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Abstract

Recent tele-communication hugely relies on fiber-optic systems. Linear fiber-optic im-
pairments can be modeled with chromatic and polarization-mode dispersion. However,
nonlinear impairments such as SPM and XPM noise are much more complicated to model
and compensate. In this thesis, we try to manipulate an original model which is used by
Ciena Corporation -called the C-model- to achieve a simpler form which provides lower
time-complexity and performs efficiently on random data stream during online transmis-
sion.

This simplified model is defined based on C-matrix which is used to calculate fiber-link
Self-Phase Modulation (SPM) noise. Our model, which is fitted on random training data
sets, is evaluated with respect to different performance measures such as Minimum Mean
Square Error (MMSE). Different analytic and iterative algorithms such as gradient Descent
and Moore-Penrose pseudo-inverse method are proposed for model fitting and it is shown
that these algorithms perform quite efficiently according to error calculations. Also, we
propose a method that enables us to track the perturbations in model parameters which
are caused by the changes in channel characteristics that can happen frequently in online
fiber-link transmission.
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Chapter 1

Introduction

1.1 Overview

In ber-optic communications, carrier signal is the light beam which is an electromagnetic
wave that can be modulated for information transmission. The basic phenomenon which
guides the light beam inside of a ber is Total Internal Re ection and it was known from
nineteenth century. Although uncladded glass bers were fabricated in 1920s, the main
invention which led to considerable improvement in ber characteristics and gave birth to
ber optics eld was the use of a cladding layer in the fabrication of bers in 1950s [2].

In a ber-optic lightwave system, several types of optical bers may consist a ber link
that optical bit stream propagates through. The length of the link varies from a few to
thousands of kilometers. The quality of the signal degrades during the propagation and
it's desired for any lightwave system to control these degradations as much as possible to
prevent the loss of original information when the signal is recovered at the receiver[1].

Our main objective in this thesis is to propose a model -based on C-model from Ciena
Corporation- that can predict the impairments of the transmitted signal so we can mitigate
them. Next section discusses a brief literature review about this topic.

In chapter 2, rstwe introduce the C-model from Ciena Corporation. Then, we propose
our simpli ed model and provide the derivations resulted from it.

Chapters 3, 4 and 5 discuss di erent model tting methods with their respective error
analysis, such as pseudo-inverse, gradient descent and Hermitian inner product.

In chapter 6, we provide some methods which are based on previous model tting



algorithms to be able to update model parameters when channel characteristics change
over time. Finally, some other performance measures are discussed in chapter 7.

| should also mention that this work and [21] have been part of a joint project for Ciena
Corporation.

1.2 Literature Review

Digital coherent detection in wavelength-division multiplexing (WDM) standard technol-
ogy is considered as an irreplaceable method for high capacity transmissions in 100 Gb/s
and beyond. The linear impairments, such as Chromatic Dispersion (CD) and Polariza-
tion Mode Dispersion (PMD) can be compensated by Digital Signal Processing (DSP)
methods[31][1].

Optical ber refractive index depends on the intensity of transmitted signal. This de-
pendence gives rise to Kerr e ect which is the source of the nonlinearity of this medium. For
signals with small enough power, the nonlinearities can be neglected throughout the link.
This approximation is valid for many short-haul systems (distancec 100 km). However,
for long-haul systems where optical ampli ers are utilized in a cascaded chain, nonlinear-
ities become much more signi cant and can not be excluded. This originates from two
main reasons. First The degradation in SNR caused by the noise added at each ampli er
builds up to the extent that the signal can only be recovered at high launching powers
(> 1mw). Second, nonlinearities accumulate at each ampli er and distortion increases as
length of the transmission link increases. Self-phase modulation (SPM), cross-phase mod-
ulation (XPM) and four-wave mixing (FWM) are some of these nonlinearities[1]. For the
system without in-line dispersion compensation, the nonlinear distortions are expected to
be the major complication [31].

Further on, we provide a simple form of deriving the SPM noise from Kerr e ect to
gain a perspective of the nature of this noise.

Nonlinear Schrodinger equation gives rise to evolution along distance z of the electric
eld E(z) [27]. Neglecting dispersion we will have:

dE(z) . 9,
i - IE(2)j*( JE (2))

where is the nonlinear coe cient and jE (z)j2E(z) is resulted by Kerr e ect.




Since the power is constant, the Kerr e ect comes into e ect only as a phase rotation:

W -l s jigie T= j E@id
¢ = P
Therefore, the phasé at coordinatez is:
'(2)="'(0) JE(0)*z (1.1)

Equation 1.1 denotes that SPM noise is originated from the power of the eld[27][Z].
So, this nonlinearity is self-induced and it causes a frequency shift, known as frequency
chirping, and results in the spectral broadening of the optical pulse. Spectral broadening
and chirping e ect is proportional to the input power[16][3]. Some techniques that are
used for mitigation of nonlinear impairments of a ber-link transmission system are brie y
mentioned in the following.

Digital back-propagation (DBP) is a method that can be implemented either at trans-
mitter or receiver side. This method is based on split-step Fourier method (SSFM) which is
widely used to solve the Manakov equation (nonlinear Schrodinger equation (NLSE))[3][13].
Analytical solution to the Manakov equation is only known for some patrticular cases, such
as zero-dispersion transmission. Therefore, numerical solutions such as DBP are proposed.
The basic idea is to nd a solution for inverse Manakov equation and use it to mitigate the
nonlinear e ects. DBP uses the idea of transmitting the signal through an imaginary ber
with inverse parameters to compensate impairments. The ber link is divided to several
steps with small length and considering the order of linear and nonlinear sections, di erent
implementations of DBP are proposed[26]. At small steps, DBP has a high performance.
However, real-time implementation su ers a high computational complexity as the number
steps increases.

Another powerful tool for solving the Manakov equation is Volterra series transfer func-
tion (VSTF)[24]. After modeling the channel, Volterra series based nonlinear equalizer
(VNLE) uses the p-th order theory developed by Schetzen [30] to nd the inverse VSTF
kernels. These kernels characterize the equalizer to compensate nonlinearities and chro-
matic dispersion. Similar to DBP, VNLE attempts to nd the parameters of the inverse
channel for mitigation. The capability of NLVE to implement the compensation of linear
and nonlinear sections in parallel results in lower computational load compared to DBP.
NLVE can be processed in time and frequency domain[28][23].
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In Nyquist WDM super-channel, neighboring subcarriers a ect transmission quality
due to interference. Former techniques such as DBP and NLVE don't perform e ciently
because of this e ect. Therefore, inter-subcarrier nonlinear interference canceler (INIC)
method based on Volterra series is proposed[4]. Using the knowledge of neighboring sub-
carrier detection to cancel the interference of the desired subcarrier is the basic idea behind
this method. It detects the neighboring subcarrier, uses Volterra series to regenerate the
model and deduct the e ect from the desired subcarrier. The mentioned method uses deci-
sion feedback equalizer (DEF)[2]. INIC mitigates both intra-subcarrier and inter-subcarrier
linear and nonlinear e ects in Nyquist WDM systems.

Perturbation-based compensation techniques is also widely used for modeling the ber
and mitigating impairments. These techniques provide an approximate numerical solu-
tion to the Manakov equations and can be implemented either at transmitter or receiver
side[32][17]. In this method, nonlinear distortion is modeled as a rst-order perturbation
added to original solution for linear case. Pulse shape and model parameters determine the
number of perturbation coe cients. Perturbation-based compensation can be implemented
on a single stage which reduces the complexity in comparison to DBP and VLNE. However,
it needs a large number of perturbation terms which makes its practical implementation
challenging[11].

Optical phase conjugation (OPC) and digital phase conjugated twin waves (PCTW)
are some of phase conjugation techniques to mitigate nonlinearities. OPC inverts the
spectrum of data signal in optical domain in the middle of the link. The basic idea is to
cancel out the nonlinearity generated in the rst segment with the second one. Positioning
and symmetry of the link are some of the challenges in implementation of this method[23].
Also, OPC-based transmission is sensitive to nonlinear e ect which acts similar to positive
feedback for nonlinearity.

PCTW is a digital signal processing method which is implemented at the receiver
side. In dual polarization format, PCTW transmits the signal on polarizationx and its
conjugate on polarizationy. Therefore, the rst-order phase shift can be cancelled out with
superposition of the two signals[19][18]. Although PC techniques are computationally
e cient, one drawback is the loss of half of spectral e ciency due to transmission of
conjugate signal on polarizationy. Some recent approaches try to resolve this problem
using a modi ed method[34].

Ciena Corporation utilizes split-step Fourier method (SSFM) to model the nonlinear-
ities. We won't go through the details of the nonlinear Schrodinger equations, instead
the result which is the C-matrix is used to model SPM noise. A careful derivation of the
C-model is provided in [29].



Chapter 2

Models for SPM noise

2.1 Original C-model from Ciena Corporation

Nonlinear propagation in optical ber is well described by the Nonlinear Schrodinger Equa-
tion (NLSE). A careful derivation follows from Maxwell's equations for the propagating
ber mode. Most ber nonlinearities originate through nonlinear refraction (a dependence

of the refractive index on the eld intensity). Due to Kerr e ect, refractive index of the
glass is modulated by the intensity of the optical eld [27]. The procedure to derive the
solutions from these equations are not the main focus of this thesis. Therefore we concen-
trate on the results derived by Ciena Corporation to continue our main objective which

is manipulating the model to achieve a simpler form and implement model tting meth-
ods. The solution to these equations results in a model named C-model which puts the
nonlinearities into e ect as mentioned in the following.

The nonlinear noise in X-pole in the time zero is approximated as:

X
A y=SPM;+SPM,+  (XPMyy, +XPM oy + XPM 34 + XPM 4,)  (2.1)

w
where A , indicates nonlinear noise in X-pole of a transmitted symbol ,Aand W indicates
the neighboring channels and the summation is over all of them.

The e ective nonlinear noise can be written as:
A=A x E[A 4jA(0)] (2.2)

Equation 2.2 suggest to deduct the conditional mean of the noise from calculations.
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Each of the terms in Equation 2.1 are calculated as follows:

X
SPM; = Cort Ax(m)A, (n)AZ(m + n)
n
SPM, = Can Ax(m)Ay (N)AJ(m + n)
n
XPMyy = CRM™A,(m)By(n)Bg(m + n)
" (2.3)
XPM,, = Corn " Ax(m)By (n)By(m + n)
n
XPMg, = CE™ By(m)Ax(n)B(m + n)
n
XPMyy = CRAI™ B, (m)Ay(n)BS(m + n)

m;n
From equations 2.3 we can conclude:

As the nature of the noises suggests, Self-Phase Modulation (SPM) noise is not
dependent on symbols from other channels, however Cross-Phase Modulation (XPM)
IS.

SPM and XPM noises added to a single symbol in X-pole are dependent on itself
and neighboring symbols from both X-pole and Y-pole.

CsPm | CXP™W gnd C*°™W gre the matrices used to calculate these noises[7].

CsP™M is called the C-matrix and it's used to calculate the SPM noise added to transmitted
signal. C-matrix size and the values of its elements depend on the type of the ber and
number of the spans. However, for almost all ber-link types and lengths, C-matrix is a
considerably large matrix which can cause computational complexity[29]. This fact gives
us an incentive to try to de ne a simpler model which can provide su ciently accurate
results and have lower complexity.

The output of C-matrix are depicted in gures 2.1 and 2.2. In gure 2.2, we can see the
raw output of SPM C-matrix. The asymmetric form of the output in gure 2.1 is resulted
from 90-degree phase shift which is an inherent property of C-matrix.



Fig. 2.1. SPM-induced Received points for a 10 Span ber with random input data
stream of size 10k and 16QAM constellation design after compensation of conditional
mean , input data point is incremented with e ective SPM and mean constellation
energy= 05

2.2 Simpli ed C-model

Closest substitute for real data we have at hand for ber SPM noise is the C matrix. If we
slide the boundaries of the summation and rede ne the C-matrix such thaty, would be
the element at the center of the matrix, the rst equation in 2.3 can be rewritten as:
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