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Abstract

One of the main impairments that limit the throughput of fiber-optic communication
systems is laser phase noise, where the phase of the laser output drifts with time. This
impairment can be highly correlated across channels that share lasers in multichan-
nel fiber-optic systems based on, e.g., wavelength-division multiplexing using frequency
combs or space-division multiplexing. In this thesis, potential improvements in the sys-
tem tolerance to laser phase noise that are obtained through the use of joint-channel
digital signal processing are investigated. To accomplish this, a simple multichannel
phase-noise model is proposed, in which the phase noise is arbitrarily correlated across
the channels. Using this model, high-performance pilot-aided phase-noise compensation
and data-detection algorithms are designed for multichannel fiber-optic systems using
Bayesian-inference frameworks. Through Monte Carlo simulations of coded transmission
in the presence of moderate laser phase noise, it is shown that joint-channel processing
can yield close to a 1 dB improvement in power efficiency. It is further shown that
the algorithms are highly dependent on the positions of pilots across time and channels.
Hence, the problem of identifying effective pilot distributions is studied.

The proposed phase-noise model and algorithms are validated using experimental data
based on uncoded space-division multiplexed transmission through a weakly-coupled,
homogeneous, single-mode, 3-core fiber. It is found that the performance improvements
predicted by simulations based on the model are reasonably close to the experimental
results. Moreover, joint-channel processing is found to increase the maximum tolerable
transmission distance by up to 10% for practical pilot rates.

Various phenomena decorrelate the laser phase noise between channels in multichannel
transmission, reducing the potency of schemes that exploit this correlation. One such
phenomenon is intercore skew, where the spatial channels experience different propaga-
tion velocities. The effect of intercore skew on the performance of joint-core phase-noise
compensation is studied. Assuming that the channels are aligned in the receiver, joint-
core processing is found to be beneficial in the presence of skew if the linewidth of the
local oscillator is lower than the light-source laser linewidth.

In the case that the laser phase noise is completely uncorrelated across channels in
multichannel transmission, it is shown that the system performance can be improved
by applying transmitter-side multidimensional signal rotations. This is found by nu-
merically optimizing rotations of four-dimensional signals that are transmitted through
two channels. Structured four-dimensional rotations based on Hadamard matrices are
found to be near-optimal. Moreover, in the case of high signal-to-noise ratios and high
signal dimensionalities, Hadamard-based rotations are found to increase the achievable
information rate by up to 0.25 bits per complex symbol for transmission of higher-order
modulations.

Keywords: Coherent fiber-optic communications, digital signal processing, detection,
estimation, multichannel transmission, laser phase noise, rotations.
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CHAPTER 1

Background

Telecommunications have existed for many centuries and early examples go all the way
back to ancient civilizations where information was conveyed using, e.g., smoke signals,
mirrors, and drums [1, Pt. 4]. A breakthrough occurred in the 20th century when digital
communication systems surfaced and eventually led to a worldwide network called the
Internet, which revolutionized the world. The Internet has grown immensely in the
last few decades, with the estimated traffic today being more than 20 million times
greater than what it was less than three decades ago [2]. Moreover, due to the increasing
popularity of modern services such as social media, virtual reality, streaming, and cloud
computing, the Internet is still growing at a rapid pace. Fig. 1.1 shows the estimated
global Internet traffic per second since 1992 and the predicted rate for 2022.

One of the key enablers of this remarkable growth are fiber-optic communication sys-
tems, which today form the Internet backbone due to their enormous throughput ca-
pabilities. Broadly speaking, these systems operate by encoding information on light
in the near-infrared spectrum and propagating it through an optical fiber. They came
into existence in the 1960s with the invention of the laser [3] and optical fiber [4], but
worldwide research-and-development efforts did not start until optical fibers with low
losses were invented in the 1970s [5]. Since then, the throughput and transmission reach
of fiber-optic systems has increased tremendously thanks to a number of technological
breakthroughs in the last few decades. This includes the optical amplifier, which was
invented in the 1980s [6,7] and was able to extend transmission reach by up to thou-
sands of kilometers by periodically compensating for the fiber loss. Wavelength-division
multiplexing (WDM) [8] was introduced at a similar time and through the simultaneous
transmission of multiple wavelength channels, it enabled the utilization of a much broader
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Figure 1.1: The estimated global Internet traffic per second over the past decades and a pre-
diction for 2022 [2].

wavelength band in the optical fiber than was previously possible, which dramatically
increased the overall system throughput. Moreover, interest in coherent detection was
rekindled! in the 2000s after it was recognized that together with digital signal processing
(DSP), it enabled the use of various algorithms for effective compensation of transmission
impairments, as well as the use of advanced modulation formats and polarization-division
multiplexing (PDM) [10,11]. Hence, all available degrees of freedom (amplitude, phase,
polarization, and time) of the optical field became available for information encoding,
which in turn allowed for higher data rates and transmission distances compared to
noncoherent detection.

As seen in Fig. 1.1, the Internet traffic is expected to continue its exponential growth
during the next years due to the ever-increasing popularity of bandwidth-hungry Internet-
based services. In the past, advances in optical amplification and WDM for systems
utilizing single-mode fibers (SMFs) sufficed to support the growth economically, since
the amount of data transmitted through the SMF was increased through equipment
upgrades [12]. However, as the traffic continues to grow, it is believed that an increasing
number of SMFs in optical networks will reach their information-theoretic capacity [13]
in the coming years [14]. This is owing to, e.g., amplified spontaneous emission (ASE),
launch power restrictions?, and optical amplifier bandwidth [16]. Fig. 1.2 shows record
throughput demonstrations since 2009 for short-haul transmission over at least 100 km
[17-21] and for long-haul transmission over more than 6000 km [22-31]. The current long-
and short-haul throughput records stand at 115.9 Tb/s transmission over 100 km [21] and
74.38 Th/s transmission over 6300 km [31], respectively. As can be seen, the performance

LCoherent detection was initially under active research in the 1980s [9], but its development got aban-
doned soon after due to the success of optical amplifiers and noncoherent WDM-based systems.

2Increasing the launch power beyond a certain point degrades the performance of conventional fiber-
optic systems and eventually causes fiber fuse, which has catastrophic effects [15].
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Figure 1.2: Record throughput demonstrations over the past decade for short- and long-
haul transmission through an SMF. The corresponding transmission distances are
marked in the plot.

of state-of-the-art SMF systems in laboratories has only marginally improved since 2011
for short-haul transmission, whereas in the case of long-haul transmission, the maximum
demonstrated throughput has seen a linear upwards trend. Unfortunately, it is evident
from Fig. 1.1 that the capacity of optical network has to increase exponentially in order
to keep up with the Internet-traffic growth. It is conjectured that the only way to achieve
this is to add more spatial channels [14], and without technological advances, operators
will have to resort to the costly solution of installing new fibers and equipment.

The need for increased capacity along with progress in the development of various
fibers and system components [32] has initiated worldwide research efforts for space-
division multiplexing (SDM) in recent years, albeit the original concept of SDM dates
back to the 1970s [33]. The aim of SDM is to enable cost-effective upscaling of optical
networks. This is done through the simultaneous transmission of spatially distinguishable
channels together with the integration of system components and the sharing of resources.
In particular, since some transmission impairments will be common among the spatial
channels in various SDM systems, DSP resources can be shared, which may reduce the
computational complexity of algorithms or improve their performance. The concept of
sharing DSP resources has also been explored in WDM transmission, e.g., through the
use of frequency combs.

In this thesis, we investigate the potential of joint-channel DSP at the transmitter and
receiver to mitigate the impact of laser phase noise (LPN) on multichannel transmission.
The LPN can be highly correlated over channels in various multichannel systems if lasers
are shared by multiple channels. We exploit this fact to assess possible performance
improvements for phase-noise compensation (PNC) that can be achieved through joint-
channel processing. We consider a simple multichannel phase-noise model that assumes
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transmission through of an optical signal through a fiber, followed by receiver DSP that
compensates for all impairments except for LPN. Using this model, we develop two high-
performance data detection algorithms that perform pilot-aided joint-channel PNC for
any number of channels, over which the LPN has arbitrary correlation. Through simu-
lations of coded multichannel transmission, we study their performance in the presence
of partially-correlated LPN. The performance of the algorithms is highly dependent on
the positions of pilot symbols in time and across channels. Hence, we determine effective
pilot distributions for multichannel transmission and assess their performance for various
system parameters such as the phase-noise correlation over the channels. Furthermore,
in order to verify the validity of the proposed model and algorithms, we use one of the
algorithms to process experimental data obtained from uncoded SDM transmission, and
compare the results to those predicted by simulations. The system uses an uncoupled,
homogeneous, single-mode multicore fiber (MCF), where all cores share the light-source
and LO lasers.

Even in the case that lasers are shared for multiple channels, various transmission
effects can cause the LPN to become decorrelated across the channels. Propagation delays
between channels caused by, e.g., intercore skew in SDM MCF systems or chromatic
dispersion (CD) in WDM systems are one of the main causes for such decorrelation.
Hence, we propose a multichannel phase-noise model in which intercore skew is accounted
for. Using this model, we study the performance of joint-channel PNC in SDM MCF
systems that are impacted by intercore skew. In some cases, the LPN may be completely
uncorrelated across the channels, even if the lasers are shared by the channels. This
scenario typically renders joint-channel DSP for PNC at the receiver unnecessary as it
will not improve the performance. Hence, we investigate whether joint-channel DSP at
the transmitter can improve the PNC performance instead. In particular, we consider
the multichannel transmission of rotated multidimensional signals, where we numerically
optimize the rotations using simulations such that the data-detection performance is
maximized.

1.1 Thesis Organization

This thesis is divided into two parts, where the first part serves as background material
for the second part that comprises the publications included in the thesis. The first part
is organized as follows. Chapter 2 gives an overview of the building blocks that make up
modern fiber-optic communication systems, as well as the main signal impairments that
occur during transmission. Chapter 3 describes the typical DSP blocks found in coher-
ent systems, which compensate for the transmission impairments and recover the data.
Chapter 4 presents a more detailed background on LPN and presents the multichannel
phase-noise model that Papers A-E are based on. Moreover, it reviews the problem of
optimal bit detection in the presence of this impairment, as well as different DSP al-
gorithms found in the literature that compensate for LPN in both single-channel and
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multichannel transmission. Finally, Chapter 5 summarizes the appended publications
and discusses possible directions for future work.

1.2 Notation

The introductory part of the thesis uses the following notation conventions. Vectors are
denoted by underlined letters z, whereas matrices are expressed by uppercase sans-serif
letters X. Sets are indicated by calligraphic letters X'. Boldface letters denote random
quantities. The imaginary unit is represented by j = v/—1. The probability of an event is
denoted by Pr(-). Moreover, the probability mass function (PMF) of a discrete random
variable x at x is written as P(x), and the probability density function (PDF) of a
continuous random variable @ at x is denoted by pg(x). The probability distribution of a
mixed discrete—continuous random variable is expressed in the same way as PDFs. The
Euclidean norm is indicated by || - ||, and transposition is denoted by (-)?. The number
of channels and symbols per transmitted block in each channel are denoted by N, and
Nj, respectively.

There are some notational inconsistencies across the introductory part of the thesis
and the appended publications. They are listed here as follows.

e In Papers A-D, the number of symbols per transmitted block in each channel are
denoted by N. Moreover, PDFs and PMFs are denoted by p(-) and P(-) in Papers
A, C, and D.

e In Paper A, random variables and their realizations are denoted by X and z.
Scalars, vectors, and matrices are represented by z, x, and X, respectively. The
number of channels is denoted by D. The expectation of a random variable with
respect to a distribution P is written as Ep[-].

e In Papers C and D, notational distinction is not made between random variables
and their realizations. Scalars are denoted by = or X, vectors are written as x, and

matrices are represented by X. The expectation of a random variable is written as
E[-].

e In paper C, the number of cores and channels are denoted by D/2 and D, respec-
tively, whereas in Paper D, the same quantities are denoted by D and 2D.

e Papers B and E have the same notational conventions as the introductory part of
the thesis, except that the number of channels is denoted by M and N in papers B
and E, respectively. Moreover, the expectation of a random variable with respect
to a distribution P is written as Ep[-] in paper E.
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CHAPTER 2

Fiber-Optic Communications

The purpose of digital communication systems is to reliably transmit information from
one point to another, where the information is in the form of digital messages. Each mes-
sage is a sequence of bits, which is encoded in the transmitter onto a carrier through a
process known as modulation. The carrier propagates through the channel until it reaches
the receiver, which attempts to recover the original message. Communication systems
that transfer messages using light are commonly referred to as optical communication
systems (or lightwave systems) and can further be categorized as guided and unguided
systems [34, Ch. 1.3]. Unguided systems are also known as free-space optical commu-
nication systems, where a light beam that carries information is propagated unconfined
through space, similarly to radio communication systems. These systems are the subject
of active research and find their use in both short- and long-range applications, with one
of the biggest challenges being the Earth’s atmosphere scattering the light beams and
significantly degrading the transmission performance [35, Ch. 1.1]. Guided systems, on
the other hand, operate by propagating a lightwave carrier in a waveguide and are usually
implemented using various types of optical fibers. The cross section of a standard SMF is
depicted in Fig. 2.1. The light propagates through a silica core surrounded by a cladding
that confines the light to the core during propagation. Outside the cladding is a plastic
jacket to protect the fiber, and in some applications, additional sturdier layers are used
for further protection. This thesis will focus on fiber-optic communication systems, which
are used in many scenarios that require high throughput, e.g., long-haul links forming
the Internet backbone or short-haul links for data centers and passive optical networks.

In short-haul applications, the optical link length is on the order of a few meters up
to 100 km. Since the installment and maintenance of these links are costly, noncoherent
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Figure 2.1: The cross section of a standard SMF.
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Figure 2.2: High-level view of a basic fiber-optic long-haul link consisting of a transmitter, N
spans of an optical fiber and an amplifier, and a coherent receiver.

transmission over multimode fibers (MMFs) has traditionally been the prevalent strat-
egy for economic reasons [36]. On the other hand, coherent SMF systems are capable
of higher spectral efficiencies [37] and transmission reaches compared to noncoherent
MMF systems, and have thus become the standard for high-performance long-haul links
extending to thousands of kilometers. This is due to coherent systems being able to en-
code information in the amplitude, phase, and polarization of the optical field, whereas
noncoherent systems are limited to modulating only the amplitude of the light. In ad-
dition, coherent receivers have access to the entire optical field, which enables effective
impairment compensation using DSP [10]. The focus in this thesis will be on coherent
point-to-point transmission.

2.1 Basic System Overview

Fig. 2.2 shows a high-level picture of a basic point-to-point fiber-optic link. The upcoming
subsections describe the elements of this system for single-carrier PDM transmission in
more details.
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Figure 2.3: Overview of a typical optical transmitter for PDM transmission through a single
wavelength channel, based on [38, Fig. 3]. (DAC: Digital-to-analog converter)

2.1.1 The Transmitter

Fig. 2.3 depicts a typical optical transmitter for single-wavelength, PDM transmission
through a standard SMF. A laser that acts as a light source is split into two beams,
and each beam enters two modulators that encode information into the in-phase and
quadrature components of the lightwave. The electrical signals that represent the data
and drive the modulators can be generated in various ways, e.g., through the use of DSP
and arbitrary waveform generators. The quadrature component is then phase shifted by
7/2 and combined with the in-phase component. Both beams are X-polarized at this
point, and hence, one of the beams is polarization rotated to become Y-polarized and
combined with the other beam through a polarization beam combiner. This results in
a four-dimensional PDM signal that is transmitted and propagated through the optical
channel, which comprises IV spans, each consisting of an optical amplifier and a fiber
span.

2.1.2 The Fiber-Optic Channel

A typical fiber-optic link consists of repeated sections called spans, where each span
comprises an optical fiber and an optical amplifier. Under certain assumptions, the
propagation of a PDM signal through an optical fiber is accurately modeled by the
Manakov equation! [40]. The Manakov equation is a partial differential equation that
describes the propagation of optical complex-baseband signals and accounts for effects

n the case of single-polarization transmission, the signal propagation can be modeled by the nonlinear
Schrédinger equation [39, Ch. 2.3].

11
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such as the fiber nonlinearity, CD, and signal attenuation. It is written as

ds(z,t) a P2 0*s(z,t) . 8 2
where || -|| denotes the Euclidean norm, «, 33, and ~ are the attenuation coefficient,

group-velocity-dispersion parameter, and nonlinear coefficient, respectively. The factor
8/9 comes due to random birefringence in the fiber. Furthermore, s(z,t) = [s«(z,1),
sy(z,t)], where s.(z,t) and sy(z,t) are complex-baseband signals at time ¢t and loca-
tion z propagating in the X and Y polarizations of the optical field. In the right-hand
side of (2.1), the first, second, and third terms correspond to fiber loss, CD, and fiber-
nonlinearity effects, respectively. The phenomena contained in (2.1), among others, will
be described in more details in Section 2.6.

Exact analytical solutions to the nonlinear Schrodinger and Manakov equations have
not been found in general, which makes these equations cumbersome for system design
and analysis. However, the evolution of s(z,t) can be obtained numerically using the
split-step Fourier method with arbitrary accuracy?. Exact analytical solutions can also
be found in special cases, e.g., to the nonlinear Schrédinger equation in the case of lossless
propagation (« = 0) and particular input signals known as solitons [39, Ch. 5].

Simpler models, which approximately describe signals that have propagated through
the fiber-optic link and potentially undergone some processing at the receiver are also
of interest in order to facilitate system design. In this thesis, we explore such models
to design schemes that compensate for LPN in multichannel systems. Naturally, when
simplified models are used, it is important to verify the proposed designs through the
use of more accurate models or experimental data.

2.1.3 The Coherent Receiver

The coherent optical receiver is shown in Fig. 2.4. The received signal and light from
the local oscillator (LO) laser are each split into two beams. The beam corresponding to
the X-polarization of the received signal enters a 90° optical hybrid along with a laser
beam from the LO. These two beams are mixed in a particular fashion to downconvert
the received signal. Analogously, the Y-polarized beam of the received signal enters a
different 90° optical hybrid with the other LO laser beam, except that it first undergoes
polarization rotation to become X-polarized. The outputs from the two hybrids then
enter an array of balanced photoreceivers where the in-phase and quadrature components
of each polarization are extracted, resulting in four electrical signals. Finally, the signals
are sent to an analog-to-digital converter and thereafter to the DSP chain. The DSP chain
ends with a demodulator, which outputs either hard decisions or probabilistic information
(soft decisions) about the transmitted symbols based on the processed received signal.
In the case of coded transmission, this output enters a forward error correction (FEC)
decoder, which yields the detected information bits.

2Increased accuracy comes at the cost of increased required computational complexity.
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Figure 2.4: Overview of the coherent optical receiver for single-wavelength PDM transmission,
based on [38, Fig. 4]. (BPA: Balanced photoreceiver array, ADC: Analog-to-digital
converter)

2.2 Wavelength-Division Multiplexing

Modern optical fibers have a wide spectrum over which it is practical to transmit data due
to low losses. The most commonly used band (wavelength range) has traditionally been
the C-band, as the fiber has the lowest loss at these wavelengths, but the S- and L-bands
also find their use nowadays in research [21,31] and commercial systems [21]. Together,
these bands span 1460-1625 nm and support many THz of bandwidth. However, trans-
mission impairments and hardware limitations put constraints on the maximum symbol
rate that can be used in practical systems. Consequently, the available spectrum cannot
be utilized by a single carrier [34]. WDM solves this problem by multiplexing many
optical carriers at different wavelengths, where each carrier is independently modulated
by data and occupies a bandwidth that is manageable by hardware. Modern commercial
systems utilizing the C+L bands for transmission carry up to 192 wavelength channels,
whereas in laboratory experiments, transmission of several hundred channels has been
demonstrated [41].

The channels are separated in frequency by guard bands to prevent interchannel in-
terference and to allow for effective switching in optical networks [41], where the guard
bands are typically the order of GHz [42]. Alternatively, WDM with channel spacing as
low as the symbol rate of the transmission is also used in order to increase the spectral
efficiency of the system. In this case, the channel aggregate is called a spectral super-
channel and is transmitted through optical networks as a single entity [43]. Furthermore,
the use of frequency combs in WDM superchannel transmission has been extensively
researched in recent years [42,44-46]. Fig. 2.5 depicts a high-level overview of such a
system. Frequency combs are sets of equispaced spectral lines and can be used to replace
banks of lasers that are normally used as light sources for multiple wavelength chan-
nels. As the spectral lines are phase-locked, the resulting LPN will be highly correlated
among the wavelength channels [47-49]. This can be exploited to either reduce the DSP
complexity or improve system performance in terms of LPN tolerance [47,50].

13
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2.3 Space-Division Multiplexing

SDM has received a significant research attention in response to the ever-increasing Inter-
net traffic growth. The goal of SDM is to increase the capacity of optical links by trans-
mitting multiple spatial channels in parallel, while keeping the associated cost down.
This is done through the integration of system components as well as the use of spe-
cialized fibers and amplifiers [51], which leads to the concept of spatial superchannels,
i.e., aggregates of multiple same-wavelength spatial channels that are routed as a unity
in optical networks [52]. Fig. 2.6 depicts a high-level structure of this type of system,
where the SDM multiplexers and demultiplexers are implemented using, e.g., fan-in/fan-
out devices [53] or photonic lanterns [54], depending on the type of SDM fiber that is
used. Moreover, the optical amplification can be integrated using specialized SDM am-
plifiers [51,55]. The rest of this chapter will briefly review different fiber designs that can
be used to implement SDM transmission. The cross sections of the considered fibers are
illustrated in Fig. 2.7.

2.3.1 Bundles of Single-Mode Fibers

The most straightforward approach to realize SDM transmission is to transmit parallel
spatial channels over a bundle of multiple SMFs, illustrated in Fig. 2.7 (a). It is simple to
implement but has limited potential when it comes to component integration and dense
packing of spatial channels [12]. As a consequence, it is not a viable strategy to reduce
the cost of upscaling optical networks. However, it is possible to have multiple SMFs
share light-source and LO lasers, in which case the LPN will be correlated across the
different fibers, which can be exploited [56].
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Figure 2.7: Fiber designs that can be used for SDM transmission, where (a) is a fiber bundle,
(b)—(c) are uncoupled and strongly-coupled MCFs, respectively, (d) is an MMF,
and (e) is a multicore—multimode fiber.

2.3.2 Multicore Fibers

Fibers where the cladding contains several single-mode cores are called MCFs. The first
fabrication of an MCF was reported in the 1970s [33], but it gained limited traction until
recently when interest in SDM was revitalized. Today, several types of MCFs are being
researched and fabricated worldwide.

Uncoupled-core MCFs are illustrated in Fig. 2.7 (b) and are designed such that the
intercore crosstalk, which is mainly governed by the core spacing [57], is minimized. This
results in essentially independent parallel spatial channels that are easily separated at the
receiver without the need for high-complexity multiple-input multiple-output (MIMO)
equalization. A further distinction can be made for uncoupled-core MCFs. In homoge-
neous fibers, all the cores are engineered to have identical radii and refractive indices, and
hence, the same propagation characteristics. As such, the signals propagating through
the cores will ideally arrive at similar times® at the receiver. This can simplify effective

3Due to environmental factors and system imperfections, the signals will typically not arrive simulta-
neously [58]. This is discussed in more details in Section 2.6.7.
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optical switching [56], as well as facilitate various joint DSP and transmission techniques
such as self-homodyne detection [59], PNC schemes that reduce DSP complexity [56,60],
and multidimensional modulation [61]. In Paper C, we experimentally validate one of
the proposed joint-channel PNC algorithms from Paper A using data from transmis-
sion through a homogeneous MCF. Furthermore, homogeneous MCFs were used in the
record experiments demonstrating the highest throughput of any single-mode MCF (2.15
Pb/s) [62] and the throughput—distance product of any optical fiber (4.59 Eb - km/s) [63].

In contrast to the homogeneous variant, the cores in heterogeneous fibers have differ-
ent radii and refractive indices, which reduces the intercore crosstalk and thus enables
a higher number of cores for a fixed core diameter [64]. This is evident from the stand-
ing demonstration records for the maximum number of cores, which are 31 and 39 for
homogeneous [65] and heterogeneous [66] MCFs, respectively. However, possible disad-
vantages associated with heterogeneous MCFs are, e.g., higher manufacturing costs and
splice losses compared to homogeneous MCFs.

Coupled-core MCFs, illustrated in Fig. 2.7 (¢), are designed to have significant in-
tercore crosstalk. This is achieved by spacing the cores closely, which enables a denser
packing of spatial channels compared to uncoupled-core MCFs. However, the presence
of core coupling and intercore skew results in signal dispersion and mixing during propa-
gation through the cores, which requires high-complexity MIMO equalization at the re-
ceiver, analogous to polarization demultiplexing in the case of PDM transmission. Hence,
coupled-core MCFs are typically engineered to minimize dispersion in order to reduce the
required equalization complexity [67].

2.3.3 Multimode Fibers

The concept of MMFs was originally proposed decades ago, with the first fabrication
reported in the 1970s [68]. In contrast to MCFs, MMFs have only one core within
the cladding as illustrated in Fig. 2.7 (d), but the core diameter is wide enough to
allow for the propagation of multiple modes. MMFs have traditionally been used for
noncoherent transmission in cost-constrained applications such as short-haul links in
optical networks. For coherent SDM transmission, however, MIMO equalization becomes
necessary at the receiver due to mode coupling and modal dispersion. Despite this, it
has been shown that MMFs can simplify the upscaling of optical-network switches [69]
and reduce nonlinearities [70]. As a result, MMFs have been studied extensively in recent
years for SDM applications, in which case they are often referred to as few-mode fibers.
This is because they are designed to support a limited number of modes, with 45 being
the highest demonstrated number of modes in transmission thus far [71]. Moreover, high
phase-noise correlation among the modes has been demonstrated in MMF transmission,
enabling the use of PNC schemes that reduce the DSP complexity [72,73].

16



2.4 Modulation Formats

2.3.4 Multicore—Multimode Fibers

In addition to plain MCFs and MMFs, fibers using combinations of multiple cores and
modes have been fabricated and studied, where many multimode cores are located within
the same cladding as depicted in Fig. 2.7 (e). This type of fiber holds the record for the
highest number of spatial channels supported by a single fiber, where PDM transmission
through a 3-mode 39-core fiber was demonstrated in [66]. In this demonstration, one
core was reserved for pilot-tone transmission enabling the use of low-complexity DSP,
whereas the other 38 cores were used for data transmission, resulting in a total of 228
spatial channels (including polarizations). Furthermore, a multimode—multicore fiber was
used in a record-breaking experiment achieving the highest demonstrated throughput of
any fiber (10.16 Pb/s) [74]. This was achieved through transmission of a total of 84 246
WDM and SDM channels.

2.4 Modulation Formats

In the transmitter, electrical signal are used to encode information onto the amplitude and
phase (or analogously, the in-phase and quadrature components) of each optical-carrier
polarization, where the electrical signals represent the bit sequence to be transmitted.
This step is part of a process called modulation, in which a bit sequence is encoded onto
an optical carrier. First, groups of bits are mapped to symbols, which are traditionally
defined as scalar complex points*. The symbol sequence is then converted to an analog
waveform comprising a train of pulses. Mathematically, this is written as

Ny
s(t) = spp(t — kTy), (2.2)
k=1

where sy, is the kth elements in the symbol sequence of length Ny, p(t) is a real-valued
pulse, and Ty is the symbol interval. Common choices of p(t) are raised-cosine and root-
raised-cosine pulses [37,78]. Finally, the real and imaginary parts of the waveform in
(2.2) form the electrical signals that drive the modulators for each polarization in the
transmitter depicted in Fig. 2.3.

The symbols take on values from a set of constellation points, X, called a modulation
format. The constellation points in this set are typically zero mean and have variance
FEs. Common modulation formats in fiber-optic communications nowadays are PDM
phase-shift keying (PSK) and PDM quadrature amplitude modulation (QAM), where
PDM refers to the same format being used in both polarizations of the optical carrier. In
general, increasing the number of points in X translates to a higher spectral efficiency,
since each constellation point represents an increased number of bits. This comes at the
cost of an increased sensitivity to distortions in the received signal after transmission.

4Symbols are sometimes defined as multidimensional points, e.g., when modulation is performed jointly
over polarizations, frequency, space, or time [61,75-77].
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Figure 2.8: Illustration of different PSK and QAM formats with Es = 1.

Fig. 2.8 exemplifies QPSK (also known as 4PSK or 4QAM), 8PSK, 16QAM, and
64QAM. Assuming that all constellation points are selected with equal probability, these
formats carry log, M number of bits, where M is the number of constellation points. More
advanced higher-order and multidimensional formats have also been used in recent years.
Transmission of PDM-16384QAM has been demonstrated [79], carrying 22.3 information
bits per four-dimensional symbol, whereas optimized joint modulation in 4, 8, and 24
dimensions has been shown to improve system performance [75,76, 80, 81], particularly
in terms of nonlinearity resistance [82].

A related topic is constellation shaping, which has its origins in information theory
established by Shannon [13]. Every practical channel distorts the transmitted signal,
typically in a stochastic manner, introducing errors in the data detection. In fact, all
practical channels are fundamentally limited in how much information they can carry
such that the data can be detected with arbitrarily low error probability. This limit is
called the channel capacity, and Shannon showed that this limit can be approached by
using error correcting codes of large lengths, provided that the signal has a capacity-
achieving distribution. Constellation shaping is motivated by the well-known fact that
Gaussian signaling has a capacity-achieving distribution for the additive white Gaussian
noise (AWGN) channel, which is infeasible to implement in real systems. However, the use
of more practical modulation schemes with equiprobable constellation points introduces
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a shaping gap, meaning that the channel capacity cannot be approached due to the use
of suboptimal modulation formats.

Shaping involves approximating the capacity-achieving distribution using a practical
implementation. Thanks to advances in hardware and methods to implement shaping,
this topic has in recent years gained significant traction in fiber-optic communications, al-
though the original concept dates back to the 1980s [83]. A fiber-optic link is not a simple
AWGN channel, and its capacity is in fact still not exactly known [16]. Nevertheless, the
benefits of shaping have been experimentally demonstrated in various systems [79,84-88].
The two main categories of shaping are geometric and probabilistic shaping. The for-
mer involves constellations with nonuniformly spaced but equiprobable points, whereas
the latter entails placing constellation points with varying probabilities on a fixed grid
(typically using square QAM formats as templates).

2.5 Forward Error Correction

The basic principle of error control coding is to add systematic redundancies to infor-
mation bit sequences on the transmitter side, which can be exploited on the receiver
side in order to cope with more signal distortion when performing data detection. In
practical systems, the application of error control coding involves using effective codes
that allow for operation closer to the channel capacity compared to uncoded transmission
given constraints on, e.g., latency and power consumption. In high-rate and long-haul
transmission, retransmission is considered impractical as it can cause large delays due to
the extreme transmission distances. Consequently, error correction is usually performed
solely at the receiver without the use of retransmission schemes [12], and hence, it is
typically referred to as FEC in fiber-optic communications. Due to the absence of re-
transmission schemes, reliability requirements are typically quite stringent, where data
bit error rates (BERs) of down to 1071° are required [89].

Historically, Hamming and Reed—Solomon codes were used to satisfy reliability re-
quirements in fiber-optic communications [12]. In recent years, however, low-density
parity-check (LDPC) [90] codes, turbo codes [91], and polar codes [92] have seen an
increase in popularity. In particular, the use of binary FEC codes in conjunction with
bit-to-symbol mapping, referred to as coded modulation [93], is a common technique
nowadays. It allows systems to operate at higher effective data rates and transmission
distances than what would be possible in uncoded transmission [93]. Moreover, the it-
erative nature of LDPC and turbo decoders allows for cooperation between the decoder
and impairment-compensation or detection schemes [94-99]. We use this technique in
Paper A for the compensation of LPN in the context of coded multichannel fiber-optic
transmission. Furthermore, depending on the code, either soft-decision or hard-decision
decoding can be performed, where the latter has less computational complexity at the
cost of degraded performance compared to the former [89].

Most FEC codes that are used in fiber-optic communications are designed for the
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time-discrete AWGN channel, which is in general not an accurate description of the fiber-
optic channel. However, after the received signal has undergone DSP in the receiver, the
noise in the processed time-discrete signal is in many realistic transmission scenarios well
approximated as AWGN [100]. This justifies the use of codes designed for the AWGN
channel and explains their effectiveness in fiber-optic communications.

2.6 Transmission Impairments

Although this thesis is focused on the compensation of LPN, other impairments cannot be
ignored as they will affect the performance of PNC. This section gives an overview of the
main transmission impairments that occur due to physical properties of the fiber-optic
channel and imperfections in various hardware components.

2.6.1 Additive Noise

The silica core in modern optical fibers through which the lightwave propagates is re-
markably transparent. It was introduced in 1979 [101] and was one of the inventions that
initiated the rapid progress of fiber-optic communication systems in the coming decades.
However, despite its transparency, the silica core exhibits a wavelength-dependent trans-
mission loss, with a minimum loss of approximately 0.2 dB/km for wavelengths at around
1550 nm. This loss becomes significant in long-haul transmission and has to be compen-
sated; otherwise, the signal will be undetectable at the receiver. Initially, to overcome this
problem, optoelectronic regenerators were placed at regular intervals in the optical link
that detected and retransmitted the data, but as they had similar costs as typical pairs
of endpoint transceivers [102], this solution became expensive and complex for WDM
systems. Moreover, regenerators are incompatible with elastic optical networking [103]
as they must be configured for a fixed combination of, e.g., baud rate, modulation format,
pulse shape, and WDM grid.

In the 1980s, a more economical and flexible way of compensating for the loss was pro-
posed where the optical signal could be amplified simultaneously at multiple wavelengths
without the need for detection and retransmission, using an optical amplifier such as the
erbium-doped fiber amplifier [6,7] or the Raman amplifier [104]. However, the amplifica-
tion is accompanied by amplified spontaneous emission, which manifests as additive noise
in the transmitted signal. This degrades the performance of DSP algorithms and, more
importantly, puts a fundamental limitation on the possible transmission reach [105].

2.6.2 Polarization Effects

As previously mentioned, coherent fiber-optic systems exploit the fact that light has
two orthogonal polarization states that can be encoded with data independently. This
orthogonality is preserved as the signal propagates if the optical fiber has a perfectly
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cylindrical core. In reality, however, the shape of the core will vary along the fiber due
to imperfections in the manufacturing process as well as mechanical and thermal stress,
causing the fiber to have a random birefringence® [39, Ch. 1.2]. As a consequence, the po-
larization state of the light rotates randomly during propagation, leading to polarization
coupling. Moreover, due to the fiber birefringence, the two polarizations will propagate
at different velocities in the fiber, resulting in a phenomenon called polarization-mode
dispersion (PMD) that manifests as pulse broadening [39, Ch. 2.2]. Finally, polarization-
dependent loss (PDL), typically defined as the ratio between the maximum and minimum
polarization-dependent power gains with respect to all possible polarization states [106],
is an effect that originates in various optical components [107] and can lower the signal-
to-noise ratio (SNR) and orthogonality between the polarizations [108].

2.6.3 Chromatic Dispersion

The optical fiber has a wavelength-dependent refractive index, which originates from a
property of the fiber material called CD. Due to this, the different spectral components
of the signal travel at different velocities through the fiber [39, Ch. 1.2]. This effect can
be regarded as an all-pass filter, i.e., a filter that applies a frequency-dependent phase
shift to the signal while leaving its amplitude unaffected. It causes a deterministic pulse
broadening that increases with the length of the optical link and severely limits the
transmission reach of fiber-optic systems if left uncompensated. However, the amount
and characteristic of the CD also depend on a dispersion parameter that can be controlled
in the fiber design process. As a result, the pulse broadening can be reduced through the
use of dispersion-shifted fibers that have minimum dispersion at the carrier wavelength
or completely reverted by adding so-called dispersion-compensating fibers to optical links
in addition to the standard fibers.

2.6.4 Nonlinearities

In addition to being wavelength dependent, the refractive index of the optical fiber
changes in proportion to the light intensity. This phenomenon is called the optical Kerr
effect and is the cause of various nonlinear signal effects that occur during propagation,
such as self-phase modulation (SPM), cross-phase modulation (XPM), and four-wave
mixing (FWM) [39, Ch. 2.6]. These effects degrade the performance of conventional
fiber-optic systems if the launch power on the transmitter side is increased beyond a
certain point. SPM entails an optical pulse inducing a nonlinear phase shift to itself pro-
portional to its intensity and the optical link length, which also leads to spectral broad-
ening [39, Ch. 4]. XPM occurs during simultaneous transmission of multiple channels,
e.g., PDM or WDM signals. Its manifestation is similar to SPM, but the nonlinear phase

5Birefringence is a property of the fiber material entailing a refractive-index dependence on the polari-
zation of the light.
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shift of a pulse is proportional to the light intensity of copropagating pulses® [39, Ch. 7].
FWM is a phenomenon where three copropagating frequency components generate a
fourth component with a particular frequency. This leads to interchannel interference
and can degrade the performance of WDM systems [34, Ch. 2.3]. Moreover, due to the
Kerr effect, light propagating through the fiber produces nonlinear birefringence whose
magnitude is dependent on the state of polarization and intensity of the light. This
leads to a self-induced change in the light’s state of polarization, referred to as nonlinear
polarization rotation [39, Ch. 6.1].

The aforementioned impairments pertain to signal-signal interactions. Hence, they
are deterministic and can be compensated for in the optical domain [109,110] or in
DSP [111,112]. However, the interplay between ASE and Kerr nonlinearities gives rise
to signal-noise and noise—noise interactions, which lead to stochastic impairments such
as nonlinear phase noise that fundamentally limit the transmission performance [16].

Another nonlinear effect pertaining to optical fibers is electrostriction, where light
intensity causes the fiber material to become compressed. This effect leads to a process
called stimulated Brillouin scattering that puts a limit on the possible launch power [34,
Ch. 2.6]. A related process is stimulated Raman scattering, which can negatively affect
WDM systems even for modest launch powers. However, it can also be exploited to
amplify optical signals, in which case it is known as Raman amplification [104].

2.6.5 Carrier-Frequency Offset and Laser Phase Noise

The coherent receiver in modern systems performs so-called intradyne detection [113],
where an LO is mixed with the received signal to extract the in-phase and quadrature
components from the polarizations. The LO is tuned to approximately match the fre-
quency of the received carrier wave. However, it is not phase locked to the carrier,
which causes a frequency and phase mismatch between the LO and the received signal.
This manifests as a linear phase rotation of the received samples after analog-to-digital
conversion.

Since coherent systems typically encode information in the amplitude and phase of
the light, lasers used for fiber-optic communications should ideally be able to produce a
perfect sinusoidal carrier wave. In other words, the optical spectrum of the laser output
should be a delta function. In reality, however, this is not the case as there will be phase
fluctuations in the optical field produced by the laser [114, Ch. 7.6]. The fluctuations are
statistically independent of each other as they come due to spontaneous emission in the
laser. They cumulatively perturb the carrier phase, which gives rise to a process that
drifts with time and is called LPN. Each symbol in modulated transmission experiences
the accumulation of many such phase fluctuations, which will be approximately Gaussian
distributed due to the central limit theorem [115, Ch. 3.1]. As a consequence, LPN is

6XPM-induced phase shifts can be approximated as random walks in the case of WDM transmission
with ideal distributed Raman amplification [99].
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2.6 Transmission Impairments
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