the two orthogonal polarization components. Equation (4.12) thus
represents a multi-input-multi-output (MIMO) system which can be used for equalization of linear
impairments such as polarization dependent loss (PDL) and PMD for polarization recovery of the
transmitted signal. The practical implementation of such a MIMO system is done by adaptive filters in
a MIMO conjecture shown in Fig. 23 [24]

Fig. 23 – MIMO PMD compensating filters.

where
,
and
are the adaptive filters. For our simulations and analysis, CMA was used
for adaption of the filters due to its simplicity for practical implementation and high immunity to
frequency offset estimation and phase recovery errors [32], [33]. If CMA is used then the adaptive
filters are expressed by the following equations
(4.13)
(4.14)
(4.15)
(4.16)
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where is the step size for updating the filter coefficients,
and
are the input fields of the x- and
y- polarization components.
and
are the outputs of the MIMO conjecture and are defined by
following set of equations
(4.17)
(4.18)
where
and
are the error vectors between the constant unit reference and output of the MIMO
conjecture
and
they are defined as
(4.19)
(4.20)

4.4 Carrier phase estimation
Due to ASE noise, phase noise from the local oscillator and XPM during transmission, the signal
phase gets distorted. In order to recover the transmitted signal phase in coherent detection, estimation
of the carrier phase has to be performed from the received signal using estimation algorithms. The
phase recovery of a quaternary signal can be performed using the ―Viterbi-Viterbi‘‘ carrier phase
estimation [34]. The block diagram for ―Viterbi-Viterbi‘‘ carrier phase estimation is shown in Fig. 24
[35].

Fig. 24 – Block diagram of ―Viterbi-Viterbi‘‘ carrier phase estimation.

Mathematically the estimation of phase can be represented as follows
(4.21)
where
is the phase of the data having values of
and
,
is the phase noise due to
laser phase noise and XPM, and
is the ASE noise in the system. The complex input signal is first
raised to the power of four so as to get rid of the data of the QPSK signal. Then average of the signal
samples is taken to suppress noise
(the ASE phase noise). At the end the signal phase is estimated
by dividing the argument by four and subtracting it from the incoming signal phase. The data signal
is estimated by threshold detection.

4.5 Joint compensation of linear and nonlinear
impairments
The DSP algorithms discussed above are used for the compensation of linear impairments. But for
compensation of both linear and nonlinear impairments digital back propagation has been proposed as
an alternative for future fiber optic communication systems [36]. Digital back propagation is based on
the nonlinear Schrödinger equation (NLSE) given as follows
(4.22)

22

where

and

operators are defined by
(4.23)
(4.24)

So the receiver can be designed based on reverse NLSE in which the received signal can be reverse
propagated through a fiber model with opposite signs of ,
and for the joint mitigation of SPM
and chromatic dispersion.

4.5.1 Standard digital back propagation
Fiber optic communication links consist of many spans of fibers. Each span of fiber is amplified by an
EDFA. It is assumed that nonlinearities are concentrated at the beginning of each span since the launch
power is highest immediately after amplification. So the number of computational steps for digital
back propagation can be reduced to only one step per span.
The DSP module that implements the concept of digital back propagation is presented in Fig. 25,
where N is the number of steps corresponding to the number of spans. The CD compensation module
compensates for chromatic dispersion either in the time or frequency domain and the NLC core
compensates of for the nonlinear phase shift due to self phase modulation and cross polarization phase
modulation.

CD
compensation

NLC core

xN
Fig. 25 – Digital back propagation modules.

In polarization multiplexed systems each polarization component in x- and y- polarization undergoes
two types of nonlinear phase shifts. In the first type the phase shift in one polarization is proportional
to the signal power in that polarization i.e., due to self phase modulation. In the second type the phase
shift is proportional to the amplitude in the other polarization i.e., due to cross polarization phase
modulation. The nonlinear compensating core (NLC) shown in Fig. 25 compensates for these two
types of phase shifts. The detailed schematic of the NLC core is shown in the Fig. 26 [37].

Fig. 26 – Schematic of nonlinear compensator.
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Mathematically the NLC core can be represented as follows
(4.25)
(4.26)
where
,
, a is the intra-polarization nonlinearity parameter and b is the interpolarization nonlinearity parameter. These parameters are optimized numerically for optimum
performance of the system.
Digital back propagation is computationally very exhaustive for real time DSP systems [38] so
simplification to the existing algorithms is required for implementation. In the next section we
introduce and analyze a simplified digital back propagation method.

4.5.2 Weighted digital back propagation
During digital back propagation the signal is back propagated in an asymmetric manner which means
that it is assumed that nonlinearities are concentrated at the beginning of the span immediately after
the optical amplifier. So only one step of digital back propagation per span is applied for
compensation of the nonlinear phase shift.
However the nonlinear phase shift during the intermediate incremental distances is not accounted for
during digital back propagation. If the nonlinear phase shift in the intermediate incremental distances
is accounted for by taking into account the power ―spilling‘‘ from the consecutive pulses into the
central pulse due to chromatic dispersion, the performance of digital back propagation can be
improved and fewer steps will be required to achieve the same performance as with standard digital
back propagation method. This can be done by modifying the NLC core and modeling the power
―spilling‘‘ by an FIR filter. The modified NLC core is proposed in [Paper E], [Paper F] and is shown
in Fig. 27.

Fig. 27 – Schematic of weighted digital back propagation method.

The incoming fields
and
correspond to the x- and y- polarization fields. The power spilling
from the neighboring pulses into the central pulse is predicted by applying a time domain FIR filter.
Mathematically WDBP can be presented as

(4.27)

(4.28)
where are the coefficients of the FIR filter and a is the intra channel nonlinearity parameter and b is
the inter polarization nonlinearity parameter.
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The major computational complexity of a receiver based on digital back propagation is due to fast
Fourier transform (FFT) to compensate chromatic dispersion rather than the NLC core, so
simplification of the receiver is achieved by using reduced number of steps of weighted digital back
propagation to achieve the same performance as of standard digital back propagation. This concept in
our terms is called weighted digital back propagation (WDBP).
In order to test the performance of the WDBP scheme we performed numerical simulations of a
112 Gb/s coherent PM QPSK system in VPItransmission Maker®. The simulation setup is shown in
Fig. 28. The transmission link consisted of 20 spans of SSMFs, each of which was 80 km long.

Fig. 28 – Simulation setup for 112 Gb/s PM-QPSK with 20 spans employing digital back-propagation with N steps for the
whole link. PBS: Polarization beam splitter, LO: Local oscillator, ADC: Analogue to digital converter.

Fig. 29 depicts the performance of the WDBP algorithm with varying precision (number of steps). The
results are plotted in terms of required OSNR as a function of launch power (Pin). In the absence of
nonlinear compensation, required OSNR degrades rapidly and above 4 dBm, BER of 10-3 cannot be
achieved due to strong intra-channel nonlinear effects at high launch powers. However, when WDBP
is employed with only single step for the whole link, a significant improvement of about ~2.5 dB is
observed, e.g. at 4 dBm. As the precision of WDBP is enhanced, one can see a gradual improvement
in required OSNR, e.g. ~4.5 dB required OSNR improvement with respect to the case with no NLC
can be observed with 20 steps at the Pin of 4 dBm. Nevertheless, there is still a visible penalty with
respect to the back-to-back required OSNR, due to the coarse step-size employed to keep the stepcount minimal
Fig. 29 also depicts the performance of standard digital back propagation method which we will call it
non-weighted digital back propagation (NWDBP). Comparing the two approaches, it can be observed
that the required OSNR with 10 steps for the whole link (NWDBP) is equivalent to that of WDBP
algorithm with only 2 steps for the link. This shows a significant 80% reduction in required digital
back propagation steps with our new approach. Similarly, as we increase the number of step with
WDBP method, the performance for 10 steps WDBP and 20 steps NWDBP almost converge, i.e.
~50% less step calculations. Note the decrease in the margin of complexity reduction as the number of
steps is increased for WDBP method. This is due to the better precision for NWDBP when higher
number of steps are employed, leaving less scope of improvement with WDBP, however one can still
observe that 20 steps for the whole link with WDBP method still outperforms the NWDBP algorithm.
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Fig. 29 – Required OSNR for BER of 10-3 as a function of launch power with weighted and non weighted digital back
propagation.
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5

Dependence of nonlinear
impairments on SOP, baud
rate and PMD

The currently existing NRZ OOK based DWDM systems are being upgraded by adding PM (D)QPSK
channels for increasing the spectral efficiency of the system. The deployment of these PM (D)QPSK
systems with pre-existing NRZ OOK channels is limited by nonlinear impairments such as XPM and
XPolM. The impact of XPM and XPolM depends on relative SOP between the PM (D)QPSK channel
and NRZ OOK channels, the baud rate of the PM (D)QPSK channel and the PMD in the fiber. These
dependencies are discussed in this chapter.
In order to understand the dependence of nonlinear impairments on SOP in polarization multiplexed
systems, first we will have to understand the representation of polarized light which is discussed below
[39].

5.1 Representation of polarized light by Jones matrices
and Stokes parameters
It is useful to introduce Jones calculus, introduced by RC Jones in 1941, according to which the
polarized light is represented by two components. The first represent the phase and amplitude of
x-component of the field and the second component represents the phase and amplitude of
y-component of the field. The field is therefore represented as follows
(5.1)
where
and
are the x- and y- polarization components of the fields and
of x- and y-components of the field.

and

are the phases

In linearly polarized light the x- and y- components the field are in phase so the Jones vector only
contains the information about the amplitudes of the fields
(5.2)
where is the inclination angle with respect to linear horizontal polarization. For circular polarized
light there is a phase difference of
between the x- and y-polarization components of the field
where as the amplitudes of the field are the same. So for circularly polarized light the Jones matix is
(5.3)
where
is amplitude of the total field. States in between the linear polarization and circular
polarization are elliptically polarized.
The state of polarization of light can also be represented by ―Stokes parameters‘‘ introduced by
George Gabriel Stokes in 1852. They are defined in the following equations in terms of x- and ypolarization of the field [40]
(5.4)
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(5.5)
(5.6)
.
Here,

(5.7)

is the phase difference between x- and y- polarization components of the field defined as
(5.8)

is the total intensity or power of light, and are the measures of linear polarization of light and
is the measure of the circular polarization of light. The Stokes parameters , , and are not
independent and are related to each other by the following equation
(5.9)
The values of Stokes vectors
range between +1 and -1. If the Stokes vectors are graphically
represented on Cartesian coordinate system
, the state of polarizations of light will be
represented by a sphere of unit radius. This sphere is called ―Poincaré sphere‘‘. Since the state of
polarization of light is represented by any random point on the surface of the Poincaré sphere it useful
to identify some distinct points of references on the three dimensional surface. The Poincaré sphere is
depicted in Fig. 30.

Fig. 30 – Poincaré sphere.

According to Jones matrix for circularly polarized light, the amplitudes of x- and y- polarization
components are equal
and the phase difference between the polarization components is
which results in
,
and
according to equations (5.5) through (5.9). Thus
right hand circular (RHC) and left hand circular (LHC) polarization states are represented by the North
and South Pole of Poincaré sphere.
Then according to Jones matrix representation, for linearly polarized light there is no phase difference
between the x- and y- polarization components so
, which means all the linearly polarization
states of light are represented by the equator shown in black color in Fig. 30. For example for linear
horizontal polarization (LHP)
= 0, which means
,
and
. Similarly for linear
vertical polarization (LVP)
= 0, which means
,
and
. For 45o polarization
states the amplitudes of x- and y- polarization components are equal
, but the phase
difference between the two polarizations is either 0 or which results in
,
and
.
This discussion is also summarized in the following Table 3.

28

Table 3. Stokes vectors for different states of polarizations.
Polarization state
Vertical polarization (LVP)

1

-1

0

0

Horizontal polarization (LHP)
Right hand circular polarization (RHC)
Left hand circular polarization (LHC)
+45o Linear Polarization
-45o Linear Polarization

1
1
1
1
1

1
0
0
0
0

0
0
0
1
-1

0
1
-1
0
0

The points other than the six reference points depict the intermediate elliptical polarization states. The
right hand elliptical polarization states occupy the northern hemisphere and left hand elliptical
polarization states occupy southern hemisphere of the Poincaré sphere.
In general we can conclude that all the points along the black meridian represent linear SOPs where
the x- and y- polarization components are in phase and there only exists an amplitude difference
between them. Points along the magenta meridian represent SOPs where the x- and y- polarization
components have same amplitude and a varying difference in phase (ranging between
and
from North Pole to South Pole). Points along the green meridian represent SOPs where the xand y- polarization components have a varying difference in amplitude and a constant difference in
phase (
in northern hemisphere and
in southern hemisphere). Thus we have two degrees of
freedom for rotation of points on the Poincaré sphere.

5.2 Stokes vector spin theory
The propagation of multiple channels in a DWDM system results in the phase of the central channel
getting modulated due to Kerr induced XPM. The impact of XPM induced phase modulation
manifests itself in terms of perturbation of Stokes vector of central channel from its original position
on the Poincaré sphere. For the explanation of this phenomenon let us consider two wavelength
channels ‗a‘ and ‗b‘ which co-propagate in a DWDM system with Kerr nonlinearity in the fiber. Each
of the two wavelength channels in the fiber will affect the phase of the other co-propagating
wavelength channels in the fiber and consequently the Stokes vectors of the other co-propagating
channel. In the absence of chromatic dispersion the Stokes vectors of the affected channels will evolve
according to the following equation, [41], [42]
(5.10)
where
is the Stokes vector for channel ‗a‘ and
similarly for the second channels the affect will be

is the Stokes vector for the channel ‗b‘ and

(5.11)
The solution to equations (5.10) and (5.11) is given by
(5.12)
where
is the Stokes vector for channel ‗a‘ or ‗b‘ and
is the total Stokes vectors which is
the vector sum of the Stokes vector of channels ‗a‘ and ‗b‘. The term
is the rotation
operator causing the Stokes vectors for channels ‗a‘ and ‗b‘ to rotate around the total Stokes vectors.
So in terms of Stokes vectors, XPM can cause a signal‘s Stokes vector to rotate around the vector sum
of Stokes vector of all signals in the DWDM system. Graphically, this phenomenon is presented in the
Fig. 31.
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Fig. 31 – Rotation of stokes vector of

around total Stokes vector

.

5.3 Dependence of nonlinear impairments on SOP and
baud rate in PM DQPSK systems
At the transmitter both x- and y- polarization components of a PM DQPSK signal have constant
amplitude while the phases in x- and y- polarization takes on the values of 0, π/2, π or 3π/2. Hence it
follows that the transmitted signal has four possible states of polarizations RHC, LHC +45o and -45o.
Kerr-induced XPM will cause these points to shift from their ideal position to rotate around the vector
sum of Stokes vector of all the DWDM channels at the respective sampling instant due to the
mechanism discussed before. To study the implications of this on DWDM systems we performed
numerical simulation to determine the dependence of impact of XPM on the relative SOP between PM
DQPSK channel and neighboring NRZ OOK channels. The results of these simulations are presented
in [Paper B], [Paper C] and [Paper D] and are summarized in this section.
We performed simulation for two scenarios. In the first one the NRZ OOK channels were co polarized
with the x-polarization component of the central PM DQPSK channel (referred to as case(a) in next
discusstions). In the second scenario the SOP of NRZ OOK channels was at +45o relative to the xpolarization component of the PM DQPSK channel (referred to as case(b) in next discussions). These
simulation scenarios are depicted in the Fig. 32.

(a)

(b)
o

Fig. 32 – Simulation scenario when NRZ OOK channels are polarized at 0 with respect to x-polarization component of
PM (D)QPSK channel (a) and when NRZ OOK channels are polarized at +45o with respect to x-polarization component of
PM (D)QPSK channel.

Fig. 33 shows the SOPs of the received optical signal, sampled at symbol centre, distorted by XPM for
a PM DQPSK signal at 0.2 dBm launch power, for 28 Gbaud, and the corresponding constellation
diagrams in x- and y- polarization. The blue dots show the total Stokes vectors when there are all ones
in the neighboring NRZ OOK channels. Ideally the PM DQPSK signal has its SOPs at RHC, LHC,
+45o and -45o, however due to XPM the SOPs rotate around the total Stokes vectors.
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Fig. 33 – SOP of PM DQPSK signal at 28 Gbaud (1st column) as red dots after transmission at 0.2 dBm launch power when
the SOP of the NRZ OOK neighbours is LHP (case (a)) or + 45° (case (b)); the blue dots are the vector sum of the Stokes
vectors of all the wavelength channels at the transmitter. Signal constellation in x- polarization (2nd Column), signal
constellation in y- polarization (3rd column).

In case(a) (shown in Fig. 32(a)) the rotation is along the magenta meridian which indicates that the
relative phase of the x- and y- polarization components is changing with respect to each other. The
SOPs not only rotate around the magenta meridian but they also spread around the mean rotation
points along the meridian. This spread is due to fact that the neighboring NRZ OOK channels have
different values of bit ‗1‘ or bit ‗0‘ in each channel at the respective sampling instant, and there also
exists a delay between the channels due to dispersive walk off. Both factors thus randomize the
effective total Stokes vector causing a random spread of SOPs around the mean rotation point. In
case(a) the major spread of SOPs after average polarization rotation is along the magenta meridian
which indicates that XPM induced phase shift is the dominant impairment. The same phenomenon can
also be seen from a different viewpoint, using the constellation diagrams for the x- and y- polarization:
the XPM-induced phase jitter in x- is higher than in y- polarization. The reason is that the XPM
induced in the x- polarization by NRZ OOK channels (co-polarized to x- polarization) is twice as large
as XPM in y polarization, which is orthogonal to NRZ OOK channels [41].
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In case(b) (shown in Fig. 32(b)) the rotation is along the green meridian and the major axis of spread
of points is also along the green meridian which indicates that the there is a relative amplitude
difference between x- and y- polarization components of the signal. This indicates that there is a
crosstalk between the x- and y- polarization components at the receiver which we refer to as XPolM.
This crosstalk is also depicted in constellation diagrams (shown in 4th row in Fig. 33) which have a
higher amplitude jitter in comparison to constellation diagrams in 2nd row in Fig. 33. From the
analysis of constellation diagram in 4th row of Fig. 33 we can also observe that both constellations in
x- and y- polarization have been impacted by XPM in equal amount, since the NRZ OOK channels are
at 45o with respect to both x- and y- polarization. The signal in case(b) is therefore impacted by both
XPM and XPolM. This crosstalk results in a higher required OSNR than case (a). The resulting
required OSNRs for PM DQPSK signal at 10 Gbaud, 28 Gbaud and 56 Gbaud are shown in Fig. 34
[Paper D].

(a)
(b)
(c)
Fig. 34 – Required OSNR versus launch power per channel per polarization for PM RZ-DQPSK at 10 Gbaud (a), 28 Gbaud
(b) and 56 Gbaud (c) with NRZ OOK channels at LHP (triangular markers) and + 45o (square markers) relative SOP.

Fig. 34 shows the required OSNRs for BER of 10-3 versus different launch powers. The red curves
with triangular markers indicate the required OSNRs for case(a) and red curves with square markers
indicate required OSNRs for case(b). The required OSNRs for case (b) are higher than case (a)
indicating additional penalty arising from XPolM. The nonlinear penalty can also be observed in terms
of nonlinear threshold, defined as the launch power for which the required OSNR is increased by 2 dB
compared to back-to-back. The NLTs for case(a) and case(b) are compared in Table 4.
Table 4. Nonlinear threshold for case(a) and case(b) for 10 Gbaud, 28 Gbaud and 56 Gbaud for
differential detection.
NLT (dBm)
case(a)
case(b)

10Gbaud
2
1.2

28Gbaud
2.55
1.1

56Gbaud
3.5
0.95

From the analysis of Table 4 it is apparent that NLT for case(b) is lower than case(a) for all three baud
rates of 10 Gbaud, 28 Gbaud and 56 Gbaud. Also apparent from the Table 4 is that the NLT increases
for case(a) with baud rate. This is due to the fact that the nonlinear phase shift introduced by XPM
from neighboring NRZ OOK channels becomes constant over several symbols of the PM (D)QPSK
channel when the symbol time becomes relatively shorter than the neighboring NRZ OOK pulses.
This is obviously beneficial in differential detection, because a constant phase shift over consecutive
symbols is effectively cancelled [43],[44],[45].
For case(b) however the NLT decreases with increasing baud rate, indicating that XPolM dominates in
this case and that the impact of XPolM increases with baud rate. A possible explanation is that the
amplitude noise becomes correlated over more symbols with increasing baud rate for XPolM (in the
same way as phase noise becomes correlated over more symbols for XPM). Since differential
detection compares one noisy symbol to another noisy symbol it may be sensitive to such a correlated
amplitude noise.
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5.4 Dependence of nonlinear impairments on SOP and
baud rate in Coherent PM QPSK systems
In [Paper D] we analyzed the dependence of nonlinear impairments on SOP and baud rate in coherent
PM QPSK systems. The simulation scenarios for different SOPs were same as shown in Fig. 32. The
SOPs of the received optical field before detection and shown in Fig. 33 are also valid for the case of
coherent detection. The resulting required OSNRs after the application of MIMO CMA equalizers and
―Viterbi-Viterbi‘‘ carrier phase recovery are shown in blue curves in Fig. 35 for case(a) and case(b)
for coherent detection.
Fig. 35 shows the required OSNRs for BER of 10-3 versus different launch powers. The blue curves
with triangular markers indicate the required OSNRs for case(a) and blue curves with square markers
indicate required OSNRs for case(b). From the analysis of Fig. 35 it can be observed that as the launch
power increases the required OSNRs for BER of 10-3 also increase in a nonlinear fashion. The impact
of nonlinear impairments can also be observed in terms of nonlinear threshold shown in Table 5.

(a)

(b)

(c)

Fig. 35 – Required OSNR versus launch power per channel per polarization for PM RZ QPSK at 10 Gbaud (a), 28 Gbaud (b)
and 56 Gbaud (c) with NRZ OOK channels at LHP (triangular markers) and + 45o (square markers) relative SOP.

Table 5. Nonlinear threshold for case(a) and case(b) for 10 Gbaud, 28 Gbaud and 56 Gbaud for
coherent detection.
NLT (dBm)
case(a)
case(b)

10Gbaud
0.1
0.2

28Gbaud
1.65
0.75

56Gbaud
2.4
0.9

From the analysis of Table 5 it is apparent that the NLT increases with increasing baud rate for both
case(a) and case(b). This is again due to the fact that the nonlinear phase shift introduced by XPM
from neighboring NRZ OOK channels becomes constant over several symbols of the PM QPSK
channel when the symbol time becomes relatively shorter than the neighboring NRZ OOK pulses. At
the receiver carrier phase estimation can mitigate XPM induced phase noise more effectively for
higher baud rate, because more slowly varying phase is more easily tracked.
We can also observe from the comparison of Table 4 and Table 5 that the NLTs for differential
detection are higher than coherent detection. This leads us to the conclusion that differential detection
is more affective in mitigating XPM. This is due to the fact that differential detection differentiates the
phase of two consecutive symbols which is more effective in mitigating correlated XPM at higher
baud rates than carrier phase estimation in coherent detection.
From the analysis of Table 5 it is also apparent that nonlinear threshold for case(b) is lower than case
(a) for the cases of 28 Gbaud and 56 Gbaud. However the NLTs for case(a) and case(b) in the case of
10 Gbaud are almost the same. To further investigate this behavior of NLTs the SOPs of neighboring
NRZ OOK channels were swept from 0o to 90o with respect to x- polarization component of the PM
QPSK channel. The resulting BERs for x- and y- polarization components and average BER for both
polarizations are shown in the Fig. 36. The BERs are measured at 18 dB OSNR for 10 Gbaud, at
19 dB OSNR for 28 Gbaud and at 21 dB OSNR for 56 Gbaud.
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Fig. 36 – BER vs NRZ OOK azimuths with respect of x-polarization componet of PM QPSK channels at 10 Gbaud (a),
28 Gbaud(b) and 56 Gbaud(c).

For the case of 10 Gbaud the average BER remains fairly constant after application of DSP and the
individual BERs of x- and y- polarization are complementary of each other. This is due to fact that the
impact of XPM is maximum when the NRZ OOK channels are parallel to the x- or y- polarization
component and minimum when NRZ OOK channels are orthogonal to it. In the case of 28 Gbaud and
56 Gbaud the system has maximum BER at 45o SOP of the NRZ OOK channels. The additional
penalty at 45o relative SOP is due to XPolM.
The analysis done above was only for case(a) and case(b) when all the neighboring NRZ OOK
channels are aligned at a particular polarization state. In practice this does not happens as the NRZ
OOK channels have random SOPs that are uniformly distributed over the Poincaré sphere. To
investigate how system performance may vary in this case we also performed simulations in
[Paper D] with 400 different realizations of NRZ OOK signals having random SOPs, uniformly
distributed over the Poincaré sphere. Statistics were gathered for a coherent PM QPSK system at 28
Gbaud and fixed launched power of 2.2 dBm, and are plotted in Fig. 37, which shows the probability
density function (PDF) of the required OSNR for BER of 10-3.

Fig. 37 – Probability density function of OSNR for BER = 10-3.

The lowest required OSNR in Fig. 37 is 18.4 dB which is the same required OSNR as for case (a) of
Fig. 35(b) at 2.2 dBm and the highest required OSNR is 24.1 dB which is the same required OSNR as
for case (b) of Fig. 35(b) at 2.2 dBm.
The analysis of Fig. 37 indicates that the average required OSNR for all SOPs is around 20.1 dB
which is closer to the lowest than to the highest required OSNR. The results also indicates that the
SOP of all channels need to be quite well aligned in order for the nonlinear impact to be highest, and
consequently the likelihood of required OSNR is to be close to the highest value of 24.1 dB is very
low.
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To further investigate the impact of nonlinear impairments, PMD was also included in the system.
Fig. 38 shows the probability density functions of required OSNRs for BER of 10-3 for different PMD
values, at a fixed launched power of 2.2 dBm, for coherent detection [Paper D]. Again, 400
realizations of PMD and random initial SOPs were used for each PMD value. It is apparent that with
increasing values of PMD, performance is improved, and the variance of PDFs of required OSNRs
decreases, which is in agreement with what observed in previous studies [46], [47],[48]. This can be
explained by the polarization walk-off effect [49], [50]: PMD causes the SOPs of the different
channels to follow different random paths over the Poincaré sphere, so that the SOP rotation induced
on the central PM QPSK channel by neighboring channels through XPM (as argued in Section 5.3)
changes in direction throughout transmission, and does not accumulate as effectively at the end of the
link.

Fig. 38 – Probability density functions of required OSNRs for BER= 10-3 for various PMD values.
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6

Transmission impairments
in fiber optic access
networks

Transmission impairments limit the reach and capacity of the passive optical networks (PONs). In this
chapter we present some work on this topic. In section 6.1 an overview of different optical network
architectures is given and section 6.2 describes the physical layer performance of a proposed hybrid
WDM/TDM PON scheme.

6.1 PON architectures based on resource sharing
Passive optical networks can be divided into three categories based on the bandwidth sharing scheme
[51], [52]. The first one is time division multiplexing in which each optical network unit (ONU) in the
optical network is given a time slot in the data stream being transmitted from the optical line terminal
(OLT). Signal is transmitted from OLT to all ONUs through a power splitter which divides the power
equally among all the ONUs. Each ONU receives the whole data stream but selects only one time slot.
The architecture of TDM PON is shown in Fig. 39.

OLT

RN

1XN Spliter

C/O

T/R

ONUN

T/R

ONU2

T/R

ONU1

Fig. 39 – TDM PON architecture, C/O (Central office), RN (Remote node), T/R (Transceiver).

In the second bandwidth sharing scheme each ONU gets its information stream through wavelength
division multiplexing. In WDM PON an entire band of wavelengths is transmitted from the OLT.
Then in an AWG the signal is de multiplexed and transmitted to each ONU. The architecture of a
WDM PON is shown in Fig. 40.

OLT

RN

2XN AWG

C/O

T/R

ONUN

T/R

ONU2

T/R

ONU1

Fig. 40 – WDM PON architecture, C/O (Central office), RN (Remote node), T/R (Transceiver).
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In the third bandwidth sharing scheme both TDM and WDM are combined to increase the capacity of
the optical network. It is called WDM/TDM PON the architecture of the scheme is shown in the Fig.
41.
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T/R

ONU2

T/R

ONU1

T/R

ONUN

T/R

ONU2

T/R

ONU1

1XN AWG

C/O

Splitter

OLT

Fig. 41 – WDM/TDM PON architecture, C/O (Central office), RN (Remote node), T/R (Transceiver).

6.2 Overview of relevant physical layer impairments in
passive optical networks and simulation results
As shown in Fig. 40 and Fig. 41 WDM/TDM PON consist of transceivers, optical fibers, array
waveguides (AWG), optical power splitters and transceivers. All these devices and elements introduce
various penalties which limit the reach and capacity of the network. The source of penalty from fiber
optic cables is due to linear and nonlinear impairments whereas the source of penalty from passive
optical devices is due to inherent insertion loss and crosstalk.
In [Paper G] a hybrid WDM/TDM PON with protection was proposed and is shown in Fig. 42. In
comparison to the pre-existing WDM/TDM PON architectures it required some additional passive
optical devices for the implementation of required protection scheme (see [Paper G] for more details).
These devices included extra 1x N/2 AWGs, wide band optical filters and switches. These devices
added additional penalty due to insertion losses and crosstalk.
Filter
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T/R
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Protection
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Splitter

1xN/2
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OLT
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Working
fibers

NxN AWG

C/O

Fig. 42 – Architecture of proposed hybrid WDM/TDM PON, C/O (Central office), RN (Remote node), T/R (Transceiver).

38

In order to analyze these penalties and the physical layer performance of the proposed hybrid
WDM/TDM PON simulations were carried out in VPItransmission Maker®. We simulated data
transmission from the OLT over the hybrid WDM/TDM PON with cascaded 16x16 AWG and 1x8
AWG in the RN. The power splitting ratio in each TDM PON was 1:16 resulting in a network capacity
of 2048 users. The data rate for simulations was 10 Gb/s with NRZ OOK line coding. Each ingress
port of 16x16 AWG had 16 channels with 100 GHz spacing. Thus the total FSR of the first stage
AWG was 1.6 THz. The FSR of second stage AWG was 0.8 THz.
Signal quality was measured at ONU to include all the losses and obtain results for the worst case on
power budget. An extra insertion loss of 1.4 dB was added before the ONU to model the losses in
1x2 protection switch and an optical filter.
The transmitted power per channel was 7 dBm and the receivers had sensitivity (at BER of 10–12)
of –22 dBm, leading to a power budget of 29 dB (i.e. ITU-T recommendation G984.2 Class B+). If
forward error correction (FEC) is used in the receiver, a pre-FEC BER of 10–5 can be tolerated, which
brings the receiver sensitivity to –24.2 dBm and power budget to 31.2 dB.
The performance of the hybrid WDM/TDM PON was analyzed in terms of pre-FEC BER versus
feeder fiber length (in this implementation placed entirely between the OLT and the RN), shown in
Fig. 43. The line at BER=10-5 presents the attainable distance if FEC is used.

Fig. 43 – BER vs Distance reach of proposed hybrid WDM/TDM PON architecture.

The major penalty in the performance of the hybrid WDM/TDM PON was due to attenuation. This is
because the fibers had an attenuation of 0.2 dB/km and the attenuation length which reduces the signal
strength up to 37% is only 22km. In the simulations the feeder fiber length was varied from 40 km to
80 km, so attenuation will considerably limit the system reach. Secondly the data rate for the
simulations was 10 Gb/s with NRZ OOK coding. At this data rate the dispersion length giving 40 %
broadening in pulse width will be 175 km. So dispersion would not give a very high penalty as the
maximum simulation length is 80 km. The impact of nonlinear impairments was also not very high
since the nonlinear length giving a phase shift less than one radian below the launch powers of 10dBm
is greater than 76 km. At the data rate of 10 Gb/s, the penalties from other nonlinear impairments such
as XPM and FWM combined with SPM do not impact the system performance to a large extent [53].
Three simulation scenarios were tested for the analysis of penalties form the passive optical devices. In
the first case the proposed hybrid WDM/TDM PON was simulated with only one channel turned on
for BER measurement and all other working and protection channels were turned off. This was done
to analyze the penalty arising from mere insertion loss. The maximum reach in this case was 50 km for
a BER of 10–12, and 60.7 km for a BER of 10–5. In the second scenario only the working channels were
turned on to analyze the penalty from linear crosstalk in the AWGs. The maximum reach was reduced
to 46.9 km for a BER of 10–12 and 59.6 km for a BER of 10–5. In the third scenario all the protection
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channels were turned on as well. The maximum reach in this case was further reduced to 43.14 km for
a BER of 10–12 and 57.9 km for a BER of 10–5.
From the above analysis it is evident that the impact of linear crosstalk is only 1.372 dB in moving
from the first case (i.e. single channel) to the third one (i.e. all channels turned on), which corresponds
to 6.86 km reduction in transmission reach at BER of 10–12. Similarly the penalty at the BER of
10–5 is only 0.58 dB in moving from the first case to final case, which corresponds to a 2.9 km
reduction in transmission reach. This penalty is not much affected by increasing number of
wavelengths in the system which was verified through running more simulations with changed number
of wavelengths at the input ports of the AWGs.
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Conclusions and future
directions

Future fiber optic communication networks will utilize advanced modulation formats such as DQPSK
and QPSK as well as polarization multiplexing for increasing the spectral efficiency of optical
networks. Already existing networks running on NRZ OOK are being upgraded by PM QPSK and PM
DQPSK based channels. However the performance of these PM QPSK and PM DQPSK systems will
be limited by nonlinear phase shift induced by XPM and nonlinear polarization crosstalk induced by
XPolM from preexisting neighboring NRZ OOK channels.
In this thesis we performed an in depth analysis of the interplay of XPM and XPolM and their impacts
on polarization multiplexed systems with advanced modulation formats such as (D)QPSK and
D8PSK. We observed a very strong dependence of XPM and XPolM on the relative state of
polarization between the PM (D)QPSK/D8PSK channel and the neighboring NRZ OOK channels. In
the case when the SOPs of the NRZ OOK channels are aligned to one of the polarization in the PM
(D)QPSK/D8PSK channel, XPM was found to be dominant, while in the case when the SOPs of NRZ
OOK were aligned at 45o to any polarization of the PM (D)QPSK/D8PSK channel, XPolM was found
to be dominant. The total penalty in the system will be an interplay between the two impairments and
which case has the highest total penalty will depend on the system parameters. We also observed that
nonlinear tolerance of differential detection for all the cases is higher than coherent detection.
The observations mentioned above were made when the SOPs of all NRZ OOK channels are aligned
with each other under ideal conditions. However in real transmission scenario the SOPs of the NRZ
OOK channels are random with respect to each other. We then ran simulations with random SOPs of
NRZ OOK channels and gathered statistics of the required OSNR (as the measure of the signal quality
at the receiver). We found that the required OSNR had a non uniform statistical distribution whose
range was in between the required OSNR of the two ideal simulation scenarios mentioned earlier. The
mean required OSNR was closer to the least required OSNR in ideal simulation scenario.
We also observed that in presence of PMD the impact of XPM and XPolM, both in average and its
variance is reduced. This means that older, higher PMD fibers may paradoxically be less problematic
for upgrades to higher bit rates than newer ones, from a nonlinear stand point.
For future studies we propose the analysis of the impact of XPM and XPolM in WDM systems with
mixed line rate using advanced modulation formats such as 16 QAM and 64 QAM.
We also studied the topic of digital signal processing for compensation of linear and nonlinear
impairments. We proposed a modification to the existing digital back propagation algorithm, which
can reduce the computational complexity of the receiver to a great extent. We think that our proposed
modification will increase the chances of getting digital back propagation being implemented in real
time systems.
In this thesis we also analyzed the impact of physical layer impairments on passive optical networks
that are running on NRZ OOK line coding. We found that the major penalties arise from linear effects
in passive optical devices. These include insertion losses and crosstalk which limit the transmission
reach and capacity of the network. However future fiber optic access networks may use advance
modulation formats such as DQPSK and coherent QPSK, which will make the performance of PON
more vulnerable to linear impairments such as CD and PMD, and nonlinear impairments such as SPM
and XPM, which can be an important topic for future studies.
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Summary of papers

Paper A: Analysis of non-linear impairments in 40 Gbaud PM DQPSK and D8PSK
transmission.
In this paper we analyzed the transmission of SP DQPSK/D8PSK and PM DQPSK/D8PSK through a
320 km transmission link by numerical simulations. The analysis was conducted in terms of required
OSNR for a BER of 10-3. We also analyzed the 2 dB NLT for both SP DQPSK/D8PSK and PM
DQPSK/D8PSK signals.
Contribution of author: Contribution of author: Simulation of fiber optic communication system in
VPItransmission Maker®. Analysis of non-linear effects on transmitted signals.

Paper B:

Influence of self- and cross-phase modulation on 40 Gbaud dual polarization
DQPSK/D8PSK signals in 10 Gbit/s OOK WDM systems.
In this paper we analyzed the transmission of SP DQPSK/D8PSK and PM DQPSK/D8PSK through a
320 km transmission link by both numerical simulations and experimentation. We also did a thorough
analysis of dependence of nonlinear impairments on relative SOP between the central channel and PM
DQPSK channel and neighboring NRZ OOK channels. We observed a strong dependence of impact
of XPM on relative SOPs between PM DQPSK channel and neighboring NRZ OOK channels.
Contribution of author: Simulation of fiber optic communication system in VPItransmission Maker®.
Analysis of results and comparison to results generated by experiment.

Paper C: Dependence of non-linear impairments on polarization state and baud rate in
WDM systems with mixed DQPSK and OOK channels.
In this paper, transmission of Polarization-Multiplexed PM DQPSK channel is analyzed numerically
with co-propagation of NRZ OOK channels. The dependence of nonlinear crosstalk on baud rate (10
Gbaud, 28 Gbaud and 56 Gbaud) and relative state of polarization of PM DQPSK and neighboring
NRZ OOK channels is analyzed in terms of required OSNR for the BER of 10-3 versus launch power.
Contribution of author: Simulation of fiber optic communication system in VPItransmission Maker®.
Analysis of results.

Paper D: Influence of polarization state, baud rate and PMD on non-linear impairments
in WDM systems with mixed PM (D) QPSK and OOK channels.
In this paper we numerically investigate nonlinear impairments in a WDM system with mixed PM
(D)QPSK and OOK channels. First we analyze the dependence of XPM and XPolM on SOP and baud
rate in absence of PMD. In this case we find that the nonlinear impairments are highly dependent on
relative SOP between the PM (D)QPSK and neighboring OOK channels. The dependence on relative
SOP is more pronounced in differential detection than in coherent detection. However, with increasing
values of PMD this dependence decreases, and non-linear tolerance improves.
Contribution of author: Simulation of fiber optic communication system in VPItransmission Maker®.
Analysis of results generated by simulations.
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Paper E: Compensation of intra-channel nonlinear fiber impairments using simplified
digital back-propagation algorithm
In this paper we proposed a simplified digital back propagation algorithm for the compensation of
nonlinearities in a single channel PM QPSK system. The signal was transmitted over a 1,600 km link
(20×80 km) with no inline compensation. Our proposed algorithm achieves up to a maximum of 80%
reduction in the complexity when 2 steps per span are used with weighted DPB as compared to non
weighted DPB.
Contribution of author: Development of original idea and evaluation by means of numerical
simulation in VPItransmission Maker®.

Paper F: Modified split-step Fourier method for compensation of nonlinear fiber
impairments
In this paper we proposed a simplified digital back propagation algorithm for the compensation of
nonlinearities in a single channel PM QPSK system. The signal was transmitted over a 1,600 km link
(20×80 km) with no inline compensation. Our proposed algorithm achieves upto a maximum of 80%
reduction in the complexity when 2 steps per span are used with weighted DPB as compared to non
weighted DPB.
Contribution of author: Development of original idea and evaluation by means of numetical
simulation in VPItransmission Maker®.

Paper G: Scalable Passive Optical Network Architecture for Reliable Service Delivery
In this paper we through numerical simulations analyzed the impact of linear impairments such as
insertion losses from passive optical devices and linear cross talk from the AWG in the proposed
architecture of Hybrid WDM/TDM PON. The impact was analyzed in terms of distance reach of the
system versus BER.
Contribution of author: Evaluation of physical layer performance of the proposed Hybrid WDM/TDM
PON by means of numerical simulation in VPItransmission Maker®.
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