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Abstract

Modern long-haul optical communication systems transmit data on all available
single-mode fiber dimensions, time, polarization, wavelength, phase and amplitude.
Powerful digital signal processing and forward error correction has pushed the
per-channel throughput towards its theoretical limits and the bandwidth is limited
by the erbium-doped fiber amplifiers. Maximizing the spectral efficiency (SE), i.e.
the throughput normalized to bandwidth, is therefore of indisputable importance.
Even more so in optical networks as large routing guard-bands drastically reduce the
SE of traditional WDM systems. Flex-grid networks with optical superchannels can
overcome this limitation. Superchannels consist of multiple tightly packed WDM
channels routed as a unit. A comb-based superchannel is formed by encoding inde-
pendent information onto lines from an optical frequency comb, a multi-wavelength
light source fully determined by its center frequency and line spacing.

This thesis studies the generation, transmission and detection of comb-based
superchannels. Focus is on profiting from unique frequency comb properties to
realize systems with capabilities beyond that of conventional systems using arrays of
independent lasers. Digital, analog and optical processing schemes are proposed, and
combined, to increase the system SE. Superchannel modulation is investigated and a
scheme capable of encoding independent information onto the lines from a frequency
comb in a single waveguide structure is demonstrated. By combining overhead-
optimized pilot-based DSP with a 22 GHz-spaced soliton microcomb, superchannel
transmission with record SE for distances up to 3000 km is realized, closing the
performance gap between chip-scale and bulk-optic combs in optical communications.
The use of two optical pilot tones (PTs) to phase-lock a transmitter and receiver comb
pair is studied, realizing self-homodyne detection of a 50 x 20Gbaud PM-64QAM
superchannel with 4% pilot overhead. The PT gains are furthermore analyzed and
a complexity-performance trade-off using a single PT and low complexity DSP is
proposed. The scheme is used to demonstrate 12 bits/s/Hz SE over the full C-band
using 3 x 50 x 24 GBaud PM-256QAM superchannels and DSP-complexity reduction
at distances exceeding 1000 km is shown. Finally, a comb-enabled multi-channel
joint equalization scheme capable of mitigating inter-channel crosstalk and thereby
minimizing the SE loss from spectral guard bands is demonstrated.
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Chapter 1

Introduction

This chapter starts with an historical overview of optical communication systems,
focusing on key events that enabled the high performance multi-Th/s optical
transmission systems available today. The work in this thesis is then summarized
and a thesis outlook is provided.

1.1 Historical Overview

From a holistic perspective, any form of communication using light falls under the
optical communication umbrella. This would include anything from the ancient
use of smoke signals to more modern communication using Morse-signaling with
light. These traditional systems used air as the communication medium with the
information speed mainly being limited by the light source or the human operating
it. With this in mind, it is clear that optical communication dates back thousands
of years.

The era of more modern communication began around 1830 with the invent
of the electromagnetic telegraph [1]. Following its invention, engineers devoted
large resources to increase the transmission speed of telegraph systems, which were
on the order of 10 bits/s. The next major leap towards modern communication
systems took place in 1876, with the invent of the telephone by Alexander Graham
Bell [2]. Four years later, he and S. Tainter invented the Photophone, highlighting
early ideas of optical communications [3]. Analog communication systems then
developed fast, and the introduction of microwave carrier frequencies allowed for
throughput equivalent to bit-rates beyond 100 Mbit/s around 1970 [4]. While these
speeds were truly amazing at the time, systems were strongly limited by densely
spaced repeaters, typically a few kilometers apart, arising from the use of coaxial
cables as the transmission waveguide. It was clear that in order to scale the system
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throughput by orders of magnitude, different waveguides and much higher carrier
frequencies were needed.

Parallel to the development of advanced microwave communication systems, the
era of modern optical communication began. However, although the potential for
optical communications was realized early, optical systems require coherent light
sources and low-loss waveguides. The development of coherent light sources would
change the world forever, enabling endless applications beyond communication. For
their pioneering work and extraordinary achievements Charles H. Townes, Nicolay
G. Basov and Aleksandr M. Prokhorov were awarded the Nobel price in physics
1964 for the innovation of the maser and the laser [5]. While the benefit of having
narrow-band continuous wave (CW) light sources was clear at the time, performance
was far away from today’s lasers. As a result, information transmission using a pure
noise carrier of varying bandwidth was also investigated [6]. In 1966, Charles K. Kao
published pioneering work, in which he realized that optical fibers at that time were
loss-limited by impurities in the glass, not by intrinsic losses [7] (reprinted 20 years
later available in [8]). Important to emphasize here is that at the time optical fibres
were loss limited (>1000dB/km), making Kao’s revolutionary insights anything
but obvious. In fact, at the same time, free-space propagation using sequences of
gas lenses to form an optical transmission line were investigated as an alternative
approach [9]. Transmission distances reaching about 800 m with about 120m lens
separation was demonstrated in [10, 11]. In parallel, Kao’s work continued with
analyzing the loss mechanisms of fibers, knowledge essential to fabricate low-loss
fibers [12, 13]. Multiple advancements improved fiber technology to reduce losses
to below 20dB/km [14, 15]. Following this pioneering work, from around 1970 to
around 1990, systems were mainly improved through improving the optical fiber,
including going from multi-mode (MMF) to single-mode fibers (SMF) [16]. During
this time, the loss of optical fibers dropped with 5 orders of magnitude in dB, in
line with Kao’s pioneering understanding of the true potential for optical fibers.
For this, he was awarded the Nobel price for the pioneering work on realizing the
potential of optical fibers as a transmission medium in 2009.

A next big game-changer in the field of fiber-optic communication was the
introduction of optical amplifiers in the telecommunication band (C-band) in the
late 1980s [17, 18]. Previously, systems were limited to single-span and electrical
regeneration. The invention of the Erbium-doped fiber amplifier (EDFA) changed
this by allowing direct amplification in the optical domain around 1550 nm, which
corresponds to the wavelength with lowest propagation loss in SMF. To improve
noise characteristics of EDFAs, much efforts were devoted to developing pump
lasers around 980nm [19, 20]. Major breakthroughs were achieved using high
efficiency quantum well-based lasers [21] and application to EDFA pumping was
investigated in [22]. The use of EDFAs boosted system experiments using solitons
with propagation distances reaching 10000 km [23, 24].

The introduction of the EDFA allowed system to span significantly longer
distances without being limited by fiber loss. With the loss problem out of the way
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the next big limiting factor is dispersive broadening. Dispersive pulse broadening in
SMF cause temporal overlap, making consecutive pulses indistinguishable. Dispersive
broadening also have a quadratic dependence on the temporal pulse width, making
it even more severe as the symbol rate increases. Two techniques existed to
avoid dispersive broadening, transmission around the zero dispersion wavelength of
1310 nm or using soliton waveforms. Soliton waveforms are incompatible with lumped
amplification (to mention one issue) and moving away from 1310 nm was necessary
to exploit the potential for the combination of low-loss SMF and EDFAs [25].
Large resources were therefore devoted to finding ways of compensating for the
fiber dispersion. One solution of the problem with dispersive broadening was
dispersion-shifted fiber (DSF) with zero-dispersion around 1550 nm, developed
around 1980 [26-28]. However, already at this time, most fiber deployed was
SMF and upgrade-paths were sought to allow compatibility with already existing
infrastructure. Optical dispersion compensation was therefore heavily investigated
and a dispersion compensating fiber using a higher-order mode was proposed in [29].
Still, mode-shifting required additional components and was not fully compatible
with the installed single-mode technology. The issue was solved in 1992 with
the introduction of the dispersion-compensating fiber (DCF) [30]. Following this,
the potential for combining SMF, DCF and EDFAs for improving both system
throughput and reach was quickly realized. In addition to the low noise figure
provided by EDFAs pumped around 980 nm, the EDFAs provided broad-band
gain spanning the around 30 nm within the C-band. While wavelength-division
multiplexing (WDM) previously had been demonstrated, the birth of the EDFAs
and the development of DCF draw increased attention to research on WDM [31].
This is also clearly reflected in record experiments from the early 1990s, which
became increasingly focused on multi-span WDM transmission [32, 33]. With this
new shift in system design, nonlinear effects started to be an increasingly limiting
factor for systems and it was realized that the use of DSF represented a worst-
case scenario by maintaining phase-coherence among channels over long distances,
causing severe nonlinear distortions [34, 35]. Even with the combination of SMF-
DCF, nonlinearities posed large limitations on the reachable system throughput.
All-optical nonlinearity compensation based on mid-span spectral inversion via
optical phase conjugation was investigated to simultaneously compensate both
dispersion and fiber nonlinearities [36, 37]. At this time it was also clear that
ther penalties from nonlinearities was dependent on dispersion, requiring a general
approach to optimizing WDM systems [38, 39].

With the bandwidth of the C-band occupied using WDM, system designers
turned their attention to the idea of coherent transmission using both the am-
plitude and the phase, together with advanced modulation formats to improve
the spectral-efficiency (SE) [25]. While previous formats relied on direct-detection
(DD), the introduction of coherent technologies enabled drastic increase in the
channel throughput [40]. Early experiments with differential quadrature phase
shift keying (D-QPSK) using optical delay-based receivers marks an early start
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of experiments with coherent formats [41]. However, these systems were still DD
systems but expanded with new optical modulators and receiver front-ends. High
speed digital-to-analog converters (DACs) with multi-bit resolution were first intro-
duced in optical communication in 2005, when commercial transceivers capable of
electronic pre-compensation of dispersion were introduced [42]. Three years later,
analog-to-digital converters (ADCs) were added to the receiver [43]. The ability to
compensate the dispersion digitally using pre or post compensation also significantly
increased the system tolerance to fiber nonlinearities [44]. The combination of
high speed, high resolution DACs and ADCs marks the starting point of coherent
optical communication systems using digital signal processing (DSP) implemented
in high-speed application-specific integrated circuits (ASICs) [45, 46]. As both
laser quality and DSP performance improved, differential formats were replaced
and the modulation order grew quickly [40]. With the introduction of coherent
technologies, the optical communication community also started to increasingly
connect with the fields of communication and information theory [47], applying
advanced modulation and forward error correction (FEC) coding schemes to improve
transmission performance [48]. While the required bit to error rate (BER) target of
around 107*® have been remained untouched throughout the years of development,
these schemes have enabled new ways of ensuring the performance [49]. A first
glimpse on the gains can be found by the implication of replacing the use of on-off
keying (OOK) with binary phase shift keying (BPSK), which results in a 3dB
sensitivity gain [50].

Today, SMF with 0.14dB/km loss have been demonstrated [51] and formats
reaching 4096-QAM are being evaluated in optical communication systems [52, 53].
In single-span experiments using Raman amplification, a SE exceeding 17 bits/s/Hz
have been demonstrated using low baud-rate carriers [54]. A SE of 14.1 bits/s/Hz
over 500 km of Raman-amplified link was demonstrated for a 5 channel system
n [55]. Combining state-of-the-art communication techniques using rate-adaptive
FEC [56, 57], constellation shaping [58, 59] and powerful DSP to combat both linear
and nonlinear impairments [60], system throughput has reached 25.4 Th/s over
10000km [61]. Adding EDFAs with capabilities of L-band amplification, state-of-
the-art results exceeding 70 Tb/s system throughput over 7600 km [62] and 51 Tbh/s
over 17000 km [63]. DAC and ADC bandwidth (BW) have improved tremendously
over the years and record demonstrations include a 100 GHz BW DAC [64] and a
>110 GHz BW ADC [65]. As a result of this, record symbol-rate is now reaching
192 Gbaud [66] and PM-1024QAM at 66 Gbaud have been demonstrated using
powerful FEC [67].

As transceivers are operating increasingly close to the bounds using shaping,
focus are shifting back to the fiber itself and concerns are raising that we are running
out of capacity in SMF [68]. The capacity of the fiber channel (capacity is strictly
defined within information theory [47]) is still unknown and research efforts are
ongoing to produce better bounds [69-71]. Such lower bounds have shown that the
capacity does not decay at high launch power but instead flattens out [70]. However,
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even if there is plenty of capacity left, it is becoming increasingly challenging to
exploit the full capacity of SMF, requiring transmission technologies beyond what
is reachable with systems optimized for a linear channel. One approach to develop
communication schemes tailored to the nonlinear channel is to use the nonlinear
Fourier transform (NFT) [72, 73]. This can be viewed as new generation of soliton
communications using using properties of integratable (exactly solvable) nonlinear
equations [74]. Although tailored methods are being developed to increase the
performance of NFT communication [75, 76], there are still many challenges and
obstacles to be overcome before NFT-based transmission is practical [77]. We
also note that NFT can be used to estimate the capacity of the nonlinear fiber
channel [78].

In addition to the concern of fiber capacity, power consumption is becoming
increasingly important as the internet traffic grows. While bulk components nor-
mally have been used, work on integrated optics followed its electrical counterparty.
Photonic integration has a long history and investigations on integrated circuitry
dates back to around 1970 [79, 80] and the need for scaling down component size
to maximize performance was realized early [81]. Today, the ability to increase
performance and reduce power consumption is still a major drive behind photonic
integration [82, 83]. Multiple platforms exist, with two of the most popular once
being silicon photonics [84] and InP [85]. Complete transceivers can then be designed
on a microscale, realizing equivalent performance to systems built using bulk-optic
components but with significantly less power consumption [86]. Today, integrated
transceivers have reached 100 Gbaud [87] and enabled multi-Tbh/s throughput at
record-low energy consumption of <0.1W/Gbit at 200 Gbit/s [88]. In addition, de-
velopment of novel components [89, 90], waveguides [91, 92], bonding techniques [93,
94] and passive components can further enable efficiency gains not feasible on a
macroscale [95].

While integrated photonics provides a path towards smaller, more effective
optical transponders necessary to reduce the energy per bit, it does not provide
any means of increasing the system throughput. The bandwidth in the wavelength
domain is limited by the amplifier gain bandwidth, which for EDFAs is limited
by the erbium atoms. When this is fully occupied by WDM channels, each using
dual polarization coherent transmission, no further dimensions are left in SMF. To
further increase the system throughput, one then have to go outside the signal
space dimensions provided by SMF [96, 97]. Such spatial multiplexing, refereed to
as space division multiplexing (SDM), use multiple spatial paths to increase the
information throughput. Important to note here is that the idea of SDM is nothing
new and it was indeed considered for free-space optical communications already in
1968, before high quality SMF was available [98]. SDM technologies has enabled
current record throughput exceeding 10Pb/s [99] over a 10km fiber containing
19 cores, each supporting 6 modes. System throughput of 159 Th/s over 1045 km
using 3-mode transmission was demonstrated in [100] and simultaneous transmission
over 45 spatial modes was demonstrated in [101]. Moreover, recent results using
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few-mode fiber (FMF) [102] and coupled-core multi-core fiber (CC-MCF) [103]
have shown that the use of SDM-fibers can outperform classical SMFs by providing
additional gain due to improved tolerance to fiber nonlinearities. However, while
SDM have been successful in enabling record-breaking transmission results, lots of
work remains before its fully understood and considered as a reasonable alternative
to SMF in long-haul optical communication links.

1.2 This Thesis

The focus of this thesis is on developing schemes enabling high SE transmission
using optical superchannels with multi-Tb/s throughput. A superchannel consists
of a set of WDM channels, treated and routed as a single unit. Densely packed
superchannaels can therefore be used to maximize the SE of WDM systems and to
realize effective channel throughput far beyond that of a single optical carrier. We
focus the work around comb-based superchannels, which are formed by modulating
multiple lines all originating from a common optical frequency comb. Frequency
combs are multi-wavelength light sources with intrinsic phase-locking between the
lines. As such, a frequency comb can be characterized using information from
only two lines and a grid formed by a comb is orders of magnitude more stable
compared to the grid from a laser array. This thesis focus on these unique aspects
of frequency combs and how they can be exploited to increase the performance of
transmission systems in ways not feasible using laser arrays. First, in Paper I, the
fundamentals of arbitrary waveform generation is investigated and a new multi-
wavelength modulation scheme is described. The proposed modulation structure is
in principle capable of loss-less modulation. Moreover it can also encode different
waveforms on multiple spectrally separated laser lines. The method developed allows
for arbitrary temporal waveform generation with implications beyond superchannel
transmission.

Paper II investigates high performance signal processing for high SE transmission.
The aim of the paper is to present a complete pilot-based DSP chain with focus on
low overhead processing. The performance of the individual pilot-based algorithms
are compared to that of comparable conventional blind DSP algorithms. A full pilot
overhead optimization is then performed and the sensitivity of the found optimum
is investigated by varying the propagation distance. In Paper III, the line stability
of frequency combs is used to optimize the channel separation, realizing sub-GHz
inter-channel guardbands. The dense packing of wavelength channels within the
superchannel is combined with the high performance low-overhead DSP developed in
Paper II to create a high SE superchannel. The comb-based superchannel is formed
using lines originating from an optimized soliton microcomb. Optimizing both the
symbol rate on the 22.1 GHz grid provided by the microcomb and the pilot-based
DSP presented in Paper II, transmission performance directly comparable to that of
bulk-optic frequency combs is realized. The insights gained in Paper III are key to
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understand path towards realization of superchannel transceivers using integrated
photonics without sacrificing performance.

Paper IV presents a self-homodyne comb-based superchannel receiver. Using two
unmodulated pilot tones (PTs) from the transmitter comb, a phase-locked receiver
comb is generated, avoiding the need for any dedicated DSP-block to compensate
frequency offsets and track the laser phase noise. The scheme used two electro-optic
(EO) frequency combs and a combination of optical injection locking (OIL) and an
electrical phase-locked loop. A hybrid scheme using a single optical PT and slow
DSP for residual tracking was developed in Paper V. In contrast to the dual PT
scheme, the smaller overhead enabled higher spectral efficiency, exploiting that the
majority of the gain from the two PT scheme can be recovered with a single PT.
In Paper VI, the single PT scheme reported in Paper V was used for multi-span
transmission. This study focused on investigating its sensitivity to distortions from
the link, including fiber nonlinearities and amplifier noise. The results shows a
strong resilience, highlighting that the single PT scheme can be exploited to reduce
DSP complexity even at distances reaching 1000 km. The single PT scheme was
further enhanced in Paper VII by replacing the previously used blind DSP with
a pilot-based DSP. This enabled a further increase in modulation order, realizing
a spectral efficiency of 12 bits/s/Hz over the full C-band using three comb-based
superchannels. Finally, in Paper VIII, the pilot-based DSP is expanded to build a
superchannel DSP to improve the performance of comb-based superchannels. The
proposed methods exploit frequency locking to enable multi-channel equalization
via spectral stitching of the different channels, all detected on individual receivers.

This thesis is organized as follows. Chapter 2 is focused on the basics of
coherent optical communication. The key building blocks of a single channel
transmission system are introduced together with channel models. Following this,
Chapter 3 is devoted to DSP with focus on describing standard blind methods used
to compensate various impairments faced in optical communications. Models for
transceiver impairments and non-ideal lasers are introduced and discussed. Optical
frequency combs are introduced in Chapter 4. The basics of principle behind combs,
different generation techniques are discussed, especially focusing on EO frequency
combs. New results and insights on EO-comb generation with arbitrary shape are
also presented. Multi-channel transmission and the role of frequency combs in
optical communications is discussed in-depth in Chapter 5.
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Chapter 2

Optical Communication
Systems

Optical communication systems comes in different flavors depending on target
application. This chapter discusses concepts of coherent optical communication
systems, which are the typical systems used for distances exceeding 10km. An
overview of a single channel coherent optical communication system can be seen
in Fig. 2.1. From a systems perspective, an optical communication system can be
divided into three key parts; the transmitter, the optical channel and the receiver.
The systems under consideration in this thesis belongs to the category of software-
defined transceivers [104]. The purpose of this chapter is to go through the key
components of such a system and review the different functionalities needed in order
to transport information over the optical fiber. We also discuss challenges related to
optical modulation in relation to the results presented in Paper I, where we present
a transmitter configuration.

2.1 Transmitter

The role of the transmitter is to encode the information onto the optical carrier
wave. Its operation can roughly be divided into functions implemented in the
digital, electrical and optical domain, as illustrated in Fig. 2.2. Operations in the
digital domain are characterized by discrete-time representations of bits or complex
symbols at a fixed oversampling rate. This discrete digital signal is then converted
to continuous analog electrical signals through the use of DACs. The resulting signal
spectrum is DC-centered. Finally, a dual-polarization optical IQ-modulator attach
the electrical signal to its optical carrier wave, resulting in an effective up-conversion

13
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Fig. 2.1. Overview of a coherent optical communication system. DACs are used
to convert information symbols to analog electrical signals, which are modulated
onto the lightwave carrier using an optical modulator. After propagation
through the link consisting of spans with optical fiber and optical amplifiers,
the signal is detected using an optical receiver. The receiver consists of an
optical hybrid and balanced detectors, enabling extraction of both the amplitude
and the phase of the signal. After sampling using the receiver ADCs, DSP is
used to recover the data.

of the signal spectrum from being DC-centered to being centered around the optical
carrier wave frequency.

2.1.1 Digital Bit-Symbol Mapping

To transmit a sequence of bits, the first step is to add redundant bits using a FEC
encoder. However, here we only focus on sending bits and therefore only consider
the case of a bit sequence which shall be transmitted over the system, neglecting
any detailed discussions on FEC. The interested reader is instead refereed to [48,
49]. Bits are then mapped to symbols, which can carry one or more bits, a process
known as mapping. Each symbol a[n] = ai[n] + jag[n] (n denoting the time index)
is a 2D symbol and can have bits mapped onto two quadratures represented by
the real and imaginary part of a[n]. The interpretation of these two quadratures,
can be seen as mapping the bits to symbols belonging to a (sub)-space spanned
by both the amplitude and phase of the optical lightwave, resulting in a 2D signal
space. Similarly, when exploiting the degeneracy of the fundamental mode in SMF
to enable polarization multiplexed (PM) transmission using two quadratures on two
polarization (see Section 2.2.5), the signal space is 4D which can be understood by
combining two complex symbols a[n] according to

= (00 < (B o) o

ay[n ayy[n] + jayq[n]

While one could think of using a continuous modulation alphabet (and this
is shown to be capacity achieving for certain distributions [105]), a finite set of
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Fig. 2.2. Tllustration of the various key blocks building up a digital coherent
transmitter. The functionality can be divided into steps performed in the
digital, analog electrical and optical domain.
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Table 2.1. Bit sequence to normalized complex symbol mapping for 16QAM,
N, = 4. The selected mapping is of Gray-type (not unique).

(
{1,1,0,1} (1—15)/10 {1,1,0,0}
{1,0,1,0} (34 35)v10 {1,0,1,1}
{1,0,0,1} (3 —15)v/10 {1,0,0,0}

PR

"symbols" to represent the bit stream is typically preferred. Considering the above
mentioned 4D signal space, optimized modulation which fully exploits the 4 degrees
of freedom jointly can maximize performance [106-108]. However, in practice,
formats such as PM M-ary quadrature amplitude modulation (PM-MQAM) are
most common. These formats map independent QAM symbols on each polarization.
The two quadratures of each QAM symbol is furthermore separated into two 1D
pulse amplitude modulation (PAM) signals. So to map a bit stream onto PM-MQAM
symbols, the bits are divided into 4 sub-streams, each mapping the bits to a 1D
PAM constellation. The number of bits N, encoded in each symbol is directly given
by Ny = log,(M) with M being the format order. As an example, a PM-64QAM
symbol carriers a total of 12 bits, 6 bits on each polarization, corresponding to
symbol alphabet of size 2° = 64. Each 64QAM symbol consists furthermore of two
independent PAM signals, modulating 3 bits each, corresponding to 23 = 8 levels or
equivalent a 8-PAM signal. A PM-64QAM symbol can therefore be decomposed
into four individual real-valued 8-PAM signals. However, note that this is only valid
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Fig. 2.3. Example of coherent modulation formats used in optical commu-
nication. The number of bits encoded in each M-QAM symbol is given by
Ny = log, (M), corresponding to N, = 2,4 and 6 for the case of QPSK, 16QAM
and 64QAM, respectively. Note that average energy for is equivalent for all
three constellations, assuming a uniform symbol probability.

for square QAM formats. In the general case of M = 8,32,128,..., or non-rectangular
formats, a decomposition into two real-valued PAM strings is not possible and the
two quadratures have to be mapped jointly.

Focusing on the complex representation of the 2D symbols a[n], Fig. 2.3 shows
the resulting constellation diagrams for M = 4,16 and 64, corresponding to QPSK,
16QAM and 64QAM, respectively. To decide on which complex constellation symbol
to send, the bit stream is divided into blocks of N, bits and a look-up-table with a
the mapping. An example of such a mapping for 16QAM can be found in Table 2.1.

As a final remark to modulation it is important to point out that when considering
an AWGN channel (see Section 2.2.1), the capacity achieving modulation format
is a continuous Gaussian distribution [105]. Recently, large research efforts have
been focusing on constellation shaping to improve performance. This aims at
exploiting the 1.53 dB asymptotic difference between the AWGN capacity (Eq. 2.13)
and the use of uniform QAM formats [109]. Shaping can be implemented either
by symbols with a non-uniform probability, referred to as probabilistic amplitude
shaping (PAS) [58, 59] or by redistributing the constellation symbols spherically in
constellation space [62] which is known as geometric shaping. While constellation
shaping has been used in several recent record experiments [52, 54, 61, 62], the work
in this thesis is focused around standard QAM formats and we therefore do not
consider shaping further. However, all presented techniques are fully compatible
with constellation shaping and such techniques can hence improve flexibility and
efficiency of the proposed systems.
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Fig. 2.4. Raised Cosine filtering with varying roll-off factor 5. (a) Shows
the time-domain impulse response and (b) the equivalent frequency domain
transfer function.

2.1.2 Pulse Shaping

After mapping the bit sequence to complex symbols (1 per polarization mode), a
pulse shaping filter can shape the signal spectrum to the modulator [110, 111]. This
process can be expressed as [105]

oo

wln] = > anlh(t - kT), (2.2)

k=—o0

where z[n] is the output discrete waveform a time instance n, a[n] is the selected
complex symbol, h denotes the filter response and T the time interval between
pulses. Equation 2.2 represents a discrete convolution between the symbols a[n]
and the filter h(t). Several different filters exist but raised-cosine filters (RC) are
among the most common. In practice, the RC filter is often further divided and
implemented both on the transmitter and receiver side using the square-root of the
RC filter response, see Section 3.1. The RC filter can be seen as an approximation
to the sinc-pulse, providing a brick-wall filter response in frequency domain. The
continuous-time impulse response of the RC filter can be expressed according to [105]

T 1 T
Esmc <2>, t= :I:%
h(t) = ; (2.3)

Bt
sinc (—t ) wstr) (WT ) otherwise
242
r)1— 4/;7275
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with T" denoting the symbol period and § the roll-off factor. Note that Eq. 2.3
results in a sinc function for the case of 8 = 0. The time and frequency response of
the RC filter for 5 € 0.01,0.1,0.2,0.5 can be seen in Fig. 2.4. Worth noticing here is
that in order to apply a pulse shaping filter, oversampling is needed and the vector
with complex symbols is therefore typically up-sampled at this point. Considering
systems transmitting data on several wavelengths using WDM (see Section 5.1),
RC filters can enable much more effective use of the available signal spectrum
as it avoids the typical sinc-spectrum associated with using square time-domain
pulses. In addition, we note that pulse-shaping can also be done by exploiting
analog filters and components with tailored bandwidth. As a final remark on
pulse shaping, we note that digital sub-carrier transmission can increase tolerance
towards nonlinearities [112]. While sub-carrier has been implemented in real-time
transponders to increase performance[113], every-subcarrier is in-principle equivalent
to a single-channel system but the lower symbol rates also challenge the DSP [114].

2.1.3 Digital-to-Analog Conversion

After modulation and pulse-shaping, which both take place in the digital domain, it
is necessary to convert the digital signal representation into a continuous analog
signal which can be modulated on the optical carrier. In the ideal case, the digital-
to-analog conversion does not add any penalty but all real-life DACs have a limited
resolution. In particular for high-speed DACs used in optical communication, the
resolution limits the performance for multi-level modulation formats [45].

The limited resolution can be understood by considering that a DAC has N
different levels to represent the digital signal with a finite resolution expressed in
terms of log,(N). In addition, the sampling theorem states that sinc functions are
required for an ideal signal reconstruction [115]. This also makes intuitive sense,
following the condition of bandwidth limited signal and low-pass filtering used in
the sampling theorem. However, implementing such an impulse response is not
practically feasible and most DACs use the zero-order hold function to interpolate
between consecutive samples [116]. The DAC is then controlled by a sampling clock
and each discrete sample is held for a sampling period Trs. For each sample of the
digital input signal, the DAC chooses the closest discrete representation and output
the corresponding signal amplitude. Due to the quantization, penalties will arise as
the output signal differs from the original signal. This can be seen in Fig. 2.5(a),
illustrating the implications of quantization for a sine-wave. How this quantization
error is affecting a shaped data signal can be seen in Fig. 2.5(b), showing the
frequency response of a 8 = 10% RC-shaped signal. We observe that the noise-floor
is about 1 order of magnitude higher for the quantized signal, compared to the
floating-point representation.

In addition to the limited resolution, presence of both noise and bandwidth
limitations effectively reduce the output signal quality, which is usually quantified in
terms of effective number of bits (ENOBs) which assumes a random approximation
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Fig. 2.5. (a) Non-ideal signal reconstruction using the zero-order hold function
to interpolate between samples for a 2 bit DAC. The deviation results in a
quantization penalty. (b) Shows additional noise added to a shaped waveform
as a result of limited DAC resolution for a 3 bit DAC outputing a RC shaped
signal with 8 = 10%.

in the quantization error [117]. The combination of DAC resolution, jitter and
ENOB can therefore be used to describe the quality of the output signal, including
noise from the DAC itself.

2.1.4 Optical Modulation

Information can be modulated onto the light wave using either direct modulation of
the laser (switching on-off) or via an external modulator applied after the laser [50].
Until the coherent era, data was modulated using on-off keying (OOK) [118].
Today, direct modulation of integrated lasers is still the base for short-reach optical
interconnects [119] but coherent technologies are standard for long haul systems. To
enable simultaneous modulation of both the amplitude and the phase of the optical
carrier wave, IQ-modulators are used [50, 120]. The IQ-modulator is effectively
an optical IQ-mixer, performing equivalent functionality to an RF IQ-mixer in
wireless communication systems. Focusing on QAM formats, encoding information
on both the amplitude and the phase, the process of modulation can be described
as encoding an amplitude envelope zo(t) and a phase ¢(t) onto a wave oscillating
with frequency wo. The resulting electric field E(t) can then be expressed as

E(t) = zo(t) cos(wot + ¢(t)). (2.4)
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Note that the resulting electric field E(t) is real-valued, representing a physical
signal that can directly be measured. However, for mathematical convenience,
representing amplitude and phase using complex numbers is typically preferred.
Denoting the complex envelope z(t), Eq. 2.4 can be re-written as

E(t) = Re [z(t) exp(jwot)] = Re [(z,(t) + jzi(t)) exp(jwot)] , (2.5)

with z-(t) and z;(t) denoting the "real” and the ”imaginary” part of the complex
envelope signal. These are related to the complex envelope z(t) according to

z,(t) = xo(t) cos(o(t))

zi(t) = wo(t) sin(B(t)). (2.6)

In order to realize a practical IQ-mixer, we make one more algebraic manipulation
of Eq. 2.4 using the trigonometric identity cos(a + b) = cos(a) cos(b) — sin(a) sin(b)
and Eq. 2.6 according to

E(t) = zo(t) cos(¢(t)) cos(wot) — zo(t) sin(¢(t)) sin(wot)

= x,(t) cos(wot) — x;(¢) sin(wot). @7)

Equation 2.7 shows that IQ-modulation can be performed by combining two single-
dimensions modulators with real-valued input signals with a /2 phase-shift between
the two.

The Mach-Zehnder Modulator

(a) r,(t) Tbias (b) x(t)

Eoul)
Phase Shifter

rt) x{t)

Fig. 2.6. Principle of modulation using Mach-Zehnder modulators. (a) A Mach-
Zehnder interferometer. (b) A dual-nested Mach-Zehnder-based IQ-modulator
using two parallel interferometers to modulate I and Q independently before
rotating one with 7/2 and recombining the signals using a directional coupler.

There are many structures that can be used to preform optical modulation.
Many are based on interferometers with the most famous and common one being the
Mach-Zehnder modulator (MZM), illustrated in Fig. 2.6(a). By applying different
RF-signals, r1(¢) and r2(t) onto the two phase shifters and controlling the bias,
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the modulation of the output electrical field Eout can be controlled. The transfer
function of the MZM can be expressed in a simplified manner according to

EOut 1

.~ 2 lexp(j(r1(t) + Tbias)) + exp(jr2(t))] (2.8)

where we neglected the inherent 7/2 phase shift between the two output ports of
a 3dB coupler (this is further discussed in Section 2.1.4). Equation 2.8 can be
re-written according to

FEout — exp (fﬂl(lf);rm(t) + ijzias> cos (7"1(15)2r2(t) + Tb;“) . (2.9)

Equation 2.9 reveals a crucial insight to the two most common operating modes
of a MZM, the push-push and the push-pull mode. If 71(t) = ra(¢), the cos-term
in Eq. 2.9 cancel out and we have a pure phase modulator, the push-push mode.
If instead, r1(t) = —r2(¢) and the modulator is operated in push-pull mode and
acts as a pure intensity modulator. In both cases, the bias point is determined by
changing 7pias-

Realizing the Optical IQ-Modulator

Using the derived transfer function for a MZM and the results from Eq. 2.7, an
optical IQ-modulator can be designed by using two parallel MZMs as illustrated in
Fig. 2.6(b). This is referred to as a dual-nested MZM-based IQ-modulator. Each
MZM is operated as a pure intensity modulator and fed with the RF signals x, and
z;, respectively. In one of the arms, a m/2 phase shift is added so that a practical
IQ-mixer is realized.

Today, IQ-modulators based on the dual-nested MZM structure is a mature
technology that is essential in modern coherent transponders. It allows for encoding
an arbitrary complex modulation format and avoids the issues with chirp that are
present when using pure phase modulators. A variety of material platforms can be
used, with the most common being LiNbO3. Recent work on integrated LiNbOs3 has
showed bandwidths of 100 GHz [121]. Beyond LiNbOs3, other materials considered
includes silicon [122], InP [123] and plasmonic modulators [124, 125].

The important part of this is that the principle of building an 1Q-modulator
from two nested MZMs can be further expanded. Combining two IQ-modulators
with a polarization beam combiner (PBC) realizing a 90-degree polarization rotation
between the two arms, a dual-polarization modulator can be built. Expanding
this with mode-multiplexers for higher-order spatial modes and/or wavelength
multiplexers for multiple spectral modes, a multi-channel device is quickly realized.

Challenges with Traditional MZM-based IQ-modulators

Although dual-nested MZM-based 1Q-modulators are very mature and powerful,
they are not ideal and there are several challenges related to their use. First, the
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bandwidth of the output signal is directly limited by the optical bandwidth of
the device and/or the bandwidth of the electrical drivers, whichever being lowest.
Even though novel techniques such as plasmonics can enable ultra-high optical
bandwidths reaching far beyond 100 GHz [126], realizing high performance electrical
DACs with equivalent bandwidths is very challenging. As an alternative to increasing
the electrical bandwidth, multiple optical carriers can be used (see Section 5.1).
While we note that a single MZM-based 1Q-modulator can modulate multiple
lines simultaneously, each line will be modulated with exactly the same envelope.
In some cases, such as multi-casting for passive optical networks or microwave
photonics [127], this can be an advantage but for the superchannel focus of this
thesis it is inherently a drawback. From this perspective, although this can be very
convenient to cope with experimental limitations in multi-channel/superchannel
transmission experiments, it does not enable independent control of the individual
lines in a single device and can therefore not modulate a superchannel.

In addition, the use of two nested MZM-based intensity modulators makes the
IQ-modulator inherently lossy as the waveform is encoded by carving out power
from the carrier wave. Furthermore, when modulating multi-level formats such as
64QAM, each MZM is effectively modulating a multi-level PAM signal. In the case
of 64QAM, it can be decomposed into two 8-PAM sequences and assuming equal
probability, the average voltage swing will be half of the total swing. Moreover, pulse
shaping using RC-pulses and pre-compensation (see Section 3.5.2) will furthermore
increase the peak-to-average power ratio (PAPR) [128] This reduction in effective
swing is further enhanced as the total swing is usually significantly lower than
the full w-phase shift, which theoretically is available, in order to avoid nonlinear
distortions and constellation squeezing from the cos-term in Eq. 2.9, which 1dB
compression point is about /4. While neither of these effects pose any problem
for a constant-intensity format such as QPSK, they impose large limitations for
transmitters using higher-order formats as the lower PAPR implies a much higher
modulation loss. Finally we note that with the recent introduction of probabilistic
shaping [58], the probability of transmitting each constellation point is alternated.
As a direct result, the modulator loss increase even further. In addition, two different
signals cannot be combined in a loss-less way using a directional coupler. As a
result, there is a fundamental 3 dB loss from the output combiner in Fig. 2.6(b). In
practice, the insertion loss is usually higher, around 10dB [129].

To overcome these limitations, alternative modulation schemes are necessary.
Aiming for a loss-less IQ-modulation, the 3dB coupler has to be avoided and both
the amplitude and phase modulation have to be modulated in a single device. Rather
than carving out energy using intensity modulators, the energy has to be temporally
redistributed to meet the target waveform. Such a device is, to the best of our
knowledge, realized for the first time as part of this thesis and described in Paper I.
In addition to enabling loss-less modulation, it enables simultaneous encoding of
independent waveforms on multiple spectrally separated lines.
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2.2 The Optical Fiber Channel

The point-to-point optical fiber channel consists of the optical fiber waveguide
and the amplifiers used to periodically amplify the signal in multi-span links.
While optical networks can be formed by inserting reconfigurable optical add-drop
multiplexers (ROADMSs) [130] built from multiple wavelength selective switches
(WSSs) [131], we here focus on the point-to-point case. Several different kinds
of fibers can be used for data transmission, depending on operating wavelength
and practical demands. While short-reach optical interconnects typically use a
graded-index MMF, high-throughput communication systems normally rely on the
use of SMF and operation in the C-band (around 1550 nm). Important to note
here is still that longer wavelengths are becoming increasingly important also for
short-reach communications [132].

Focusing on the fiber channel, signal distortions arise from propagation in the
waveguide as well as from optical amplifiers along the link. Several amplification
schemes exists such as EDFAs, distributed Raman amplification [133], parametric
amplifiers [134] and semiconductor optical amplifiers [135]. In addition, hybrid
schemes such as combination of Raman and EDFA amplification can be used to
reduce the effective span loss [136, 137] and allow for optimization of the amplifier
power consumption [138]. Any detailed amplifier comparison is beyond the scope of
this thesis and here we solely focus on the use of EDFAs; which is the most used
commercially deployed amplifier technology. EDFAs relies on pumping a doped
fiber segment at the erbium transition wavelengths of around 980 nm and 1480 nm,
based on the principle of stimulated emission [17, 20].

The EDFA noise properties is often characterized by its noise figure (NF), F},
which is a measure of the added noise in the amplification process. It is defined
as [139]

G-1

G )
where N, is the population-inversion factor which is ng, > 1 and G denotes the
amplifier gain. The implication of ns, > 1 is that all EDFAs have a theoretical
minimum NF of 3dB for a quantum limited input signal, being limited by quantum
mechanics [140]. Assuming a large gain which do not depend on frequency, the
noise figure can be translated into an equivalent power spectral density (PSD) per
polarization (Gaussian noise) of

Fn = 2nsp (210)

Pass(w) = %th (W /Hz,/Poll, (2.11)

with A denoting Planck’s constant and w the angular frequency. Based on the key
role of EDFAs together with understanding from Eq. 2.11 it is natural to understand
the importance of models which considers additive white Gaussian noise (AWGN)
contributions. Such models and their extensions to more complex fiber models are
introduced in the upcoming sections.
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2.2.1 The AWGN Fiber Channel Model

One of the simplest discrete models available in communication is the AWGN
model [105]. The input-output relation is given by

y[n] = a[n] + Nn], (2.12)

where y[n]| denotes the received symbol, a[n] the transmitted one and N|[n]| is AWGN.
We note that although Eq. 2.12 here is expressed in discrete-time representation, it
can also be expressed in continuous form by simply replacing n with ¢. While not
representing the full fiber channel, the AWGN fiber channel can still be used as a
simple reference when designing DSP and performance is often referenced to the
theoretical case of transmission over an AWGN channel. Worth pointing out here is
also that the AWGN channel is one of few channels with a known channel capacity
given by [47]

C:10g2< ]I;O ) [bits/s/Hz,/Pol], (2.13)

with C denoting the channel capacity, Ps the signal power and Ny the noise variance,
defined according to

Py =E [|a[n]*], (2.14)
No =E [|N[n]|*], (2.15)

with E denoting the expected value operator. The term ﬁ is the signal-to-noise ratio
(SNR) and Eq. 2.13 is therefore often expressed as C' = log2(1 + SNR). The channel
capacity, C, denotes the highest rate at which information can be communicated
over the channel with arbitrary small error probability [47].

2.2.2 The Dispersive Fiber Channel

As discussed in Section 1, dispersion is a key aspect for the fiber channel. While being
inherent in waveguide design, the dispersion causes different spectral components of
the modulated channel to walk-off with respect to each other. To include dispersion,
we move from looking at individual complex symbols a[n] to the continuous temporal
envelope A(z,t) of the electrical field. Focusing on a single polarization, the effect
of dispersion can then be modelled as [139]

8A ],328 A

o
’81 8t 5 iz T2470 (2.16)

with z denoting the propagation direction, 51 denoting the group velocity inside the
fiber, B2 the second order dispersion and « the fiber loss. Since we are typically not
interested in propagation with respect to a fixed point in space, we can reformulate
Eq. 2.16 by considering a co-moving reference system (a reference system in which
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the observer is sitting centralized on the pulse A and follows it during propagation)
according to

]62 %A

C?z 2 o2

Solving Eq. 2.17 is usually done in the frequency domain and since the loss term

only reduces the amplitude of the pulse, we make a variable substitution according

+ A =0. (2.17)

to U(z,t) = % and insert it into Eq. 2.17 which reduces to
B2 8°U
— + = =0. 2.1
0z 2 0ot? 0 (2.18)

Taking the Fourier transform of Eq 2.18 then results in
oU(zw) Paw?®
9. 7 2
Equation 2.19 is a first order ordinary differential equation in z and can be solved
according to

U(zw). (2.19)

2

From Eq. 2.20, the effect of dispersion can be understood as a parabolic phase shift
in frequency domain. Given that the inverse Fourier transform of a linear phase
shift is a time delay, dispersion simply induce a wavelength-dependent time delay of
the pulse as it propagates along the fiber.

U(z,w) = exp (j Pow Z) U(0w). (2.20)

2.2.3 The Nonlinear Fiber Channel

In addition to the linear channel response described by Eq. 2.17, the optical fiber
also has a nonlinear response originating from the silica glass. The implication of
this is an intensity dependent refractive index which can be written as [139]

neg = Nno + TLQI, (2.21)

with ngg being the resulting, no the linear, and ns the nonlinear refractive index
coefficients, respectively. In Eq. 2.21, I denotes the intensity of the electric field
which gives raise to the nonlinear interaction. The effect of a nonlinear refractive
index can then be viewed as a power-dependent modulation of the refractive index
in the fiber. Incorporating such effects in our channel model relies on considering
the nonlinear polarization response of the electrical displacement field and solving
Maxwell’s equations for fiber propagation. A more detailed derivation is beyond
the scope of this thesis, but can be found in [139].

Including the nonlinear effect, known as Kerr nonlinearity, into Eq. 2.18, results
in the famous nonlinear Schrédinger equation for fiber optics, according to [139]

9A @8 A o, 2
az + 5 Bz + 2A—j’y|A| A, (2.22)
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with v being the nonlinear coefficient of the optical fiber. Equation 2.22 has
no analytical solution and numerical methods are required to approximate the
solution in the general case. However, important insights to the implications of fiber
nonlinearities can be found by considering the case of a channel without dispersion,
i.e. B2 = 0. Substituting U(z,t) = Alzt) , with Py denoting the pulse peak

v/ Poexp (—az/2)

power, an analytical solution in this case can be found according to
U(z,t) = U(0,t) exp(joni(z,t)). (2.23)
The term ¢ni, is often refereed to as the nonlinear phase shift given by
o = |U(0,t) >y Py /Z exp(—az')dz'. (2.24)
0
At first glimpse, Eq. 2.24 can look a bit confusing and to ease the understanding

it is convenient to introduce two additional length scales known as the nonlinear
length Lni, and the effective length Lgg, defined according to

1
LN = — 2.2
= (225)
z N 1—exp(az)
Lgg = exp(—az')dz' = —————= (2.26)
0 @
Introducing Lnt,,LEs, Eq. 2.24 changes to
L
¢NL(th) = |U(07t)‘2ﬂv (227)
LxL

and we can understand the Kerr nonlinearity as a phase-shift in the time domain
which depends on the pulse shape as well as the relation between the nonlinear
and the effective length. Note that ¢nr,(2,t) is directly proportional to the optical
power and a way of increasing or decreasing the amount of nonlinearities is therefore
simply to adjust the optical power. A final important remark on fiber nonlinearities
is that while both nonlinear and dispersive effects give rise to a phase shift, the
implications are very different. Dispersion is an inherently linear effect in which
the phase shift is dependent on the frequency content. In contrast, nonlinearities
depend on the profile in time and the phase shift there causes spectral broadening
and transfer of energy among different spectral components within the pulse.

2.2.4 The Gaussian Noise Model

While numerical solution of the nonlinear Schrédinger equation provides a way of
estimating system performance using simulations, brute force solutions is computa-
tionally heavy. As a result of this, large efforts have been devoted to developing
simpler models with the most famous one being the Gaussian noise model (GN-
model) [141-143].
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The GN-model focus on dispersion uncompensated transmission systems in
which the signal can be assumed to be highly dispersed. As given away by the name,
the model therefore assumes that the signal can be approximated with a Gaussian
distribution and that the nonlinear penalty can be approximated with an extra
noise term so that the SNR is expanded according to [142]

Ps

SNR = ——>——
UiSE + (71%1L '

(2.28)

with 0%gg, o0&, being the variance of the amplifier noise and the nonlinear noise-like
distortions, respectively. For uncompensated transmission, the model has proven
accurate over a broad range of fiber types and transmission distances [144]. Worth
emphasizing though is that the GN-model assumes that the signal is a Gaussian
process and is hence modulation format independent. However, an extended version,
the extended GN-model (EGN-model) accounts for this at the expense of being a
more complicated [145].

2.2.5 Polarization-Dependent Channel Models

As discussed before, the fundamental mode in a SMF is polarization degenerate.
However, the circular symmetry of a transmission fiber is non-ideal in practice
and small fiber birefringence causes polarization rotations as well as give raise to
effects such as polarization mode dispersion (PMD) and polarization dependent
loss (PDL) [146]. Lots of work have been focused on understanding the effect of
mainly PMD which, before the introduction of coherent receiver DSP, limited system
reach [147-149]. Without going into detail, we only focus on two separate models for
dual-polarization transmission. The first is an extension from the classical AWGN
channel by including a polarization scattering matrix H. Equation 2.12 can then be
expanded according to

y[n] = Haln] + N|n], (2.29)
with H being a 2 x 2 complex value unitary matrix in the case of no PDL . If PMD
is present H is frequency dependent and the matrix product in Eq. 2.29 will be a
convolution with a[n].

Several ways exists for including polarization dependence along the propagation,
depending on how the polarization is treated. Focusing on communication over
longer distances of fiber (spanning kilometers), the Manakov model is commonly
used [34]. In the Manakov model, the state-of-polarization is averaged over the
Poincare sphere (Stokes representation [150]), leading to a famous extension of
Eq. 2.22 according to [151]

0As | B2 PAs  « .8

e IO 4 S = g (1A + 1A P) A, (2.30)
2.30

04y  jB2 Ay Lo, .8

8; ]72 at2y + §Ay =77y (142 ]* + 14y]%) Ay
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2.3 Optical Receiver

The role of the optical receiver is to extract the information carried by the optical
carrier and to retrieve the encoded information. For coherent receivers, this process
involves several steps including down-conversion, detection, digitizing and DSP.

As outlined in Fig. 2.1, the incoming signal is mixed with a second laser, the
LO, in a coherent optical receiver. Coherent detection is nothing new and has
been used for decades within the wireless community. Within the field of optical
communication, the lack of high speed ADCs and powerful DSP ASICs meant that
it took more than 20 years after the introduction of optical communication systems
until the coherent era started, marked by the first development of a real-time
coherent transponder in 2007 [43].

2.3.1 Optical Receiver Front-End

Coherent detection refers to the process of detecting both the amplitude and phase
of the light wave envelope. In this, the optical phase is extracted with an LO as
reference by mixing it using an optical hybrid in which one arm is delayed /2 with
respect to the other one. The result is two output signals, which can be combined two
by two using balanced photo detectors to produce output photo-currents according
to [152]

ir(t) Re (Esig(t) Ero(t))

LQ@] ) {Im (Bsig(t) Bro())] (23

with 71, denoting the resulting electrical currents representing the in-phase and the
quadrature-phase of the modulated envelope, Esiz(t) denoting the input signal field
and Ei,, denoting the LO field.

Similarly to how two separate 1Q-modulators can be used to built up a po-
larization multiplexed modulator, two separate optical hybrids combined with a
polarization beam splitter can be used to create a dual-polarization receiver. In
such, Eq. 2.31, is expanded with indices to denote the X,Y polarization components
and the hybrid has thus four outputs.

2.3.2 Analog to Digital Conversion

After coherent detection using the optical hybrid, the resulting photo-currents needs
to be sampled in order to produce a received signal in the digital domain. This is
done by a set of high-speed ADCs, converting the photo-current into a sampled
digital signal. As previously mentioned, optical systems are to a large degree limited
by the performance of the DACs and ADCs used in the transceivers [45].
Important aspects when characterizing an ADC is the number of bits, or equiv-
alently, the resolution of the ADC, similarly to the DAC. While DAC and ADC
design differ significantly, the metrics used to characterize them as well as the
implications of limited resolution on optical communication are very similar. The
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sample principles as outlined for the DACs in Section 2.1.3 can therefore be applied
to the case of ADCs as well.

2.3.3 Receiver-Side Digital Signal Processing

Following the digitization using the ADCs, advanced DSP and strong FEC is used
to recovery the transmitted bits. The DSP-chain typically contains a large set of
algorithms to mitigate various impairments present in the fiber channel. Separating
DSP and FEC, the role of the DSP is to mitigate any impairments and to maximize
the receiver performance. The FEC then handles error induced by the noise. The
functionality of the various algorithms used to build up such a DSP chain is discussed
in Chapter 3.

2.4 Signal-to-Noise Ratio and System Reach

Considering a system from transmitter to receiver as the one outlined in Fig. 2.1,
virtually every component present can and will attenuate and add distortions to
the signal [153]. Similar to how an optical transceiver can have its functionality
divided into operations performed in the digital, analog electrical and optical domain,
the noise added in each of these domains (either from a single component or a
combination thereof) can have very different implications in terms of affecting the
overall system performance. From a practical viewpoint it also differs significantly in
terms of how the SNR is measured. To make it clear throughput this thesis, we will
consider the term SNR for use in the digital domain applying the definition from
Section 2.2.1. Important from a practical perspective is that with this definition the
SNR can be effectively estimated from a received constellation diagram at 1 sample
per symbol (SPS). Such estimation methods are covered more in detail in Paper II.

The other measurement of signal quality we will consider is the optical-SNR
(OSNR). As indicated by the name, OSNR referees to SNR in the optical domain and
OSNR measurements is an essential part of any system evaluation. As an example,
dedicated pilot tones (PTs) have been studied to simplify OSNR monitoring in
WDM systems [154]. However there are practical challenges with this. OSNR is
still, by definition, the ratio between the signal power and the noise power. While
at 1SPS in the digital domain, the definition of this is clear, it is not in the optical
domain simply from the implication of bandwidth. To avoid this issue, a well-defined
referenced bandwidth is used and we define the OSNR according to

P

OSNR= — =
Proise (W)BRef

(2.32)

with Pnoise(w) is the noise power spectral density and Bret the references bandwidth
of 0.1nm (12.5 GHz@1550nm). The benefit of Eq. 2.32 is that the OSNR can easily
be measured using an optical spectrum analyzer (OSA). Using a for example a 1/99
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Fig. 2.7. (a) Estimated digital SNR and (b) BER as a function of measured
OSNR for a PM-64QAM signal with Bsjgz = Bref . Linear relationship corre-
sponds to a system limited by noise added in the optical domain (link noise).
The limited transmitter SNR of 22dB implies a maximum reachable SNR
independent of the measured OSNR, resulting in a BER floor.

coupler/beam splitter, the OSNR can be monitored along the link without requiring
any electrical/digital processing. For PM signals, the OSNR can be extracted
directly from the measurement. In contrast, the noise power needs to be divided by
a factor of 2 if a single polarization signal is considered.

This definition can be used to evaluate OSNR and noise figure from an EDFA.
Considering an optical signal into an EDFA of Pp, and replacing Pnoise With Pasg
from Eq. 2.11, the OSNR out of the amplifier can be expressed as

POut _ GPIn
Pasg F,hwBget’
with Pout denoting the power out of the amplifier. The power of Eq. 2.33 is that

for a multi-span link, consisting of N spans each with a loss L, the OSNR at the
receiver can be expressed as [4]

OSNR = (2.33)

POut
NLF, hwBgres

Using the laws for logarithms, this can be written into the famous formula [4]

OSNR4p = Pout[dBm] — F,[dB] — 10 log,o(N) — L[dB] + 58[dBm],  (2.35)

OSNR = (2.34)

with -58 dBm being the equivalent vacuum fluctuation noise power over the reference
bandwidth of 0.1 nm. Equation 2.35 can be used to directly estimate the number
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Fig. 2.8. (a) Estimated digital SNR and (b) corresponding BER as a function of
number of spans (o = 0.2dB/km, F,, = 5dB and L = 80km) for a PM-64QAM
signal with Bsiz = Bret. Linear relationship corresponds to a system limited
by noise added in the optical domain (link noise). The limited transceiver
SNR implies a maximum reachable SNR independent of the measured OSNR,
resulting in a BER floor.

of spans over which a signal can be transmitted given a required receiver OSNR.
Assuming perfect DSP to mitigate all impairments and implement matched filtering
(see Chapter 3), the OSNR can be related to the digital SNR according to

BSig

OSNR = ZZ£SNR, (2.36)

Ref

with Bsig denoting the ideal Nyquist bandwidth for a signal (e.g. 25GHz for
25 Gbaud).

However, in taking a measured OSNR and converting it to a corresponding
digital SNR for performance estimation, there is a very important assumption that
the signal is limited by noise added from optical amplifiers and not by transceiver
noise. This can be understood from Eq. 2.33 which assumes that the noise power is
from ASE noise only. If transceiver noise, digital and/or electrical is present, this
extra noise has to be accounted for in Eq. 2.33, similar to how nonlinear distortions
were accounted for using an extra noise term in Eq. 2.28. The implication of this is
that Eq. 2.36 and the linear relationship is no longer valid.

This is illustrated in Fig. 2.7, which shows the estimated SNR (see Paper II) and
the simulated BER (see Section 3) vs estimated OSNR for a signal with Bsig = BRet-
Similar results are also observed experimentally, especially for systems focusing on
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maximizing SE [137]. The linear relationship observed for low SNR shows a region
in which the system is link limited. Deviation from this linear relationship shows a
transceiver-limited system resulting in a performance floor, independent of receiver
OSNR. In experiments, this deviation is typically quantified by an implementation
penalty at a given BER. This difference corresponds to the difference in dB between
the ideal case and the real transceiver in Fig. 2.7(a). Important to note here is that
the penalty depends strongly on the selected reference point. In this case, the system
will have an infinite penalty at BER=107%, a negligible penalty at BER=4 - 107!
and about 5dB at BER=10"2. This penalty has to be included in the link budget
from Eq. 2.35 in order to accurately estimate the required receiver OSNR.

Considering the example illustrated in Fig. 2.7 and assuming a target BER=10"2,
the number of spans can be calculated using Eq. 2.35 according to

N[dB] = Pou[dBm] — L[dB] — F,,[dB] — 24 + 58. (2.37)

Assuming F,, = 5dB, Pouwt = 0dBm and L = 20dB, it is possible to transmit
the signal about 20 spans, which would correspond to 1200 km assuming a loss
coefficient of @ = 0.2dB/km. However, the calculation in Eq. 2.37 neglect any
nonlinear contributions, which will degrade the signal quality further. However, at
the expense of more complex computations, the GN-model (see Section 2.2.4) could
be used to add an additional nonlinear contribution to Eq. 2.37.

By using Eq. 2.35, the interplay between transceiver and optical noise can be
studied as a function of number of spans. This is shown in Fig. 2.8. Here we observe
a very different behavior between the two studied cases, as a result of the significant
noise limitation in combination with the use of 64QAM. Finally, we note that similar
care is needed when evaluating SNR using an electrical spectrum analyzer (ESA). In
that case, special care is needed to ensure that the measured electrical SNR match
the digital and optical measurements.
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Chapter 3

Digital Signal Processing

After transmission through the optical channel, coherent optical receivers use
advanced DSP and powerful FEC to ensure reliable communication. The role of the
DSP is to compensate for various signal impairments such as bandwidth limitations
and polarization effects. In addition, the receiver implements a matched filter to
maximize the probability of correct detection, or equivalently maximize the receiver
SNR. Following this, FEC (or transmission of redundant data in clever ways) is
used to ensure that the resulting error probability is below a selected threshold,
often taken to be a BER of < 1075,

In the following descriptions of all algorithms we consider a received signal
r’'[n] = I'[n] + jQ'[n], denoting the received signal with the impairment(s) under
consideration. The corresponding output signal after processing is denoted r[n] =
I[n] + jQ[n]. While there exist default schemes outlining the order in which the
signal should be processed (see for example [111]), this is not necessarily fixed
and some stages can be moved around to gain performance or ease the processing
requirements. For example, steps done in the frequency domain can be grouped and
performed in cascade to minimize the number of Fourier transforms needed in a
hardware implementation. The following sections describe typical DSP algorithms
without strictly enforcing an order.

3.1 Matched Filtering

Matched filtering is the processes of maximizing the chances of detecting the signal
correctly in the presence of AWGN by filtering it with a filter resulting in the
minimum-mean-square error between the transmitted and received signals [105].
As such, considering a pure AWGN channel, this is the only DSP-step needed. If
a transmitter signal is shaped with a filter h(t), the matched filter corresponds to
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the time-reversed complex-conjugate h*(—t) [155]. Matched filtering is a core part
of communication theory and detailed derivations can be found in [105]. For the
purpose of this thesis we only focus on the matched filtering criterion when using
raised cosine (RC) pulse shaping from Eq. 2.3 for improving the spectral efficiency,
as discussed in Section 2.1.2. When using a RC filter it is common to split the
filtering between the transmitter and the receiver. The transmitter spectrally shapes
the signal according to

s[n] = a[n] * h[n], (3.1)
with s[n] denoting the output discrete transmitted signal, h[n] the transmitter pulse
shaping filter and * the convolution operator (Eq. 2.2). Assuming the AWGN
channel, the received signal r[n] can be written as (see Eq. 2.12 for a description of
the AWGN channel model),

r'[n] = s[n] + N[n]. (3.2)

To maximize the probability of correct detection, the receiver now uses the matched
filter according to
r[n] = r'[n] * K*[-n], (3.3)
resulting in 7[n] being the least-mean-square estimate of the transmitted symbols
a[n]. Important here is that when using RC pulses, is it often implemented by
performing one filtering step at the transmitter and one at the receiver according
to [105]
hrc = hrx * hRrsx. (3.4)
In this case, the proper filter can be found by Fourier-transform Eq. 3.4 according
to
Hro(w) = Hro(w) Hrx(w) = [Hrre (@), (3.5)
which shows that the proper transmitter and receiver filters are the square-root of
the overall desired response denoted Hrrc(w). Also note that while the key aspect
of a RC filter is to shape the signal spectrum and ensure ISI-free operation, the ISI
criterion is not full-filled by the square root RC filter (RRC) itself. Instead, ISI-free
signaling is ensured by applying the matched receiver filter being implemented either
by using the known filter response or via the use of a dynamic equalizer. Finally it is
important to note that while being straight forward for the AWGN channel, or a set
of known filter responses, matched filtering is more tricky for a more general fiber-
optic channel containing a number of unknown filter shapes. In practice, dynamic
updating of the filtering taps is therefore required to fulfill the matched filtering
condition and minimize the ISI, even under presence of impairments unknown to
the receiver.

3.2 Static Equalization

Static equalization aims at mitigating static channel impairments. In general, static
equalization is cumbersome as compensation as the channel response might not be
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accurately described by an all-pass filter, which can be reverted by applying its
inverse filter response. The reason is that the matched filter condition presented
above only considers at a single symbol s[n], working under the assumption that
pulses separated by the duration T are orthogonal. This condition is also refereed to
as the Nyquist criterion or ISI criterion. For a given pulse shape h(t), this implies
that [105]

/ h(t — kT h*(t — K'T)dt = 5(k — k'), (3.6)
where k,k’ are two time indices. The implication of the ISI criterion is that pulses
time shifted by T will not overlap. Thus if a given filter fulfills the matched
filtering criterion for an individual pulse, it also does so for a sequence of pulses.
Example of filtering shapes fulfilling this condition are ideal rectangular pulses
in time or frequency and RC pulses (as mentioned in Section 2.1.2). However,
while the theory literature is largely based on sequences of ISI-free pulses, this is a
theoretical assumption that is seldom fulfilled in practical systems for reasons such
as components with limited bandwidth, sampling, and windowing to mention a few,
there will be residual ISI. As a result, when looking at a sequence of sent symbols, it
is not sufficient to consider the matched filtering condition for an individual symbol
as done in Section 3.1. Instead, the matched filter for a sequence of pulses is a filter
that maximize the sequence SNR, corresponding to finding the optimal trade-off
between mitigating ISI and avoiding excessive noise enhancement. While the shape
of such a matched filter could be derived, it requires full knowledge of the system,
making such derivations cumbersome in practice.

As a key example, and maybe the most used static filter in optical communication,
we consider transmission through the dispersive channel described in Section 2.2.2.
In this case, the signal reaching the receiver can be expressed as combination of the
Tx pulse shaping filter and the channel response Hcon(w) according to

Hen(w) = Hrx(w) Hpisp (W), (3.7)

with Hpisp(w) denoting the dispersive response. From Eq. 3.4, it can directly be
seen that the Rx filter needs to contain Hpy,(w) in order to undo the effect of
dispersion, which is called the dispersion compensating filter. This static filter can
be implemented by directly considering the frequency domain solution, Eq. 2.20,
to the dispersive channel model (Eq. 2.17). A static frequency domain dispersion
compensating filtering can be implemented according to

rt)=F"" (U(fz,w)f ('r')) , (3.8)

with .# denoting the Fourier transform operator and U(z,w) is the dispersive phase
response from Eq. 2.20. However, for real-time sequential processing it is necessary
to apply the filter in a continuous manner. This is done by dividing the signal into
processing blocks and each block is independently compensated by using a discrete
Fourier transform implementation. To avoid issues from discontinuities and the

35



CHAPTER 3. DIGITAL SIGNAL PROCESSING

periodic boundary conditions imposed by the block-wise Fourier transform [115], the
blocks are selected with a certain overlap which is then removed after processing, a
process known as overlap-and-save [111, 156]. Finally, we note that that when using
a fixed static filter, its exact shape has to be known. For dispersion compensation of
a point-to-point link, this is straight-forward, however, in dynamic network scenarios
where optical signals are re-routed along the path, this might not be true and
dispersion estimation is required to resolve the propagated distance [157]. In this
case, dispersion estimation can be used prior to applying the static filter [158-160].

3.3 Dynamic Equalization

While static equalization is very powerful, the key drawback is that it requires
exact knowledge of the system in order to find the receiver filter that minimize
the difference between the transmitted symbol and the detected symbols. This
might be straightforward in the case of dispersion but implies knowing the exact
response for every transceiver component and the complete fiber link. In addition,
some effects present in optical communication systems, such as polarization effects,
are not static and the filter response therefore changes with time. To cope with
these challenges, dynamic filtering is needed. Dynamic filtering can be understood
as a receiver filter that is continuously tuned to minimize an error function. The
dynamic equalizer therefore aims at suppressing penalties from the combination of
unknown noise sources present in the systems and distortions not compensated by
the static filtering stage.

Due to its dynamic nature this equalizer is inherently more challenging to
implement than its static counterpart. Filtering can be implemented in either
the time or frequency domain and which one to choose depends largely on the
memory length of the filter. While computations of long responses can be done more
effectively in frequency domain, something of key importance for SDM systems with
long impulse responses such as mode-division multiplexing systems [161, 162], short
filters are computed more effectively in time domain [163]. This is important as the
DSP can be done more effectively by compensating large memory effects such as
dispersion using static filters implemented in the frequency domain and then use
a time-domain implementation of the dynamic equalizer to compensate residual
distortions. This is the implementation we focus on in this work.

Time-domain filtering using finite impulse response (FIR) filters can be described
as [155]

r[n] = @ [n] - r'[n, (3.9)

with @ = [w(n),w(n —1),...,w(n — N)]” denoting the N filter taps, superscript H
the Hermitian transpose and “denotes a time vector. The filter weights can be real
or complex valued. As given by Eq. 3.9, these filter taps are weights used in the
summation of the N input samples. Also note that the filter can be shifted to have
memory both forward and backwards in time which is required for matched filtering
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of, for example, RC pulses. However, doing so always introduces a fundamental
delay, to maintain causality.

In the case of dual-polarization transmission, the equalizer can undo polarization
rotations and compensate for PMD. This is typically done by multiple-input-multiple-
output (MIMO) processing with a 2 x 2-butterfly configuration of the equalizer
according to [111]

rx[]) _ (wikln] wyln]) (vl (5.10)
- H H / . .

ry[n] wyx([n]  wyy[n] ry([n]
Equation 3.10 implements the polarization de-multiplexing required in dual- polar-
ization systems. Importantly, a pure polarization rotation can be undone using a
2 x 2 complex unitary matrix and no time memory is needed. Instead, the memory
requirement in the polarization de-multiplexing process arises due to the PMD
present in optical fibers and the requirement of ensuring match filtering. To track
time-varying impairments, the filtering weights in Eq. 3.10 have to continuously
be re-optimized. Considering an error signal according to e[n] the mean squared
error criterion aims at minimizing the cost function J[n] = E[e[n]e*[n]] = E[le[n]|?].
The gradient of the cost function with respect to the applied filter @ can be defined
according to
dJn]

~ owi[n]’

VJi[n] (3.11)
where £ = 0,1,..., N — 1 and V is the vector differential operator. This can be
minimized using an iterative approach based on the steepest decent method according
to according [155]
dJ[n]
—hge
wy [n]

wi[n + 1] = wg[n] . (3.12)
If we now focus on minimization of an error e[n| = d[n] — r[n] being the difference
between a target signal d[n] (different ways of defining the error signal are covered
later) and the filter output r[n]. From a constellation diagram, the desired signal
corresponds to the transmitted constellation point and a least mean squared (LMS)
equalizer therefore aims at minimizing the distance between transmitted and received
constellation points. The challenge with applying LMS-based equalization is that
d[n] is typically no known to the receiver (see below). The iterative LMS solution
to Eq. 3.12 is given by [155]

@[n + 1] = @[n] 4 pr'[n]e*[n]. (3.13)

Updating the filter taps using Eq. 3.13 is valid for all LMS-based error functions.
Expanding this to the case of dual-polarization MIMO equalizer, the update is done
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according to

’u_)'xx[’rl + 1] = wWxx + m:’x[n]e;( [n}
wxy[n+1] = u:]:XY + /Lﬁy[n]e?? [n]7 (3.14)
wWyx[n + 1] = Wyx + pr'x[n]ey[n]
ﬁyy[n =+ 1] = Wyvy + ur’y[n]eé} [n]

with ex vy denoting the error function and p a constant (error scaling factor) known
as the step length. The error function is essential for the performance of the dynamic
equalizer and choosing the most suitable error function is critical to maximize the
equalizer performance. Several different error functions exists of which some are
covered in the following sections. A more detailed overview over different algorithms
can be found in [111, 164]. The power of dynamic equalization can be seen in
Fig. 3.1, in which the dynamic equalizer performs polarization de-multiplexing and
matched filtering on the receiver side. Here we also emphasize that the signal in
Fig. 3.1(a) is shaped with an RRC filter and the apparent SNR improvement seen
when comparing Fig. 3.1(a) and (c) is attributed to the equalizer finding a filter
that to minimize both effect of ISI (as RRC pulses do no fulfill the Nyquist criterion
from Eq. 3.6) and out-of-band noise.

(@) Tx Filter, RRC B =0.1 ®) After 6 = /6 Rotation (© After Equalization
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Fig. 3.1. Effect of dynamic equalization. (a) Transmitted signal shaped with a
root-raised cosine filter with 8 = 0.1. (b) resulting constellation after a small
polarization rotation. (c¢) Constellation after dynamic equalization using a
LMS-based equalizer. The constellation diagram shows is the equalizer has
converged to steady-state performance.

3.3.1 Constant Modulus Algorithm

The constant modulus algorithm (CMA) is one of the key algorithms in dynamic
equalization [165]. The CMA is based on minimizing the mean squared error of the
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signal, with respect to a given reference level, Rget, according to [165, 166]

ex[n] = RRef — |7”X[n]|2' (3‘15)
ev[n] = Rret — |ry[n]]

The CMA is a simple, frequently used, very powerful error function. However, as
seen in Eq. 3.15, the average power is always referenced with respect to a fixed value.
For constant power constellations such as QPSK this works well but for multi-level
modulation formats such as general M-QAM this is not true. Still, by choosing
Rrget according to [167]

E [|a[n]|]
Efla[n]?]’
the standard CMA can be used for multi-level modulation formats at the expense of
a penalty, which becomes larger when increasing the modulation order. Importantly,
CMA is one of the most used algorithms but it is not an LMS algorithm. The
update scheme from Eq. 3.13 should therefore be changed according to [168]

RRef = (3.16)

W[n + 1] = @[n] + pr'[n]e[n]r*n], (3.17)

which can be extended to MIMO operation using the same structure as in Eq. 3.14.
However, to simplify implementation and direct comparison of algorithms, the CMA
error function can be re-written according to

e[n] = r[n] (RRef — |r[n]\2) , (3.18)

for a single polarization signal. This convenient modification makes the CMA update
function equivalent to that of an LMS equalizer given by Eq. 3.13.

3.3.2 Radius-Directed Equalization

One way of extending the CMA to cope with multi-level modulation format is the
radius-directed equalizer (RDE) [169]. As given away by the name, this equalizer
relies on estimating the radius of the equalizer output and compare it to a set of
reference levels (in contrast to CMA which only has one fixed level). This is done
by adapting Eq. 3.15 according to [169]

ex[n] = Dr [|rx[n]*] = |rx[n][*

, 3.19
ev[n] = Dr [[ry[n]|*] — |ry[n]]® (319

with Dr denoting a radius decision operator which selects the maximum-likely-hood
radius of the received constellation point given a set of reference radii. As such, the
use of RDE requires knowledge of the constellation. Moreover, the performance
depends on the probability of correctly estimating the signal radius, which is
particularly challenging during the initial convergence phase in which symbol errors
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are frequent. To overcome this, a RDE is often used in cascade with an initial
CMA equalizer to pre-converge the taps. After the CMA has converged to the best
average error, the RDE is used to account for the multi-level constellation. The tap
update using RDE can be done either using a corresponding update scheme to that
of the CMA given by Eq. 3.17 or by multiplying the error function with the output
r[n] and use the LMS update scheme from Eq. 3.13.

3.3.3 Decision-Directed Least Mean Square

The RDE can be seen as an extended CMA which uses a decision-directed (DD)
circuit to choose the most proper reference level from a given reference set, resulting
in a real-valued error signal. Another option is to use the LMS-based error function
introduced before but it knowledge of the desired output signal, which is equivalent
to the transmitted constellation point and this information is not known to the
receiver. However, a decision on the most likely received symbol can be used and
the error taken as the distance between the received symbol according to [170, 171]
ex[n] = Ds [rx[n]] — rx[n]

ev[n] = Ds [ry[n]] — ry[n] (3.20)

refereed to as DD least mean square (DD-LMS) equalizer with Dg denoting the sym-
bol decision operator. The decision operator Ds returns the most likely transmitted
symbol conditioned on the received sample and the error is then calculated as the
distance in constellation space between the received symbol and the estimate of the
transmitted one. The DD-LMS algorithm therefore tries to minimize the variance
of the distance between detected symbol and decided symbol. The convergence
rate and performance for DD-LMS depends strongly on the probability of making
a symbol error in the detection, quantified by the symbol error ratio (SER), due
to the dependence on the symbol decision operator Dg. While DD-LMS is very
powerful at higher SNRs, strong performance fluctuations can be present at lower
SNRs.

The use of a DD-LMS is suitable for complex multi-level constellations such
as higher-order M-QAM. In contrast to CMA and RDE, the DD error function
uses both the real and imaginary part of the signal error. If carrier offsets (see
Section 3.4) are present on the signal, these have to be compensated in order to make
accurate symbol-based decision which causes delays in feedback when considering
real-time processing. Moreover, similar to RDE, the DD-LMS is sensitive to symbol
decision errors and initial pre-convergence with a CMA-like algorithm is normally
required to ensure stable performance.

3.3.4 Data-Aided Least Mean Square

Data-aided LMS (DA-LMS), or simply LMS, is very similar to DD-LMS with a
small but crucial difference. For DD-LMS, the decision operator Dg is needed as
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the transmitted symbol, being the desired signal d[n], is not known to the receiver.
However, for DA-LMS the receiver has access to the transmitted symbol ax /v [n]
and pure LMS-based optimization can therefore be performed. The error functions
then change from Eq. 3.20 to

ex[n] = ax[n] — rx[n]
ev[n] = ay[n] — ry[n]' (3.21)

The performance of DA-LMS is therefore equivalent to that of DD-LMS when
the symbol error probability — 0. The problem with DA-aided processing is that
the information rate drops to zero once the transmitted information is known to the
receiver. If a few symbols are known, these are refereed to as pilots and this can
be exploited to realize very powerful dynamic equalization (see Paper II). However,
mentioning DA-LMS is important aside pilot-based processing too, as it is frequently
being used in transmission experiments. The used of DA-LMS provides an upper
benchmark of what can be achieved using LMS-based equalization and therefore
serves as a suitable benchmark when comparing other error functions or decision
operators. However, it is worth emphasizing that this is a non-practical approach
requiring full knowledge of the transmitted pattern and the information rate of such
a system drops to zero.

3.4 Carrier Recovery

The carrier recovery is a special part of the DSP designed to cope with distortions
originating from the transmitter and receiver laser. As these impairments differ
significantly from other effects such as polarization rotations both in terms of the
speed of the dynamics and how the impairment is manifested, they are preferable
treated using tailored algorithms. The transmitter laser and the local oscillator
(LO) should ideally be the "same” laser but in practice, unless homodyne schemes
(see Section 5.3) or external stabilization is used, this is not the case. Any mismatch
between the lasers will give raise to carrier offsets [172, 173]. This can be qualitatively
understood by considering the up-down conversion process in the transmitter and
receiver according to

r[n] = a[n]exp (j 2mnfoT + do[n])) - exp (=j 2mnfiT + ¢1[n])) + N[n], (3.22)

with fo,f1 and ¢o,¢1 denoting frequencies and phase fluctuations of the transmitter
and receiver lasers, respectively. Ideally, the transmitter and receiver laser are
perfectly synchronized and without any phase noise. However, in practice the lasers
drift and have a non-zero linewidth (the ideal laser is monochromatic). How much
and to what extent depends on the laser type but for standard external cavity lasers
(ECLs) used in the majority of this work, frequency drifts up to a few GHz [174,
175] together with linewidths around 10-100 kHz are common. While the dynamics
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underlying the linewidth of a laser can be complex, a simple system model can be
built up under the assumption of a perfectly Lorentzian linewidth. In such case,
the phase noise can be approximated as a Brownian motion according to [172]

n

> vkl

k=—oc0

¢[n] = (3.23)

with v[k] being i.i.d. Gaussian random variables with zero mean and variance o =
2 AvT, with Av being the laser linewidth (often combined for both the transmitter
and the receiver laser). In contrast to frequency offset which corresponds to a linear
phase walk, phase noise is a random process. Moreover, the frequency offset is a
slowly varying process in contrast to phase-noise compensation which is required on
symbol level to ensure high performance. Worth emphasizing here is that most lasers
does not have a perfect Lorentzian linewidth. In such cases, measuring the laser
linewidth by performing a Lorentzian fit to a spectrum measured by beating the laser
with a delayed copy of itself, tends to overestimate the Lorentzian component [176].
This is a common source of deviation between performance estimated using numerical
simulations based on Eq. 3.23 and experimental measurements. To avoid this, phase
noise should be characterized by measuring the FM noise spectrum, which can easily
be done using a standard coherent receiver [177].
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Fig. 3.2. Impact of DSP-based carrier recovery. (a) Signal before compensation
with Af = 500MHz and Av = 100kHz. (b) Constellation after FOE and (c)
constellation after FOE and CPE (BPS with M = 64 and N = 20).

3.4.1 Frequency Offset Estimation

DSP-based frequency offset estimation (FOE) can be done in several ways [178-183].
While most published studies have been considering offline processing, some recent
work has focused on hardware implementations of FOE [175]. One common approach
is based on removing the data modulation and estimating the frequency offset by
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finding the linear component of the signal phase drift. This can be understood by
considering QPSK modulation for with the symbols a[n] € %(:l:l +j). QPSK is
equivalent to 4-phase shift keying (PSK) and for M-PSK formats, data modulation
can be removed by raising the constellation to the M:th power [172]. In the case of
QPSK, this translates to

(a[n])* = —1,Vn. (3.24)

After this process, the frequency offset is found using a linear fit of the phase
trace in the time domain, or by Fourier transforming the signal and search for
the maximum peak in the resulting spectrum (which is intuitive since the Fourier-
transform is nothing else than a change of basis to a set of linear orthogonal frequency
components) [183].

While proven powerful for M-PSK, the expression in Eq. 3.24 cannot be general-
ized to an arbitrary QAM format and there is no trivial operation to remove the
data modulation (which follows from the fact that in contrast to PSK, both the
amplitude and phase are used for encoding information). However, for M-QAM,
this can usually be circumvented by realizing that M-QAM constellation can be
decomposed to rings of PSK. For example, a 16-QAM can be decomposed into an
inner and an outer ring with QPSK and an intermediate with eight constellation
points. Since they have different power, applying Eq. 3.24 to such a constellation
will map to 4 points, from which 2 are mapped to the real axis (but with different
amplitude). Doing so, the same algorithm can be used even for higher order M-QAM
at the expense of requiring more symbols as only a fraction of the symbols actually
directly are used to estimate the frequency offset. This can be seen in Fig. 3.2 for
the case of 16QAM.

As a final remark, while long averaging filters are not an issue in offline processing,
they are for real-time implementations. Moreover, the accuracy of the estimation
depends on the number of symbols. As a result, the complexity of frequency offset
estimation grows when considering systems operating at low received SNR with a
strong presence of symbol errors.

3.4.2 Carrier Phase Estimation

The role of the carrier phase estimation (CPE) is to compensate the random walk
caused by the phase-noise. In addition, it also compensates for any residual frequency
offset due to limited resolution of the frequency offset estimation, a very important
aspect which is often overlooked in simulation work. For PSK-signals, the carrier
phase recovery can be implemented the same way as the frequency offset estimation
by raising the signal to the M:th power, in line with Eq. 3.24. However, instead of
doing a linear fit over a large set of symbols, a sliding average window is used to
track and follow the phase fluctuations [184]. This is referred to as Viterbi-Viterbi
(VV) phase estimation [185]. In such case, the relation between the amount of phase
noise and AWGN decides the optimal block length.

43



CHAPTER 3. DIGITAL SIGNAL PROCESSING

As pointed out in Section 3.4.1, the data modulation can be removed in an
optimal way for M-PSK but modifications are required to allow processing of
arbitrary M-QAM. Similarly to the case of FOE, partitioning the signal into several
PSK rings can be overcome this issue [184, 186-188]. Another frequently used
alternative to Viterbi-based CPE for arbitrary M-QAM is the blind phase search
(BPS). In contrast to Viterbi-based CPE which relies on a nonlinear operator to
remove data modulation, BPS relies on parallel processing using a brute-force
scheme in which a set of M test angles are selected according to [189]

m T
Om = V3 (3.25)
The received symbols are then rotated with every test phase before the symbol
decision operator is used to calculate the distance error according to

(d? = |1 [n] exp(igm) — Ds ([n] exp(igm)) | (3.26)

before a sliding average window of length 2V + 1 is used to suppress noise according
to

N
Sn,m = Z ‘dk,m|2, (327)
k=—N
and the output symbol is then selected by minimizing sy, over the M test angles
according to
r[n] = arg min sn,m. (3.28)
m

Following its parallel nature and compatibility with arbitrary M-QAM modulation
formats (due to the symbol-based decision in Eq. 3.27), BPS is often used for process-
ing higher-order M-QAM formats. Extensions with maximum-likelihood estimators
to improve robustness have also been studied using a two-stage approach [190].
Worth noting here is that the needed number of test angles, M, and averaging
block length, N, depends on the modulation order and amount of AWGN present.
As a result, processing of higher-order formats in a regime with low SNR can be
challenging. Since the CPE also has to cover any remaining frequency offset, which
also is more likely in this regime of interest, extra care is required when designing
carrier recovery for high spectral efficiency systems using strong FEC. This issue is
discussed in Paper V.

3.5 Transceiver Distortions
Transceiver distortions is a global term describing essentially any impairment that
is not originating from sending the light through optical fibers. Part of these

impairments are limited component bandwidth, which is modelled well using an
FIR filter, and carrier offsets. These impairments are handled well by using the
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combination of a dynamic equalizer and carrier recovery, as previously discussed.
These impairments are typically related to the modulator and optical front-end, as
well as the electrical amplifiers and DACs/ADCs used to convert between analog
and digital signals.

Before covering key impairments of this kind, it is important to emphasize that
FIR filters are linear filters. As a direct result of this, the order does not matter and
they can be moved around, as long as the signal is completely linear. So in a linear
system, the receiver side effects can be pre-compensated at the transmitter, to give
one example. However, in the case of nonlinear responses, this is not true. This is
particularly important in fiber-optics as we are working with a nonlinear channel,
preventing a direct interchange between receiver and transmitter side functionality.
As the role of the receiver side DSP in a way is to go backwards through the system
and remove all impairments to recover the information from the transmitter, this
has to be accounted for. This implies first compensating receiver distortions, then
the channel distortions and as a final step try to mitigate any transmitter distortions.
However, even better is of course to pre-compensate the transmitter distortions at
the transmitter.

3.5.1 Front-End Imbalance and Skew Compensation

While the ideal optical front-end and IQ-modulator has a perfect 7/2 phase shift
between the two arms, which also are identical, practical devices usually deviates
from their ideal counterpart. As a result, both the optical hybrid and the transmitter
modulator can cause skew and imbalance between the I and QQ components of the
modulated and/or detected signal, causing distortions which leads to reduced
performance [191, 192]. Skew and imbalance can be modeled according to [193],

r'[n] = (gll {n - TITQ} + 01) + (QQQ {71 + TITQ} + OQ) exp (j (g + ¢IQ))

= I'[n] +jQ'[n],
(3.29)

with r’[n] denoting the received complex signal with, 71q denoting the timing skew,
¢1q the phase error, gr,q and or,q the gain and DC offset of the I and Q components,
respectively. Equation 3.29 gives important insights to how the signal is affected
by such impairments. The effect of various imbalance impairments can be seen in
Fig. 3.3 for the unimpaired of 16QAM shown in Fig. 3.3(a). In Fig. 3.3(b), the
effect of varying gain between I'(t) and Q’(t) is illustrated, which result in signal
compression of one of the axis relative to the other one. As a result, the realtive
power per dimension (considering constant average power) will vary, resulting in a
performance differences between I’ and Q’. The effect of offsets (o1,0q) is visualized
Fig. 3.3(c) and we observe that while the constellation looks identical to the reference
case in Fig. 3.3(a), the center of the constellation is shifted. Finally, a mismatch in

45



CHAPTER 3. DIGITAL SIGNAL PROCESSING

(a) Undistorted (b) 9=1,90=0.7g,
1.5 1 1.5 1
w e o 0 0 o
£ 051 e0eoe £ 051 0000
Bosttiit| Fesyiils
-1.54, i i i -1.5, i i i
-1.5-0.50.5 1.5 -1.5-0.50.5 1.5
In-Phase In-Phase
(©) 0/=0.2,00=0.4 (d) ¢=—n/6
1.5 A1 e o0 O 1.5 4
%05_ e o o0 o0 505_ e 0o 00
£ e 0o o0 0 £ ® o 00
'g_o_5- e o oo 3_0.5-°'°°
3 3 o 0o 0 o
=151, i i i -151, i i i
-1.5-0.50.5 1.5 -1.5-0.50.5 1.5
In-Phase In-Phase

Fig. 3.3. Effect of IQ-imbalance on a signal constellation. (a) Unimpaired
16QAM constellation, (b) different gain of the I and Q component, (c) non-zero
centered constellation in I and Q and (d) a ¢ = —m/6 offset from the ideal case
of a w/2 angular difference between I and Q component.

the /2 phase-shift between the two components cause I and @ to be non-orthogonal,
which skews the constellation along the axis, as seen in Fig. 3.3(d).

Depending on the impairment, these imbalances can be compensated in different
ways. Non-zero offsets can be compensated by re-centering the signal according to

rin]=r'[n] —E [r'[n]] . (3.30)

Similarly, non-equal gain factors can be compensated for by scaling the signal
according to
I'[n] -~ Q'[n] )
rln] =c¢ +7 , (3.31)
(E[II’[H]Z} E[lQ[n]]

with ¢ being an arbitrary scaling constant. While gain variations and offsets are
straightforward to account for, the case of ¢ # 0 causes the received in-phase and
quadrature-phase components to be non-orthogonal. Several algorithms can be
used to orthogonalize I and @, including the commonly used Gram-Schmidt (GS)
algorithm [194]. Using the GS scheme, one vector is selected as the reference and
the second vector is then being orthonormalized with respect to the chosen initial
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Fig. 3.4. Effect of orthonormalization to compensate for an IQ-skew (¢ # 0).
(a) before orthonormalization, ¢ = —x /6. (b) after orthonormalization.

vector according to

[n] = I'[n]
Gy T QW) 5 (3.32)
il = @'l g s o,

with ITn], Q[n] being vectors in time and <> denoting the dot product. The effect
of using the GS orthogonalization is depicted in Fig. 3.4. Moreover, Eq. 3.32
performs an orthonormalization and will thus also compensate for any gain and
offset variations. Complete compensation of the receiver IQ-imbalance can therefore
be done in a single step.

As a final remark to the effect of skew and imbalances, it is important to
note that while these algorithms work very well in the ideal case, any noise on the
constellations will be re-scaled when re-scaling the signal. Performance will therefore
be limited in systems suffering from large imbalance. For the orthonormalization,
several other methods exists which instead of normalizing one vector with respect
to the other perform the orthogonalization symmetrically. In severe cases, such
approaches can improve performance over the simple GS scheme.

3.5.2 Compensation of Transmitter Distortions

As previously mentioned, transmitter distortions should preferably be compensated
at the transmitter side. The signal at the transmitter side has higher SNR and,
if DSP-based compensation is being used, it is most effective if it is close to the
source of the impairments. Multiple schemes to mitigate transmitter distortions
have been developed, including Volterra-like equalizers or look-up tables [195-197].
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For generating QAM-formats with M > 64 in Paper V and VII, such pattern-based
pre-compensation scheme was used. In addition, the nonlinear response of the
modulator can be compensated by applying the inverse to the cosine response given
by Eq. 2.9. However, important here is that such pre-compensation will compress
the lower amplitude part of the signal, causing SNR degradations when using DACs
and ADCs with a limited resolution. As a result, modulator swing need to be jointly
optimized with modulator pre-compensation, patter-based pre-compensation and
signal clipping to maximize the signal SNR.

Distortions not compensated at the transmitter will nevertheless remain at the
receiver. Following the CPE, the output symbols are usually fed to a de-mapper
followed by a decoder to recover the bits. However, similar to how an initial 1Q-
imbalance compensation stage can be used to compensate for receiver IQ-imbalance,
additional compensation can be used to compensate for transmitter distortions [160].
As the modulator skew and imbalance problems are equivalent to the ones arising
from the optical front-end, these distortions are the same as the once outlined in
Sec. 3.5.1 for the case of the receiver and can be compensated in the same way.
For a well-balanced transmitter, this stage is usually not needed and in the case
of minor distortions a single orthogonalization stage is usually sufficient. However,
for completeness, it is important to point out that real-valued equalization can be
used to combat more severe distortions and improve performance. This is typically
needed in systems with subcarrier-modulation [191]. The key difference is while a
complex modulation assume orthogonality between I and Q, a real-valued can be
used to compensate for scenarios when this is not the case [160, 192, 198].

3.6 De-Mapping and System Performance Eval-
uation

After carrier recovery and compensation of transmitter distortions, the next step is
to de-map the transmitted symbols to a bit stream which then is forwarded to the
FEC decoder used to recover the transmitted bits. Important to note here (and all
to often overlooked in the experimental literature) is that several types of codes exist
and depending on the chosen type, the output from the de-mapper can be either soft
or hard information. Hard information corresponds to the de-mapper outputting
a bit sequence and soft corresponds to the de-mapper outputting the probability
that each bit is a 1 or a 0. While coding is seldom implemented in transmission
experiments and other performance metrics are used instead, distinction between
hard and soft codes is necessary as they require different metrics to accurately
predict the performance after decoding.
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3.6.1 Hard-Decision De-mapping

The classical de-mapper is a hard decision (HD) de-mapper, which outputs the
maximum likelihood bit sequence given the received symbols. Assuming the AWGN
channel (this assumption is most often used when designing de-mappers), this
corresponds to selecting the closest constellation symbol to the transmitted ones.
The implication of the assumption of a HD-FEC is that measured BER after the
de-mapper can be used to verify that the system performs within the target limit of
a code assumption which usually is around BER ~ 1 — 5 - 10~% with corresponding
coding overheads of around 7% .

3.6.2 Soft-Decision De-mapping

Recently, more and more research has turned towards studying the use of soft-
decision (SD) FEC which is capable of improved coding gain at the expense of
increased complexity of the de-mapper and the de-coder. Code-design and structures
are far beyond the scope of this thesis, and we therefore only focus on performance
metrics used to estimate the performance. The first key difference between HD- and
SD-decoding is that instead of forwarding de-mapped bits, a SD-demapper outputs
log-likelihood ratios (LLRs) which can be understood as the probability of a specific
bit being a 1 or a 0. The corresponding case of HD would be to simply output
the most likely outcome of the corresponding bit. For a complex symbol there are
k =log, M LLRs as [199]

ZIGXi Px ¢, (z]1) fyx (y|x)

Llk| =1 7
[ } % Zwexz PX|Ck ($|O)fy‘x(y‘$)

(3.33)

where b is the set of constellation symbols with b € 0,1 at bit position k €
1,...,logy M and fy|x (y|z) is the probability of a received symbol Y conditioned on
a transmitted symbol X. After calculating the LLRs, these values are forwarded
to the FEC decoder. The improvement of using LLRs can easily be understood
by considering a sequence of bits in which one is wrong (as detected by the parity
check in the decoder). If only the bits are present, all bits are equally likely to
be the one being wrong (even though clever encoding and decoding algorithms
allows for educated guesses) but if the LLRs are present, statistical knowledge of the
probabilities of each bit being wrong are available and the most uncertain one can
be changed. However, SD comes at the price of higher computational complexity in
both the de-mapper and the decoder.

Estimating the performance of a system with soft-decision is more cumbersome
and requires assumptions on which SD code is being used. Assuming a memory-less
channel and the use of bit-interleaved coded modulation (BICM), the proper metric
to use is the generalized mutual information (GMI) [199]. If one instead allows
for the use of non-binary codes or iterative de-mapping, the proper metric is the
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mutual information (MI) [199]. The GMI is upper bounded by the MI. Assuming a
memory-less AWGN channel, the GMI can be estimated according to [199, 200]

M n
1 c
GMI~ M — > > logy (1+exp (—1)™ ' Axa)), (3.34)
k=1 I=1

using a sequence of M - ns transmitted bits denoted by cx,; and the corresponding
L-values Ak, estimated using Eq. 3.33. A comparison between BER and GMI for
standard M-QAM modulation formats in the AWGN channel can be seen in Fig. 3.5.
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Fig. 3.5. Comparison between BER and GMI for standard M-QAM modulation
formats in the AWGN channel. (a) bit to error rate (BER) and (b) generalized
mutual information (GMI).

Two additional considerations are important when discussing performance met-
rics and codes. The first is that good channel models to estimate the statics of a
received symbol given a transmitted one are lacking for transmission in the optical
fiber. Instead, mapping schemes and codes are often designed under the assump-
tion of a memory-less AWGN channel and deviations from ideal performance can
therefore be expected. However, with uncompensated transmission around optimal
launch power, the AWGN is in general a good model. Secondly, the purpose of
the FEC is to ensure a residual BER below a given level, usually selected as 1075,
The frequently applied low-density parity-check (LDPC) codes have an error floor,
which usually is significantly above the target value and also not possible, to date,
to predict from analytical estimates. To ensure that the target performance is met,
the SD code is usually concatenated with an outer low-overhead HD-FEC. The
combination of these two codes ensure target performance. Coding is a research
field by itself and from the perspective of this thesis we therefore simply measure
use the performance metrics and assume that the code can be implemented. For
combinations of SD and HD codes, see [48, 107, 199].
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3.7 Compensation of Fiber Nonlinearities

A chapter on DSP would not be complete without discussing and mentioning
algorithms tailored to mitigate distortions induced by fiber nonlinearities. Multiple
DSP-based methods have been proposed for mitigating penalties [201]. These
include digital back propagation (DBP) [202], Volterra-based equalizers [203],
digital pre-distortion [204] and the use of tailored modulation formats such as
geometric shaping [63] and polarization balanced formats achieving a constant
multi-dimensional energy [205]. Out of these, DBP and Volterra-based equalizers
are probably the most studied receiver-side DSP techniques.

DBP propagates the signal backwards in DSP through a virtual fiber with op-
posite signs (dispersion, nonlinear coefficient and loss), typically using the Manakov
equations (Eq. 2.30) [202]. DBP is typically performed as one of the first steps in
the DSP chain and jointly compensates for both fiber nonlinearities and dispersion.
It has been extensively studied but performance ultimately is limited because of
stochastic effects in the fiber and interactions with noise together with nonlinear
interference from neighboring channels [206]. In addition, DBP is very compu-
tationally intense and large research efforts have been devoted to invent simpler
algorithms that are more suited for real-time implementation [207]. One such is
time-domain DBP (TD-DBP) [208], which relies on time-domain dispersive filtering
and simplified implementations of the nonlinear step in the split-step method [208,
209]. DBP accounting for PMD has also been investigated but result in large
performance fluctuations arising from the stochastic nature of PMD [210]. As a
concluding remark on DBP we note that while multi-channel DBP can be used to
jointly back propagate a complete superchannel [211], the gain from adding more
channels is limited [212]. Multi-channel DBP performed in the transmitter side
have been shown to improve the performance of DBP-like schemes for systems using
frequency combs (see Section 5) [213, 214].

Similar to DBP, Volterra equalizers are also hindered by large computational
requirements and multi-channel interference. A Volterra equalizer can be seen as an
extension of a general dynamic equalizer (see Section 3.3) to account for higher-order
terms. Using Volterra series to model and invert the response of a nonlinear system
and finding the inverse using such a model dates back long before the introduction
of coherent systems [215] and more lately, simplified models describing the fiber
has been developed [216]. Still, Volterra equalizers are very powerful and work on
reducing the computational burden has nevertheless showed promising results with
respect to DBP [216]. In addition, we note that Volterra-based equalizers can be
used to compensate transmitter distortions, as further described in Section 3.5.2.

Finally we note that more exotic transmission schemes such as the nonlinear
Fourier transform (NFT) [73, 217, 218] and the use of machine learning and the use
of deep neural networks [219-221], to mention two, are emerging. Using machine
learning to optimize TD-DBP also shows promising results to further improve
low-complexity implementation [222].
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3.8 Pilot-Based DSP

Finally, we emphasize that the purpose of this chapter is to outline the different key
blocks used to built up a complete blind DSP-chain used to recover a data stream
after transmission through the optical SMF channel. As hinted when introducing
DA-LMS, an alternative to blind processing is to use knowledge of the transmitted
information to performance DSP and improve its performance [164]. Pilot DSP is
highly flexible, tolerant to large SNR variations and modulation format independent.
This makes it very suitable for application in modern state-of-the-art systems [223,
224].

Similar to how there exist a number of different blind algorithms to perform
each DSP task, there are pilot-based algorithms counterparts. Example of this
includes pilot-based equalization [164, 182, 225-227] and carrier recovery [223, 228—
232]. The key design concern is then the required overhead, which will degrade the
system information rate and therefore has to be weighted against the performance
increase enabled by pilot-based processing. Paper II is dedicated to the design
and performance evaluation of pilot-based DSP for high SE transmission. It also
contains a comparison with some of the standard algorithms outlined in this chapter
and the reader is therefore refereed to Paper II for more information on pilot-based
DSP. As a final remark, we note that recent industry products with state-of-the-art
capabilities of 69 Gbaud PS-64QAM use one pilot symbol for every 33 transmitted,
corresponding to an overhead of 3.1% [153].
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Chapter 4

Optical Frequency Combs

This chapter introduces optical frequency combs and the unique properties that
separate optical combs from other multi-wavelength light sources such as a laser
arrays. Today, frequency combs are extensively researched in a number of areas.
These includes spectroscopy [233-237], optical arbitrary waveform generation [238,
239], optical frequency synthesis [240], light detection and ranging (LIDAR) [241-
243], microwave photonics [244, 245], astronomy [246] and all-optical signal process-
ing [247, 248]. In addition, as given by the title of this thesis, combs have been
studied for applications in optical communications, as further discussed in Chapter 5.
In this chapter, frequency combs are introduced and different ways of generating a
frequency comb are discussed.

4.1 General Description

An optical frequency comb is a coherent multi-wavelength light-source characterized
by its center frequency fo and its line spacing A f, as shown in Fig. 4.1. Following
this, any comb lines/mode n is given by

fo = fo +nAf. (4.1)

In this definition, n is an integer that can be both positive and negative, following
the definition in Eq. 4.1 with the comb spectral envelope being centered on fo. A
frequency comb can be understood via Eq. 4.1 as the superposition of multiple
phase-locked carrier waves. The amplitude of classical sine-waves with normalized
frequency € [1,2,4,6] are shown in Fig. 4.2(a), with the waveforms vertically separated
for illustration purpose. Important here is that all waves are locked together in
phase. Figure 4.2(b) shows the superposition of the first 5 sine-waves plotted on
top of each other and the summation of the first 5, 10, 20 and 50 waves is shown in
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Af

f, f+Af f+naf f

Fig. 4.1. Principle of an optical frequency comb. The comb can be fully
characterized by its center frequency fo and its line spacing Af.

Fig. 4.2(c). Here we observe that when more harmonics are combined, the resulting
pulse width shrinks. Finally, as shown in Fig. 4.2(d), these pulses are periodic with
a periodicity corresponding to the inverse of the separation frequency.

A frequency comb can mathematically be described as a train of pulses with
envelope A(t) and a carrier wave C(t) The output electric field is then given by

E(t) = Re[A()C(2)] . (4.2)

The periodicity of the time-domain pulses is given by enforcing that A(t) = A(t—T)
with T = 1/(Af) denoting the pulse repetition time. The frequency domain
representation of this is given by the Fourier transform of Eq. 4.2 according to

B(w) = % / AW)C(w — w)dw', (4.3)

with E denoting the frequency representation of the time domain field E(t). The
individual Fourier transforms of C(t) and A(t) are given by

Aw)= > d(w—n2rAf)A, (4.4)
Cw) = /°° C(t) exp(jwt)dt, (4.5)

with & denoting Dirac pulses and A,, the spectral shape of the pulse with mode
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Fig. 4.2. Underlying principle of a frequency comb. (a) Spatially separated
sinusoidal waves with harmonic [1,2,4,6]. (b) Zoom-in of the corresponding
harmonics overlapped. (c) The resulting summation for N number of harmonics.
(d) The resulting pulse-train for N = 50 harmonics. The pulse separation

follows from T = Lf

number n. Inserting this into Eq. 4.2 gives

Bw) = % S A.C(w—n2rAf). (4.6)

n=—oo

The resulting sum from Eq. 4.6 corresponds to a periodic frequency spectrum.
Conditioned on the fact that the spectral width of the carrier is much smaller than
Af, it represents regularly spaced, well separated spectral tones. A frequency comb
can therefore be understood a frequency domain convolution of a carrier C(w) with
a frequency domain comb fl(w) with spacing given by the pulse repetition rate.
While the description in Eq. 4.6 is very general, for the purpose of this thesis we
restrict the carrier wave to being a monochromatic such that

C(t) = exp(j (27 fot + ¢)) (4.7)
C(w) = 2m8(w — 21 fo) exp(j¢),
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—— Comb
—— Envelope

Relative Power

Frequency Frequency

Fig. 4.3. Illustration of frequency comb formation and spectral line width. (a)
Second term in Eq. 4.12 for N=[2,5,10] lines. (b) The resulting comb formed
together with the envelope function for N=20.

with ¢ being an arbitrary phase offset. Combining this with Eq. 4.6, the convolution
operator corresponds to shifting the frequency tones so that the spectral envelope is
centered on fy. The shape and width of the envelope will be dictated by the shape
of the time-domain pulses, where the perfectly flat comb would correspond to having
0-like time-domain pulses. However, this case is only of interest for conceptual
understanding as we note that such a frequency comb might be perfectly flat but it
also spans an infinite bandwidth and have infinite pulse energy.

The phase difference between the different pulses will then be given by A¢ =
arg(C(t)) — arg(C(t — T)) = 2w foT. The center frequency fo can also be expressed
using Eq. 4.1, as fo = mAf + vcg. The phase shift A¢ can then be expressed as

_ 2 VCE

A¢p =2n(vcg + mAf)T = Af + 2m. (4.9)

From Eq. 4.9 it can be seen that the offset frequency vcg, also known as the carrier
envelope offset, corresponds to taking the phase difference between consecutive
pulses modulus 27. Defining the phase shift as 0 < A¢ < 27 then corresponds to
locking the carrier envelope offset to 0 < vcg < Af. This result is essential to the
previously mentioned success of frequency combs, as an optical frequency comb
can be fully characterized using two RF-frequencies. In metrology, both degrees of
freedom from the comb have to be controlled and referenced to create a frequency
ruler. In applications where both these two parameters are controlled (or at least
monitored), combs are therefore characterized using vcg and Af. However, as no
absolute carrier envelope offset stabilization is performed in this work, we use the
definition given by Eq. 4.1 and characterize the combs using fo and Af.

In practice, and especially for the focus of this thesis, a comb source does not
consist of an infinite set of equidistant frequency tones. To gain insights to the
limits of how the shape of both the comb envelope and the individual lines depend
on the number of lines, we instead look at a the electric field Er(t) from a finite
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length temporal pulse train with shape h(t) according to

N—-1
Ep(t) = Re % ; h(t — kT) exp(jkA¢) | . (4.10)

Assuming that h(t) is sufficiently confined so the series in Eq. 4.10 converges, we
can Fourier transform and solve Eq. 4.10 according to

Br(w) = 20D exp (T - a9)) = Eofﬁ(w) 11_—GZE£ZE;YLUJTT—_AA¢S?>) !

N
k=0
i (4.11)
with H(w) denoting the frequency domain representation of h(t). The spectral
width and shape of N spectral modes can be calculated via the intensity spectrum
of a a single spectral mode I(w) = |H(w)|?. Calculating the intensity spectrum for
N pulses from Eq. 4.11 gives

- = 1 —cos(NwT —A¢)) I(w) sin® (W)
In@w) = I{w) N(1 = cos(wT — Ag)) - N sin2 (%) ’ (4.12)

showing that the spectral shape of each frequency tone fN(w) will depend both
on the shape of the pulses I(w) and on the number of pulses in the pulse train.
This extra spectral broadening factor is shown in Fig. 4.3(a), showing that a long
pulse train is essential to form a frequency comb with narrow comb lines. The
comb envelope shape follow the envelope shape of the time-domain pulses I (w), as
shown in Fig. 4.3(b). From this, we make some concluding remarks. First, there
is an analog between controlling the shape of the temporal pulses from a comb
source and controlling its spectral envelope. Second, the limit on the temporal pulse
width is given by the spectral width of the comb envelope, which is the effect of
time-bandwidth limitations given by the Fourier relations. Note that in the limit
when N — oo, the line shape converges to d-functions and the whole comb turns
into a set of equidistant spaced d-shaped frequency peaks weighted by I (w).

Finally, we note that Fourier limited spectral width of the comb lines presented
here is only of practical relevance if a very short pulse train is being used. Beyond
this, experimental constraints tend to imply limitations in spectral width rather
than the fundamental Fourier relations. In practice, the linewidth of the combs
used is more limited by the seed laser linewidth, corresponding to having a finite
width of the carrier wave C (w). This effect will imply a broadening of the spectral
tones during the convolution given by Eq. 4.3.

4.2 Generation Techniques

While the previous description has shown the principle behind frequency combs,
it does not explain how to generate them. There are many ways of generating
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frequency combs and each technology has its own pros and cons. A detailed review
of this is beyond the scope of this work but it is still worth mentioning different
technologies. Mode-locked lasers [249] are probably the most classical combs. For a
basic mode-locked laser, the frequency comb can directly be understood as the laser
cavity supports multiple longitudinal modes and the frequency spacing is therefore
dependent on the cavity roundtrip time. Mode-locked lasers based on Ti:Sapphire
can have Af > GHz-repetition rate with very low noise [250]. Erbium-doped fiber
lasers typically have repetition rates on the order of 100 MHz [251] but this can
be extended using filters inside the cavity [252]. Recent advancements with the
development of quantum dash mode-locked laser have enabled DC-driven combs [253].
As an alternative to classical mode-locked lasers, laser gain-switching can be used
to generate combs with GHz-level frequency spacing [254]. Following advantages
in surrounding fields such as the development of highly-nonlinear optical fibers to
enabling broadening of the output from a mode-locked laser source, octave-spanning
frequency combs became available [255]. This enabled the so called f-2f locking
scheme to fully stabilize a comb source [256, 257], creating an optical ruler that
would change optics forever. This major accomplishment has resulted in numerous
awards, peaking in 2005, John L. Hall and Theodor W. Héansch were awarded the
Nobel prize in physics "for their contributions to the development of laser-based
precision spectroscopy, including the optical frequency comb technique", highlighting
the impact of comb technology as a scientific tool [255].

An alternative to mode-locked lasers is electro-optic (EO) frequency combs,
formed by modulating an input CW laser (see Section 4.3). For EO combs, the
center wavelength fo can easily be tuned by moving the input laser and the spacing
is set by the input RF clock, making the comb source very flexible. Hybrid
approaches between mode-locked lasers and EO combs can also be used to tune
the line spacing [258]. Starting from lines selected from an EO comb, a parametric
mixer exploiting the Kerr-effect (see Section 2.2.3) can be used to form very broad
frequency combs [259]. The Kerr-effect inside a cavity can also be used to generate
frequency combs starting from an input CW. These combs with micro cavities are
further discussed in Section 4.5.

4.3 Electro-Optic Frequency Combs

With one exception, Paper III, EO frequency combs have been used throughout this
thesis. EO combs are formed by sinusoidal phase-modulation of a CW carrier C(t)
according to [260]
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Fig. 4.4. Working principle for realizing a flatter EO comb. (a) EO comb
generated using only a PM. (b) EO combs generated using a PM-IM cascade
and a PM-Dispersion-PM cascade, both generating very similar output spectral
shapes. (c¢) The resulting amplitude and (d) phase in time-domain for the
three presented EO combs.

with V' denoting the RF drive signal voltage swing, V. the swing required for
achieving a phase shift of m for the phase modulator and Ji denoting Bessel
functions of the first kind [261]. For simplicity, we introduce the normalized driving
signal Vp = (V—‘;) From Eq. 4.13 we see that the output waveform is a superposition
of weighted Bessel functions of degree k. As a result of this, the output comb is not
spectrally flat and the magnitude of the various spectral modes can vary significantly,
as showed in Fig. 4.4(a). We observe >35dB line power variations for the simulated
comb and using such a comb for optical communication would require extensive
flattening causing significant OSNR degradation (see Section 5.2).

Multiple comb designs and techniques have been developed to overcome this
drawback and generate flat EO combs [244]. These include, but is not limited to,
using a phase modulator (PM) and an intensity modulator (IM) [262, 263], using a
dual-drive MZM [264] and using two cascaded PMs with a dispersive element in
between [265]. In addition, flatness can be improved by exploiting the nonlinearity
of the IM in the PM-IM configuration [266], using more advanced driving signals
containing harmonics of Af [260] or by combining multiple techniques such as PMs,
dispersive elements and an IM [267]. In addition, resonant modulators [268] and
external cavities can be used [269, 270].
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Fig. 4.5. (a) EO comb generation setup consisting of two phase modulators and
an intensity modulators. The phase modulator cascade increase the effective
modulation depth and the intensity modulator is used to flatten the output
spectrum. (b) Resulting measured comb spectrum (0.1 nm resolution).

One of the most used and flexible implementation is to use the PM-IM cascade,
as shown in Fig. 4.5(a). The setup shown here has two phase-modulators and is the
setup that has been used in most papers of this thesis. However, the use of multiple
PMs is just a practical way of extending the number of lines as the available RF
power from amplifiers and the practical V; limits the amount of achievable overdrive
in Eq. 4.13. The solution is then to cascade multiple modulators and align the
phase between them using phase shifters [271], as shown in Fig. 4.5(a). If the IM is
properly biased, so that it carves out pulses when the chirp induced by the PM is
almost linear, a much flatter comb is generated [244]. This comb is characterized
a famous shape with two ”rabbit ears”, on each side of a very flat central part.
The resulting measured spectrum for such an EO comb is shown in Fig. 4.5(b). A
slightly flatter comb can be generated by driving the IM harder and offsetting the
bias point [266].

One drawback of the comb design from Fig. 4.5(a) is the loss increase by using
the IM. Aside from modulator insertion loss, about 50% of the energy is lost in
the pulse carving process. Realizing a theoretically loss-less comb instead requires
limiting the operations to only use phase modulation and dispersive all-pass filtering,
as discussed in Section 2.1.4. One way of overcoming this is to replace the IM with
a dispersive element followed by an additional PM [265]. The comb generator then
consists of a cascade built up of a PM, a dispersive element and another PM. The
swing of the first modulator is set to Vp, = m/4 and it is, just as in the case of
the design presented in Fig. 4.5(a) driven by a sinusoidal signal with frequency Af.
The output signal is then fed to a dispersive medium with group velocity dispersion
(B2z from Eq. 2.16) given by [265]

1

Poz =+ R

(4.14)

Following the dispersive medium, the Vp, second PM dictates the number of lines
generated and this driving signal should, in contrast to Vp, be larger than V.
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Worth mentioning here is that the order of the system is not relevant and Vp, and
Vb, can hence be interchanged. The resulting comb is shown in Fig. 4.4(b) together
with an EO comb flattened using an intensity modulator. Maybe surprisingly, it
also has the same shape as the comb produced using the IM shown in Fig. 4.5. This
similarity is furthermore confirmed by looking at the corresponding amplitude and
phase of the time-domain pulses, as shown in Figs. 4.4(c) and (d), respectively. We
observe that in contrast to the case of only using PM (or cascaded PMs), which
of course does not produce intensity modulation, both the other presented designs
seems to generate a signal with an amplitude modulation looking like flat-top pulses.
So how can the comb flatness be explained?

The temporal flat-top pulses generated via the IM can be directly understood
from Eq. 2.9, considering an IM based on a MZM in push-pull operation. Driven by
the sinusoidal with angular frequency 27 A f, the power will be proportional to the
magnitude of the transfer function given by

. 2 .
P(t) o |cos (sin(27rAft)VK + Tblas) ‘ =1+ cos’ (sin(ZvrAft)VK + rblas)

2 2
=1+ cos® (g sin(27rAft)) ,

(4.15)

where we used the bias tuning in the last step and assume a phase modulator driving
signal of 7m/4. The importance and presence of the same flat-top pulses was presented
in [265]. The reason behind this effect and the formation of combs with this specific
shape, using two at first quite different approaches, can be explained via the concept
of time lenses [272]. Time lenses are the time-domain equivalent of thin lenses and
their relationship follows from the beautiful fact that temporal pulse propagation in
waveguides with narrow-band dispersion and propagation of beams in free-space
with diffraction are governed by mathematically equivalent equations [273]. This
have resulted in a number of impressive demonstrations using concepts such as
temporal imaging [274-279]. As the space-time analogy and time lenses are the base
for Paper I, we simply conclude here that a time-lens is capable of implementing a
temporal Fourier transform. The transform can also be implemented in a simplified
version [280]. The output waveform spectrum therefore has the shape of the input
temporal pulses. As previously derived, the shape of the comb envelope follows the
spectral shape of the temporal pulses and the resulting comb spectral therefore have
the flat-top shape. The similarity therefore originates from matching the dispersion
following the first PM so that the resulting temporal pulses have the same shape
as the pulses carved out by the IM in the PM-IM comb generator. The reason
for the formation of the "rabbit ears” is the deviation between an ideal quadratic
temporal phase modulation and the modulation realized by a phase modulator. To
improve the flatness, this deviation has to be minimized. Examples of this includes
either trying to shape the RF signal to compensate this distortion, or reduce the
temporal duration of the flat-top pulses prior to the time lens. Finally we note that
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Fig. 4.6. Principle of pulse compression using dispersion. The input EO comb
is generated using a PM-IM cascade and shown in Fig. 4.4(b). (a) Amplitude
and (b) phase of the time domain pulse train directly out of the comb and
after compression using quadratic dispersion.

flat-top pulses can have a very broad application area in all-optical signal processing,
performing functionality such as gating and pulse selection [281].

Another very exciting possibility enabled by the space-time analog is the ability
to scale the bandwidth and multiply the repetition rate of the comb [282]. In the
case of generating a flat comb, the time lens is synchronized and acts on every pulse.
In this case, the comb bandwidth can be scaled by increasing the chirping rate of
the time lens [272]. However, by tuning the period of the phase modulation from
the time lens with respect to the pulse repetition rate, the frequency repetition rate
can be scaled similar to dispersive propagation of pulse trains [283]. The new comb
spacing is then inversely proportional to the pulse repetition rate out of the time
lens as described by the so called temporal self-imaging effect which is also called
the (fractional) temporal Talbot effect [284-286]. In a similar fashion, an equivalent
to the spatial 4-f system [287] can be designed in time domain [288, 289]. This can
be used to build a temporal telescopes, which can scale the temporal duration of
pulses [275].

As a final remark on the formation of pulses here, we note that the output of an
EO comb is not necessarily the transform-limited pulses previously discussed. Rather
than that, dispersive broadening is typically present and dispersion compensation is
then necessary to retrieve the pulse train. This is shown in Fig. 4.6 for a simulated
EO comb using the PM-IM cascade design. While the output temporal shape is
significantly broadened, adding the proper amount of dispersion restores the pulse-
train. While this aspect is not of any significant importance for communications,
applications such as comb-based LIDAR [241, 242] and spectroscopy [235, 290] can
require compressed pulses.
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4.4 Electro-Optic Combs with Arbitrary Shapes

As previously discussed, the resulting spectral envelope can be explained using the
temporal pulse shape and a time lens. This was presented in [272] as a generalization
of the results presented in [265]. One might then ask if this can this be extended
(generalized) again to make it possible to generate combs with more arbitrary shapes
using the same underlying principle. Of course, an arbitrarily shaped comb can be
generated using an IM driven by an arbitrary signal to carve out temporal pulses
with the target shape. However, such approaches are limited by the electronics and
we here focus on generation using temporal reshaping rather than pulse carving
with the aim of generating an arbitrarily shaped comb using a theoretically loss-less
scheme.

The answer to this question is provided by the arbitrary temporal transformations
introduced in Paper I. Once again, this is all about being able to generate trains
of pulses with general shapes. While previously not feasible using pure sinusoidal
driving signals, this is possible using the multi-stage reshaping approach introduced
in Paper 1. Phrased differently, rather than just having the functionality of a time
lens, we expand this with the functionality of shaping the pulses into the desired
temporal /spectral shape. This provides the most general approach to generating
EO combs, overcoming the limitations induced by previous techniques. Compared
to the approach using a driving signal composed of multiple harmonics presented
in [260], the driving signal is not restricted to being harmonics of the comb line
spacing. The reader is referred to Paper I for details on the approach and the
computations performed in order to find the phase modulations required to generate
a target output pulse shape. In addition, as developing new schemes for generating
combs is beyond the scope of this thesis, the following examples are only meant as
a first proof-of-principle and to illustrate the true generality of the findings from
Paper L.

Using the principle from Paper I, we now consider a comb temporal reshaping
comb generator seeded by a CW laser. However, in contrast to the previously used
PM-IM cascade, the generator now consists of 11 stages with phase modulation and
dispersive all-pass filtering. To illustrate the power of this technique, we simulate
two different envelope shapes of the output combs, as shown in Fig. 4.7. Both
examples considers generating a comb with 13 lines. The first is an improved flat-top
envelope and designed to have a perfectly square envelope in the frequency domain.
The temporal intensity of the found pulses together with the resulting spectral shape
is shown in Fig. 4.7(a) and (b), respectively. We observe a very good agreement
between the simulated output and the design target. The second examples takes
inspiration from the famous sech?-envelope characteristic for microcombs having a
soliton propagating in the cavity. However, it is done with a twist of restricting the
number of lines to 13 something that naturally cannot be done using a microring
resonator. The temporal intensity of the found pulses together with the resulting
spectral shape as well as the sech?-envelope are shown in Figs. 4.7(c) and (d),
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Fig. 4.7. Numerical demonstration of generating EO combs with arbitrary
shapes using unitary temporal transformations following the scheme presented
in Paper I. For reference, a perfectly square comb and a comb following the
famous sech envelope shape (same as Soliton microcombs) but designed to
only have 13 lines in total. These designs are not even theoretically possible to
realize using neither a traditional EO comb driven by sinusoidal inputs nor a
soliton microcomb. (a) Temporal intensity of input and output used to form
the comb with a square-shaped envelope. The transformation is implemented
using 11 stages. (b) Corresponding spectrum of input CW, output generated
comb and the design target. (c¢) Temporal intensity of input and output used to
form the sech-shaped envelope comb restricted to 13 lines. (d) Corresponding
spectrum of input CW, output generated comb, the design target and the
sech-envelope.

respectively. Similar to the case of a square target shape, we observe a very
good agreement between the simulated output and the design target. Finally, we
emphasize that neither the number of stages nor the optimization parameters have
been thoroughly optimized in Fig. 4.7 and the reader is therefore encouraged not to
focus on the numbers but rather on the beauty behind the concept.

Interesting insights can be gained by comparing the results from Fig. 4.7 with
the results presented in Paper I. In generating a comb, the focus is to generate a
periodic pulse train, something very different from the focus of Paper I, which was
to demonstrate encoding of random patterns. In both cases, restrictions were placed
to ensure bandwidth-limited phase modulations something that otherwise tend to
result in non-implementable solutions using the wavefront-matching algorithm and
the maximum allowed swing of each phase modulator is set to V. Interestingly
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Fig. 4.8. Analysis of phase modulations for the square comb generated using
temporal unitary transformations. (a) The applied phase modulations for
segment 2,5,8 and 11. (b) The corresponding spectra verifying that the applied
phase modulations only consist of harmonics of the fundamental frequency.

enough, while of course the performance depends on any bandwidth restrictions
put on the phase modulations, important insights to the problem can be gained by
studying these. Figure 4.8(a) shows selected applied modulations for the case of
restricting the phase modulations to the total comb bandwidth. The modulations are
smooth and looks like typical superposition patterns arising when adding sinusoidal
waves together, something which is confirmed by the spectral content shown in
Figure 4.8(b). In fact, the found driving signal is consists of weighted harmonics
of the comb repetition frequency. This result is perfectly in line with previous
approaches on using driving signals consisting of a fundamental frequency Af and
its harmonics to generate a flat frequency comb [260].

As a final note on this we emphasize that interesting combinations between
classical EO comb generation and general temporal transformations can be studied.
Starting with pulses, such as flat-top pulses from classical EO comb generators, a
few segments can be used to tune the envelope to a given target shape. In fact, the
possibilities are almost endless and only fantasy limits the number of waveforms that
can be generated by combining frequency combs and the newly presented temporal
transformations.
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4.5 Chip-scale Frequency Combs

As photonics is in general experiencing the era of blooming integration, bringing
both benefits and challenges, tremendous research efforts have been devoted to
developing chip-scale frequency combs. Similar to the key motivation behind scaling
down electronics and transceiver components, micro-scale operation can enable
vastly reduced energy consumption and, of course, much smaller device foot-print,
to mention two examples. Examples of chip-scale comb sources includes quantum-
dash mode-locked lasers [253], integrated EO combs [267, 291, 292] and combs
using the nonlinear Kerr effect in micro ring cavities. Kerr combs can have different
shapes including so called modulation-instability combs (MI-combs) [293] (with a
triangular shape), soliton comb [294] (with a characteristic envelope shape matching
a quadratic hyperbolic secant) and so called dark-pulse combs [295].

Soliton microcombs are particularly interesting and represents a novel comb
source enabled by nanofabrication. The possibility to realize these frequency combs
using microresonators have enabled a compact comb source [294, 296-300]. Using
soliton-based microcombs have several advantages as soliton formation enables
predictable and reproducible spectral envelopes and stable mode locking [294,
301]. These soliton microcombs have recently enabled major breakthroughs in
miniaturizing various comb applications. This includes, but is not limited to, optical
frequency synthesis (programmable frequency generator at optical frequencies) [240],
ranging using comb-based light detection and ranging (LIDAR) [302, 303], dual-
comb spectroscopy [304, 305] and imaging [306, 307], astronomy [308, 309] and
building ultra-accurate optical clocks [310]. Importantly for a broad adaptation is
power efficiency and the compact form-factor of micro-combs enable low operational
power [311-313].

Microcombs have also been used in optical communications, providing a compact
multi-wavelength light source for WDM (see Section 5.1). Demonstrations includes
the use of combs with line spacing being a multiple of the free spectral range in
short-reach [293] and long-haul [314], Soliton combs for short-reach C+L-band
transmission [315] and high SE transmission Paper III and dark-pulse combs [316].
There are pros and cons with each of the three technologies and further research is
required to understand how these translate to system-level benefits and limitations.
These aspects are discussed in more detail in Section 5.2.
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Chapter 5

Frequency Combs in
Fiber-Optic
Communication

This chapter expands single channel systems and focus on high throughput transmis-
sion using multichannel multiplexing. The focus is on multiplexing in the wavelength
domain, exploiting the broad bandwidth of the SMF and EDFA combination. Fol-
lowing this, we introduce superchannels and compare multiplexing in the spatial
and spectral domain. The role of frequency combs and comb-based superchannels
in high throughput systems is then explained and different approaches to exploit
the unique properties of frequency combs underlying Paper III-VIII are discussed.

5.1 Wavelength-Division Multiplexing

The concept of WDM was introduced in Chapter 1 and it is one of the key enablers
behind the multi-Th/s throughput achieved in today’s SMF-based optical transmis-
sion systems [62, 97]. The massive scaling in throughput enabled by WDM can be
directly understood considering the capacity of the AWGN channel, as previously
introduced in Chapter 2, Eq. 2.13. This is plotted together with the GMI of standard
square QAM formats in Fig. 5.1(a). As a target channel SE of 5 bits/s/Hz requires
a SNR of about 15 dB assuming an ideal constellation (which can be achieved using
for example constellation shaping as discussed in Section 2.1.1) and about 17dB
SNR assuming the use of 64QAM or 256QAM. However, to double the channel
throughput, the SE also has to be doubled. Targeting 10 bits/s/Hz SE, about 30 dB
SNR is needed even with an ideal constellation. Achieving this increase in SNR
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Fig. 5.1. Comparison between scaling the throughput by increasing the SE or
increasing the bandwidth. (a) SE versus SNR for standard modulation formats.
(b) Channel capacity versus SNR for a N channel system.

would require >20 times more transmitted power. Even if this was feasible, the
optical channel can only be approximated with the AWGN channel in the case of
a weak nonlinear distortion and at such power levels; severe nonlinear distortions
would invalidate the assumption of an AWGN channel.

Nevertheless, if excess bandwidth is available two parallel channels with equal
SNR could be used, the throughput could be doubled without requiring an increase
in SE. Each channel maintains an SE of 5 bits/s/Hz and only 3 dB more transmitted
power is needed, as shown in Fig 5.1(b). This critical distinction originates from
the difference between the logarithmic increase in capacity from an increase in
SNR compared to the linear scaling from increased bandwidth. This is the key
reason behind the use of two orthogonal polarizations in coherent transmission,
as this effectively allows for scaling the channel bandwidth by a factor of two
using an orthogonal dimension. In this case, it is not wavelength but rather an
orthogonal spatial mode and throughout this thesis, we consider a single channel
system operating over the 4D signal space spanned by the amplitude and phase
on two orthogonal polarizations. Beyond polarization, the bandwidth of a C-band
EDFA is about 4 THz and combining C+L-band EDFAs, a total transmission
bandwidth of about 10 THz can be realized. This is far beyond the bandwidth of
even state-of-the-art electronics, reaching about 100 GHz [64-66, 317]. By combining
multiple independent wavelength multiplexed channels to occupy the full EDFA
bandwidth, the throughput can be scaled N times. However, the analysis here
is for an AWGN channel and nonlinear effects are neglected. Better estimates
for broadband transmission can be achieved using the GN-model presented in
Section 2.2.4.

Following this, the principle for a WDM system is shown in Fig. 5.2. From
a transceiver perspective, each channel is fully independent, transmitting and
receiving its own bit stream. However, the channels share the amplifiers and

68



5.1. WAVELENGTH-DIVISION MULTIPLEXING

s Coh.

LO Rx E DSP
S Conh.

LO Rx E DSP
S Coh.E

LO Rx DSP
S Coh.E DSP
Lo Rx

Fig. 5.2. Principle of a standard WDM system. Each channel consists of

an optical transceiver, operated independently from all other co-propagating
channels.

(Laser ]J—[ Mod.

(Laser o M.od.

(Laser o Mod.

(Laser ]J—[ Mod.

the optical fiber to reduce both cost and energy consumption. We note that the
assumption of independent channels is not perfectly true as nonlinear effects will
couple information between channels present in the fiber. This is important for
multi-channel nonlinearity compensation, as discussed in Section 3.7.

5.1.1 Superchannels

Superchannels is an important part of the work in this thesis. Superchannels aim to
increase the optical network transport throughput [318]. Traditional WDM networks
used a fixed I'TU-grid with each channel allocated to a separate wavelength slot.
These systems are simple and can use fixed components such as WDM couplers to
MUX and DEMUX channels. However, their SE is poor as channel BW cannot be
tailored [25]. By using WSSs, which can enable flexible filtering and selection of
channels, networks can move away from a fixed grid to support flexible bandwidth
allocation, so called flex-grid networks [319, 320]. This enables more flexibility
and can be used to minimize excessive guard-bands and unused spectrum. This
can in theory increase network efficiency with up to 33% but practically cascaded
filtering penalties from network ROADMs [321] limits the gain, which can even be
negative [322].

One solution to this is to form a flex-grid network using spectral superchannels.
A superchannel is a set of tightly spaced WDM channels treated as a unit [323].
As such, narrow-band channel selection filters between every channel is avoided,
drastically reducing the overall filtering penalty and increasing performance [97].
Superchannels also provide a path to realize multi-Tb/s throughput, something that
is normally not feasible following bandwidth limitations of the electronic, electro-
optic and opto-electronic components. As such, state-of-the-art transceivers are
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limited to about 1Tb/s [87]. However, for a superchannel, the total bandwidth is
the combined bandwidth of all channels and the bandwidth can therefore be much
larger. Superchannels are commercially available [318] and with the progress in
integrated photonics, multiple transceivers can be integrated on a single chip [85,
87, 324].

While superchannels are very powerful, their modulation and detection is more
cumbersome than traditional WDM channels. First, the guard-bands considered
are so tiny that traditional arrayed waveguide gratings (AWGs) cannot be used
to directly multiplex the channels. Combining using multi-port WSSs also posses
problems in terms of limited resolution unless a splitting loss is accepted. Channel
combining using passive splitters will add a 1/N loss, which grows rapidly as the
superchannel incorporates more and more channels. Favorable trade-offs can be
made using two AWGs and a passive 3 dB splitter to reduce the total combining loss
while still maintain compatibility with very dense channel spacing. Similarly, at the
receiver side, channels cannot easily be individually selected. This problem is the
opposite of the transmitter-side channel combination issue and a similar approach
with a combination of a 3dB splitter and two AWGs can be used. While this makes
the design more cumbersome, the fact that all channels are treated as a unit and
routed together can enable new superchannel-DSP [323, 325], as further discussed
in Section 5.3.3.

5.1.2 Space Division Multiplexing

From the discussion of using multiple channels for scaling the capacity linearly and
increasing the network efficiency using superchannels, it is natural to seek other
dimensions for additional parallelization. In SMFs, all four degrees of freedom
available are used and the only way to increase the system throughput linearly
is to scale the bandwidth further. One such approach is to, in addition to the
C+L-band, use the S-band for communication. This is beyond the reach of EDFAs
but broad-band SOAs can realize simultaneous amplification over 100 nm [326, 327].
However, even extreme bandwidth scaling such as moving into X-ray wavelengths,
would only result in about 10 times more capacity compared to standard C-band
transmission unless prohibitively large powers are used [328]. Worth mentioning here
is the possibility to use hollow-core fibers, avoiding the issue with nonlinearity and
supporting significantly larger bandwidth with theoretically lower loss [329-331].
The only way forward then is to go to "space”. Space in this regards referrers
to using multiple spatially separated paths, such as multiple parallel transmission
fibers [96], a multi-core fiber (MCF) [332], a multi-mode fiber (MMF') [333] or
combinations of any of these technologies. Without going into details, we make a
rough separation between spatially separated transmission, such as a fiber bundle
or a MCF, and spatially coupled transmission such as MMF and coupled-core MCF
(CC-MCF) [334]. Uncoupled transmission does not require any additional signal
processing compared to SMF and can therefore be viewed as a simple extension to
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add more dimensions. In this case, MCF offer higher density but at the expense
of some cross-talk compared to a fiber bundle [335-337]. Important here is that
for submarine cables, which are power limited, SDM can be used to increase the
throughput by allocating power over more spatial paths [338, 339]. We also note
that the large increase in available dimensions can be used to create SDM-ROADMs,
enabling significantly more paths to improve network efficiency [97, 340].

In the case of coupled systems it is naturally to talk about spatial superchan-
nels [97]. Space can also be combined with wavelength to form spectral-spatial
superchannels. The key difference here is that MIMO signal processing is needed
to separate the different spatial paths at the receiver, following coupling in the
fiber [341]. MIMO is typically implemented using DSP [161, 342-344] but can also
be implemented using optical filters [345]. From the capacity argument, MMF offers
the highest available density of spatial paths but is also one of the most challenging
to exploit as large mode-dependent loss (MDL) and differential mode-group delay
(DMGD) tends to result in non-unitary channel impulse responses with long time
memory, which are challenging to process in DSP [343, 346, 347].

SDM has nevertheless been the key enabler for today’s Pb/s throughput records
over a single fiber (defined as sharing the same cladding) by either using many cores
[348-350] or combining MCF with each core supporting multiple spatial modes [99,
351]. Using a MMF supporting 45 spatial modes [333], an SE >200 bits/s/Hz for
a single core was demonstrated using 90x90 MIMO processing [101]. Such links
could also be designed using optical DMGD compensation to reduce the length
of the impulse response [352]. The CC-MCF hybrid provides a way of reducing
penalties from fiber nonlinearities [353] and the strong coupling reduce the impulse
response duration [334]. This can enable an increase in launch power, realizing
larger throughput compared to a system using high-performance ULA SMF (same
design as one of the cores in the 7-core CC-MCF) [103].

Finally, we note that while the transmission schemes used for SDM so far are
very similar to the ones used for SMF, SDM requires new components that support
multiple spatial paths and successful development of such components is essential
to realize an SDM system. One key component is the SDM amplifier, which has
the potential to enable energy savings via sharing of resources [97]. SDM EDFAs
have been developed for various SDM systems including EDFAs for MCF [354—
357], CC-MCF [358, 359], MMF [360-362] and hybrids such as MCF with MMF
cores [363]. In addition, when using MCF or CC-MCF, fan in/out devices are
needed. Many designs exist including fiber tapering [364], stacking of fibers inside a
tailor-made capillary [365], free-space coupling [366] and 2D /3D waveguides [367]
fabricated using techniques such as laser inscription or multi-layer stacking [368].
In analog with this, mode multiplexers are needed to excite the different orthogonal
spatial modes in MMF' transmission. Techniques for doing this include free-space
multiplexing using fixed phase-plates [161] and liquid crystal on silicon (LCOS)
displays [369], spot-based mode excitation [370], photonic lanterns (PLs) [371] and
multi-plane light propagation (MPLC) [372]. An important aspect here is that in
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communication, mode-selectivity is typically not needed as the MIMO DSP will
sort out the different channels [373]. However, this also results in the highest DSP
complexity. Attempts to reduce this using partial MIMO processing [374] or simply
mode-group division multiplexing [375] have been investigated but these demand
mode selectivity in the MUX/DEMUX. LCOS-based systems are re-programmable,
mode selective and highly flexible, enabling flexible change of modal basis and
characterization of the complete transfer matrix even for fibers supporting hundreds
of modes [376, 377]. However, just as phase-plate-based multiplexing, this technique
suffers from beam-splitter loss when adding every mode, limiting the number of
modes that can be simultaneously used. PLs are default non-mode-selective but
adiabatic and theoretically loss-less [371]. In practice, the insertion loss is about
0.6 dB [378] and devices have been scaled to support up to 15 modes [379], although
theoretical investigations reveal that even more modes should be possible [380,
381]. In addition, PLs can be made mode selective [382]. The most promising
technique to scale to significantly higher mode counts available today is MPLC.
Today, prototypes supporting 210 spatial modes [383] have been developed. In
addition, packaged devices supporting 45 modes are commercially available [384].
To support SDM networks, extending WSSs to SDM is needed. While a multi-core
solution is trivial in this regard, realizing switches for MMF fiber transmission is
more challenging. Designing MMF-compatible WSSs is not straight forward and
they are a frequent source of additional MDL. Approaches include using demux
the modes into N Gaussian beams at the switch input [385, 386] and designing a
WSS for a MMF input array [387, 388]. Finally, we note that while the components
presented here are only a subset of everything needed for a true SDM network,
demonstrations combining various SDM technologies in a joint network have been
performed [389].

5.2 Comb-Based Transmission Systems

Studying the WDM system shown in Fig. 5.2, one can intuitively understand how
frequency combs can play a role in future WDM systems. If the large number of
independent lasers needed could be replaced with a single multi-wavelength light
source, one can envision significant energy savings [315]. The principle of an optical
communication system using frequency combs is shown in Fig. 5.3. Replacing a
laser array with a single comb has long been investigated in optical communications
even before the year of 2000 [390]. Numerous follow-up demonstrations using direct
detection have been performed including the use supercontinum combs source to
realize parallel transmission of more than 1000 wavelength channels [391, 392].
Direct direction using EO combs have also been investigated [393, 394] and WDM
transmission covering the S-,C- and L-band was demonstrated in [262].

Following the shift towards coherent transmission, various comb technologies
have been investigated. These include the use of combs based on the Kerr effect

72



5.2. CoMB-BASED TRANSMISSION SYSTEMS

D

SP
s Coh.
. v DSP
RN LY :{ Rx H J

Fig. 5.3. Illustration of a comb-based WDM system. All channels originates
from a common comb-source and the receiver LO lines are generated from a re-
ceiver combs. Modulation and receiver processing is typically done independent
for each wavelength channel.

in micro-ring resonators (MRR) [315], mode-locked lasers [395], EO combs [393]
and parametric mixers [396]. Several recent demonstrations have shown promising
results for integrated multi-wavelength sources using MRR-generated combs. These
include the first demonstration of transmission using a low-noise MRR-based comb
at distances reaching 300km [397], dense WDM transmission using two interleaved
combs and the use of MRR-based combs both in the transmitter and receiver [315],
communication over trance-oceanic distances [314] and compatibility with higher-
order modulation formats by demonstrating transmission with PM-64QAM [316].
Mode-locked lasers have long been considered for use in optical communication [247,
395, 398] and recent advantages using external cavities demonstrated compati-
bility with PM-32QAM, overcoming classical linewidth issues using mode-locked
lasers [399]. Dense WDM transmission using EO combs was investigated in [394].
They are also the basis of the parametric combs in [396], in which an EO comb is
used to generate an initial comb from which two (or a few) lines are selected and sent
through a parametric mixer to create ultra-flat combs exceeding 100 nm BW [259,
396]. The minimum carrier OSNR of such parametric combs can exceed 45dB with
minimum line power exceeding 5dBm [400], enabling a record demonstration of
2.15Pb/s throughput over a 22-core fiber [349]. The high OSNR has also enabled
transmission of PM-256QAM [401].

However, while a comb with A f matching the used grid could be used to light
up all transceivers in a point-to-point link, such configuration have limited flexibility
in a network with optical routing. If we instead focus on flexible networks using
superchannels, a very promising use-case for combs in coherent transmission arises.
This is the comb-based superchannel, one of the main focus of this thesis. With the
introduction of comb-based superchannels, the unique properties of frequency combs
can then be exploited to enable new signal-processing functionalities, as further
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discussed in Section 5.3. However, there are also challenges with introducing combs.

The first one is the limited line power inherent in a multi wavelength source.
This can be directly observed by comparing the transmitter in Fig. 5.2 and 5.3 In
the case of a laser array, each laser is directly connected to the modulator and the
required input power Phoq is therefore only dependent on the modulator insertion
loss ILaoa (including limited drive and modulation loss), the MUX loss from forming
the superchannel, which can be added as extra modulator insertion loss, and the
required output OSNR, OSNRRgeq (see Section 2.4). However, in the case of a comb,
it depends on the number of lines sharing the power N, as well as the flatness of
the frequency comb Plrine pifr., in addition to the modulator performance. For large
number of lines, additional amplification is usually needed prior to demuxing the
lines, further limiting the OSNR due to amplifier noise NFgpra. This difference
can be summarized according to

Prioa = OSNRReq + ILyoa — D8 dBm,
Pcomb = OSNRReq + 10 - log, (V) + ILcomb+
Prine pist. + NFEDFA + ILMoa — 58 dBm.

—~

ot
N
— —

This makes comb-based transmitters sensitive to OSNR limitations, which can
easily induce penalties, especially for higher order modulation formats [402, 403]. In
addition, phase-noise scaling with the line number is typically present for frequency
combs [404]. The phase noise of the n:th mode from a frequency comb can be
expressed as [405]

On(t) = AP(t) + 2rnAT(L)Af, (5.4)

with A¢@(t) now being time variant to account for phase fluctuations (compare with
Eq.4.10) and AT(t) denoting time-varying timing jitter, both causing a linewidth
broadening. While techniques to control the timing jitter are developed and essential
for metrology [406], it is often overlooked in communications. The exact line shape
will depend on an interplay between the frequency content of both the phase
noise and timing jitter (a convolution in the frequency domain) [405] and in-depth
discussions of this are beyond the scope of this work. Instead, we note that phase-
locked properties of the carriers results in a joint phase-noise evolution, which can
be completely characterized if the phase evolution of any two carriers are known.
Denoting the known carriers m,n the phase evolution of carrier k£ can be expressed
as [407]

Bi(t) = Bu() + " (B (t) — B (8)) (5.5)

m-—n

clearly showing the phase-noise scaling inherent from the intrinsic phase locking.
However, we do note that the exact spectral shape of the lines and how it scales
with line number will depend on the kind of comb source used [404, 405, 408, 409].
As a result of this, measuring the frequency noise rather than simply estimating
the width of the beating between two lines and performing a Lorentzian fit is
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essential to accurately estimate the phase noise and judge its implications for
coherent communications [404, 410]. While the scaling is a challenge, the phase-
locked nature can also be used to jointly compensate phase noise to increase DSP
performance [407].

5.3 Exploiting Unique Comb Properties in Co-
herent Optical Communications

The combined research efforts have been successful in validating the possibility of
using frequency combs as WDM sources in optical communications. Depending
on the target application, various comb technologies (mentioned in Section 5.2)
have proved to meet the demands, potentially replacing the use of independent
free-running lasers in WDM applications. Simply replacing free-running lasers has
the potential of enabling energy savings [315, 316] but such arguments depend a lot
on the feasibility of integrated comb together with necessary co-packaging to realize
future on-chip superchannel transceivers.

However, in the scope of this thesis, we assume that we have access to a comb-
based superchannel transmitter and receiver pair, both utilizing a frequency comb.
We then aim at providing insights to answering the question of "What unique
features can a comb-based superchannel enable, which cannot be enabled using
alternative technologies?". This question is, of course, very complicated to answer
and there are numerous different areas to target. One example of pioneering work
on this was done in [213] where the authors demonstrated two-folded reach-increase
by using transmitter-side digital pre-compensation of fiber nonlinearities. This
compensation was enabled by exploiting the property of frequency locked carriers
from an optical comb and the benefit of the scheme would be lower if implemented
with free-running lasers [214].

In the following sections we will go through the different experiments and
techniques developed throughout this thesis to exploit the unique frequency comb
properties.

5.3.1 Exploiting the Intrinsic Line Stability

As previously discussed, the first application of combs is as a replacement for a laser
array in a WDM /superchannel system. However, there are noticeable differences
in doing so as lasers from an array will drift in an uncorrelated way, in contrast
with the lines from a frequency comb that are frequency locked. For a laser array,
guard-bands of a few GHz are needed to avoid catastrophic channel overlaps. These
can make up 10% of the available spectrum for symbol rates of about 30 Gbaud and
external frequency locking is therefore needed to maximize SE [174].

If we instead use a frequency comb, the guard-bands can be further reduced
and optimized to balance cross-talk and overhead in order to maximize the SE.
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Such optimization was performed in Paper III (see supplementary information).
When using the comb, a guard-band of about 600 MHz was needed, drastically
reducing the associated overhead. It is important to note here and hard to evaluate
in laboratory experiments, that the guard-bands are needed to ensure long-term
stability. To realize the high SE in Paper III, the microcomb was tailored to a
line spacing of 22.1 GHz, matching well the EO comb spacing of 25 GHz used in
Papers 11, IV-VIII. This, in combination with the flat comb envelope enabled taking
the full advantage of the comb bandwidth for realizing a superchannel with SE and
transmission quality for the first time being compatible with that performance of
traditional comb sources.

5.3.2 Locking Combs using Optical Pilot tones

In the early days of coherent optical communication, self-homodyne (SH) detection
was proposed as a way of overcoming the laser phase noise and to avoid the need for
complex DSP-based carrier recovery (as described in Section 3.4.2) [411]. Instead of
using a free-running laser as LO, a copy of the transmitter laser is send as a pilot tone
(PT) and used as LO. This avoids the need for FOE and, in the ideal case, completely
removes any laser phase noise. Conventionally, the orthogonal polarization is used
for PT transmission implying a 50% loss in SE. In addition, the PT is subjected
to noise and nonlinear impairments from propagation (see Section 2.2.3). SNR
dependence of PT filtering was investigated in [412] and capabilities for SH systems
to cancel out nonlinear signal distortions was demonstrated in [413]. Despite the
clear advantages of reduced DSP complexity, the loss in SE hindered SH systems and
to combat this, interleaved PT transmission was proposed, reducing the overhead to
33% [414]. Generally to minimize OH it is desired to share PTs amongst as many
channels as possible.

On way to achieve this is to extend SH detection to SDM transmission systems.
The many spatial dimensions available allows for effectively sharing of a pilot tone
by using the high correlation among separate cores within a multi-core fiber [415].
This was demonstrated in [416] where the authors used a 19 core fiber with one
core dedicated for PT transmission. The capabilities of the scheme were later
used in a high throughput experiment demonstrating 210 Tb/s throughput using
high-linewidth laser by combining the SH detection with WDM [417]. Cross-talk
dependence and correlations within multi-core fiber were investigated more in-depth
in [337].

Frequency Comb Regeneration

While exploiting the high correlation of spatial dimensions using SDM fiber allowed
for SH detection with low overhead, the number of WDM channel still exceeds the
number of available SDM channels [416], even in record experiments combining
both multi-mode and multi-core transmission [99]. Moreover, as the number of
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Fig. 5.4. Comparing comb regeneration using one and two pilot tones. (a) Two
pilot tones are used to lock both fo and Af between the transmitter comb,
providing a fully SH system which eliminates the requirement of DSP-based
carrier recovery. (b) A single pilot tone is used to lock fo while Af is left
without synchronization. However, the comb stability is order of magnitude
better than the stability of the seed lasers (assuming standard lasers) and the
residual offsets can easily be tracked using DSP.
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wavelength channels is very high in fully loaded systems, the complexity is still high
if using one PT per wavelength channel. As briefly outlined in Section 5.2, frequency
combs are highly correlated among channels in the spectral domain. Comb-based
superchannels can therefore be treated in similar ways to spatial superchannels.
This implies that gains and sharing can be exploited also in SMF technology, making
comb-based superchannels compatible with existing infrastructure.

The idea of exploiting this coherence was first proposed in [247] where the
authors proposed locking a transmitter and receiver comb using two unmodulated
PTs. The requirement of using two tones can be understood by considering the
definitions of combs presented in Chapter 4. One PT is sufficient to directly extract
the center frequency fo and the beating between two neighboring tones gives the
spacing Af. The first system study of properties for a comb-based SH system was
in [418]. The experiment was done in back-to-back configuration and the authors
only considered recovering the central tone of the frequency comb, or equivalently,
locking fo of the two frequency combs. As only one tone was used, the same
RF-clock reference Af was used in both the transmitter and receiver to enable full
phase coherence. This issue was solved in [419] which studied the use of two PTs,
enabling recovery of both fy and Af, creating a fully SH system. The effects of
dispersive walk-off between the PTs (similar to skews in the case of multi-core fiber)
were highlighted and experimentally verified [419]. Using Brillouin amplification to
provide narrow optical filtering and avoid excessive phase noise on the regenerated
comb, we demonstrated the first transmission experiment using frequency comb
regeneration for self-homodyne detection [420]. The superchannel consisted of
24 %20 Gbaud PM-32QAM channels.
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To suppress penalties from the line-width scaling with comb line number reported
in [420], Paper IV demonstrated regeneration using a receiver EO frequency comb.
While the Brillouin amplifiers in [420] provided a filtering BW around 20 MHz,
Paper 1V introduced the use of an electrical phase-locked loop (PLL) that enabled
orders of magnitude more narrower filtering. The comb regeneration can therefore
be performed with higher quality. This enabled both a doubling of the number
of regenerated lines and an increase in modulation format from PM-32QAM to
PM-64QAM, resulting in a combined superchannel throughput of 10 Tb/s with a
spectral overhead of 4% for self-homodyne detection.

However, in the case of EO combs or other stable platforms such as soliton
microcombs, carrier offsets caused by non-ideal synchronization of fo and Af
result in very different impairments. Not locking the central carrier fo simply
creates an intradyne system, similar to the ones described in Section 2, requiring
DSP-based carrier recovery as outlined in Section 3.4. If fj is locked but not Af,
the requirements for DSP-based carrier recovery are dictated by the clock (comb)
stability instead of the comb seed lasers. While impairments from not knowing A f
also will result in additional frequency offset and phase noise, RF-clocks are orders
of magnitude more stable compared to standard free-running lasers.

The effective gain from going from intradyne to a single PT is therefore much
larger than that of going from one to two PTs, both in terms of DSP complexity
and performance. A single PT used to lock fo removes the need for FOE and,
depending on laser quality and path-matching, suppresses phase noise. At the same
time, a single pilot tone is robust to nonlinear distortions and avoids the additional
complexity of using phase-locked loops to lock the frequency spacing. The single tone
scheme was first proposed in Paper V. Here the tone was assisted by a slow blind
DSP-based phase tracker to compensate the residual carrier offsets, something that
was not feasible without the PT. The inherent resilience to both dispersive delays
and nonlinear distortions compared to the 2 PT scheme was further investigated
in Paper VI, demonstrating high SE transmission over distances reaching 1000 km
using a single shared PT.

However, to further increase the spectral efficiency beyond what was reached in
Paper V, new DSP was needed. Although the PT made carrier recovery possible,
which also helped improve the DD-LMS-based equalization, the equalizer perfor-
mance was still not good enough to enable reliable transmission of PM-256QAM.
As a result, a hybrid analog PT+ DSP pilots was developed in Paper VII. Here
the PT provided a frequency locking in line with Paper V but each channel further
had DSP pilots for equalization and residual phase tracking. The joint OH was
optimized to maximize the SE, enabling the 12bits/s/Hz SE over the C-band.

5.3.3 Comb-based Superchannels with Joint DSP

Following the results in Paper II and VII, the power of pilot-based DSP became
evident and further work was focused on improving its performance and develop
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a complete pilot-based DSP chain aiming at high SE transmission using higher-
order modulation formats. Following this work, it is natural to ask "How can this
DSP be extended to exploit the unique properties of a frequency comb?'. The
aim of Paper VIII is to provide insights to this question by designing a tailored
multi-channel DSP exploiting the comb properties. In the DSP designed here,
we make a key distinction compared to previous work. Previously, the phase
coherence of combs were exploited to perform joint CPE [223, 407, 421]. The
superchannel adaptations using master-slave or joint processing presented in [407,
422] are completely analogous to the scheme presented in [420] and Paper IV. As
a result, it also suffer from similar issues with dispersive delays [419]. In addition,
we note from Paper II that the OH associated with CPE is about 0.4%, even for
formats reaching up to 256 QAM.

In contrast, the DSP presented in Paper VIII only requires frequency locked,
rather than strictly phase-locked light sources. As a result, we here allow for
each channel to have its own independent CPE and acknowledge that the OH or
performance can be improved depending on reach and presence of nonlinear effects.
A practical implication of significant importance following this assumption is that no
path-matching is needed in the system, simplifying both experimental evaluation and,
more importantly, system implementation. We note that while superchannel DSPs
have previously been investigated [110, 325, 423, 424], no transmission system with
such DSP has been demonstrated. While experimental work in B2B configuration
has shown promising results [325], this was done using independent lasers in a
homodyne configuration. In addition, we note that most of these schemes focused
on NRZ-shaped pulses, naturally implying significantly more crosstalk and loss in
SE compared to Nyquist-shaped transmission.

The work presented in Paper VIII aimed at overcoming these limitations and
implement a superchannel transmitter-receiver system using frequency combs with
multi-channel detection. We use the high-performance pilot-based DSP developed in
Paper II both as base for the DSP development and as a reference source providing
state-of-the-art performance. The key block of the DSP developed in Paper VIII
is a multi-channel equalizer capable of mitigating inter-channel-interference (ICI).
This scheme relies on an aliasing approach to avoid additional oversampling, as
further presented in Paper VIII. Beyond the joint equalization block, joint FOE is a
necessary to maintain the frequency locked grid. All in all, this enables increasing the
SNR by about 1dB compared to state-of-the-art single channel performance, which
considering how close systems like this are to theoretical limits, is to be considered
surprisingly much. Furthermore, while the gain of course can be higher for systems
that are severely limited by cross-talk, as investigated in [110, 325, 424], the presented
performance gain here is at the optimal channel spacing. Finally we note that the
scheme in Paper VIII can directly be extended to improve the performance of
DSP-based nonlinear mitigation schemes using multi-channel processing, similar
to [206, 211].
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Chapter 6

Future Outlook

There are numerous interesting follow-up projects relating to the work presented
in this thesis. Since aiming for presenting a complete list is out of the scope, the
purpose of this chapter is to briefly discuss a few key research opportunities that
are particularly related to the work presented in Paper I-VIII.

Dense Comb-Based Transmitter Using a Single Modulator The re-
sults presented in Paper I demonstrates the first scheme capable of modulating
independent data onto wavelength-separated carriers without the use of a MUX-
DEMUX combination. This proof-of-principle demonstrations provides new, essen-
tial, insights to the basics of modulating superchannels. However, more experimental
work and prototyping is needed to understand the applicability of this for broader
superchannels with higher-order modulation formats. Especially important here is
to investigate the performance of a straight-line modulator configuration, rather
than the recirculating loop.

In addition, it would be interesting to understand the theoretical bounds on
temporal modulation using the proposed structure by analyzing the amount of
uncertainty put into the system via the cascaded phase modulators. Understanding
this would help put realistic bounds on the number of channels and formats that
can be used with a realistic number of stages.

Lossless Unitary Transformations for Quantum Optics Another key
aspect of the work presented in Paper I is the ability to, at least in theory, perform
lossless temporal modulation. This has been a goal for applications in quantum
optics for a long time. However, the kind of transforms investigated there are
different that the ones corresponding to modulate a random data signal investigated
in Paper I. Using fewer stages and integrated designs, it should be possible to
drastically reduce the losses of the system to go far beyond that of conventional
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modulators, something that would allow new applications and scientific studies in
this area.

Pilot- and DSP-free Locking of Transmitter and Receiver Combs
The single pilot scheme presented in Paper V was introduced as a hybrid between full
locking and individual DSP. Relating to this, it is interesting to think of approaches
to achieve locking of fy without the use of optical pilots. One way to do this would
be to use multi-channel DSP to feedback the difference and try to adjust the center
frequency of the receiver comb to the transmitter comb. The challenge of this
scheme would be to accurately extract the parameters from the DSP in line with
the challenges faced in Paper V, it is clear that an pilot-based approach based on
Paper II and VIII would likely be needed to achieve sufficient performance to match
an optical locking. Still, this should be possible but requires extracting knowledge
from the DSP and feedback it to the combs, thus requiring multi-channel DSP.

However, there is an even nicer way of solving this problem, which can be seen
by looking at the alternative definition of a comb using its carrier envelope offset
and line spacing. Locking of fy, as was done using the optical pilot in paper IV-VII,
could also be achieved without any kind of synchronization between the two combs
by instead having two self-referenced combs. In this case, the center frequency of
both combs are absolutely referenced to 0 frequency. This would clearly be the most
beautiful locking scheme to achieve synchronization between the two combs. In
addition, as the most difficult part to control usually is the carrier envelope offset,
the line spacing could also be locked and a homodyne system is achieved (neglecting
phase noise induced from fiber nonlinearities and similar effects).

There are also challenges with such designs, especially as self-referencing requires
an octave-spanning frequency comb and having many lines separated by Af =~
25 — 50 GHz would imply having a poor starting OSNR and this would degrade the
full system performance. Luckily, there are ways around this too. If we instead use a
master comb having broad line spacing, say 500 GHz to THz, significantly fewer lines
are needed. In addition, this larger line spacing is more favorable for microcombs,
making the scheme perfectly compatible with having two master microcombs. A
system like this is illustrated in Fig. 6.1.

To achieve high spectral efficiency, the spacing is then filled out with additional
EO combs that form the comb-based superchannels. The aspect of having an EO-
comb here also solves another problem as controlling A f is not trivial for combs with
very large line spacing. Using an EO comb, the line spacing can be downconverted
and extract locked to an harmonic of the EO comb, which is great for our application.
The output of each EO comb is then modulated using a multiwavelength modulator,
such as the one presented in Paper I to avoid additional splitting and combining
losses and allow for minimal guardband transmission. At the receiver side, a second
master comb - EO comb is used to generate the local oscillator lines. The channels
are demultiplexed and joint processing, similar to the one in Paper VIII is used to
minimize any penalties from the minimal guardbands.
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Fig. 6.1. Illustration of a future comb-based transmission system having a
locked frequency grid without the use of any pilots. Both the transmitter and
receiver use frequency combs that are referenced to zero.

The scheme proposed here has several advantages compared to today’s schemes.
Without going into detail, we just mention a few key examples. First, the gain
of this scheme is equivalent to that using optical pilot tones without any required
overhead. So the DSP complexity reduction facilitated by the pilots is available at
no cost in terms of SE. In addition, each node will have a locked frequency comb,
which is a very accurate clock, so timing synchronization can be much more accurate
compared to using lower distributed RF signals or GPS locking. This clock could
also be used to synchronize other clocks in the local area. Clock synchronization is
essential for multiple other systems, such as wireless communication, and having a
comb-based optical backbone network could help to improve the accuracy. Finally,
we note that considering the development of hollowcore fiber it is not unrealistic
that future fibers will have a significant broader bandwidth compared to today’s
system. While it will be challenging to have light sources that are continuously
tunable from conventional bands all the way up to 2um, having a broad-band comb
source would directly solve this problem.

Nonlinearity Compensation for Superchannels The ability to mitigate
nonlinear distortion is something that would be of indisputable importance to future
optical networks. This task is very hard for a number of reasons outlined in this
thesis. However, superchannels and frequency combs can likely at least improve the
performance of these mitigation schemes. Key demonstrations in this area, where
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gains have been shown, relied on multichannel processing and channel stitching,
either on the transmitter or receiver side. Based on the DSP methods presented
in Paper VIII, this is a topic of high relevance that could further be investigated
and in most case, very little adaptation is needed. The equalizer used in Paper VIII
could directly be replaced with say a 4x4 real-valued equalizer per channel to form
a 12 x 4 MIMO problem. Such an equalizer will have more flexibility to track
nonlinear polarization and phase noise.

Superchannels with Non-Uniform Performance A key point of super-
channels that is yet to be exploited is the ability to jointly optimize the performance.
In the next step of joint superchannel DSP, processing steps can be shared among
multiple channels to optimize for maximum performance. Similar to the previously
mentioned expansion of Paper VIII to include nonlinearity compensation, a more
holistic view to joint processing would most likely be very interesting. Estimate
of system and fiber parameters could then be improved. Another thing one could
think of here is to modulate and use FEC that connects the multiple dimensions.
Such approaches would definitely help gaining tolerance to filtering impairments
from ROADMs by improving the performance of the edge channels. For broader
superchannels, this could also help with balancing performance if the allocated slot
is towards the edges of the EDFA gain bandwidth, where the performance is worse.

Spectral-Spatial Superchannels As this work focused on spectral super-
channels, the clear next step is to go to space and combine the results with SDM.
In this space, there are key differences, which enable very interesting studies. In the
spectral superchannels considered here, the signal space is very homogeneous and
the performance of the channels are therefore similar. While this is favorable, it is
hard to find clear gains in terms of working with the joint signal space compared to
that of individual channels. As presented in Paper II, the pilot overhead can be
very low on a per-channel basis and even if it is possible to further reduce this using
joint processing, the gains will be marginal.

However, in the spatial domain, the performance for difference channels can
differ significantly. Especially in multimode transmission, when the modes couple,
this poses several interesting problem relating to signal processing as the basic
assumption of unitary rotations and low mode-dependent loss traditionally used
when designing DSP are no longer true. In terms of superchannel, joint processing
(using pilot or blind algorithms) can likely significantly improve the DSP performance.
This can further be combined with joint modulation and coding to globally optimize
the performance over the bigger, non-uniform signal space. Based on this, it is likely
that the area of large gains from joint processing is in these massive superchannels.

In addition, it would be very interesting to study this from a networking
perspective and considering switching and routing of superchannels. After all,
the key gain behind superchannels are found in a networking environment and
studies should therefore also consider these aspects. Relating to this, accurate
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development of model and detailed characterization of SDM systems will be needed
to properly understand the pros and cons of jointly distributing the information in
spectra-spatial superchannels.

Superchannels for Free-space Communications In line with the poten-
tial for spectral-spatial superchannels in fibers, it is interesting to investigate how
such systems would behave in a different channel. One such example would be
free-space communications, which differs significantly from the traditional fiber
channel. The presence of turbulence introduce mode coupling. The variations in
this channel are different in nature from those of its fiber counterpart and few
experiments have been aiming at developing transmission schemes tailored for this
environment. Superchannels for this channel are interesting and optimal designs
likely differ from the ones suitable for fiber transmission. Especially in terms of
joint DSP, combining both information and pilots over multiple spectrally separated
channels might be a way to increase tolerance to the fading nature of the channel.
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Chapter 7

Summary of Papers

Paper 1

Multi-wavelength arbitrary waveform generation through spectro-temporal
unitary transformations
Under Review, 2019.

This paper presents a novel approach to realizing the most general temporal trans-
formations available. Using multiple cascaded stages of phase modulation and
dispersive all-pass filtering, the energy is temporally redistributed into the target
shape. Each segment can be seen as a generalized time lens, allowing for arbitrary
transformations and is in principle loss-less. This allows for realizing a theoretically
loss-less IQ-modulator, something previously not feasible. In addition, we demon-
strate that modulation using the proposed structure enable encoding of independent
waveforms onto spectrally separated input laser lines. This feat, previously viewed
as impossible, provides new essential insights to multi-wavelength modulation and
broadband arbitrary waveform generation.

My contribution: I and N. K. F. developed the concept of multi-wavelength infor-
mation processing using temporal unitary transformations. I built the experimental
setup with assistance from N. K. F, R. R. and H. C. I processed the measurement
data. I and J. S. wrote the paper with assistance from N. K. F.
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CHAPTER 7. SUMMARY OF PAPERS

Paper 11

Overhead-optimization of pilot-based digital signal processing for flexi-
ble high spectral efficiency transmission
Optics Express, Vol. 27, no. 17, pp. 24654-24669, 2019.

This paper presents and evaluates a fully pilot-based DSP tailored for high spectral
efficiency transmission systems using advanced higher-order modulation formats.
A complete DSP chain is presented and the individual pilot-based algorithms are
discussed and compared to traditional blind algorithms using numerical simulations.
Overhead optimization is then performed for a 50x24 Gbaud PM-64QAM super-
channel for transmission distances up to about 1000 km. The optimal B2B overhead
was found to be 2.4% with only a weak dependence on distance, resulting in the
same optima being optimal for all investigated distances. This highlights the power
and flexibility enabled by pilot-based DSP.

My contribution: I, designed and wrote the DSP following input from T. Y and
A. L-R. I, following discussions with J. S. designed and built the experimental setup.
I performed all the measurement and analyzed the data. I wrote the paper with
assistance from J. S. and A. L-R

Paper 111

High spectral efficiency coherent superchannel transmission with soliton
microcombs
Under Review, 2019.

This papers demonstrates the first microcomb-based transmission system capable of
reaching comparable performance to bulk-optic combs. Using an optimized soliton
microcomb with 22.1 GHz spacing allowed for reducing guardbands with more
than one order of magnitude compared to previous soliton microcomb transmission
experiments. This enabled significantly improved spectral efficiency by exploiting
both better DAC/ADC performance and reduced guardband overhead. We report
the first microcomb-based transmission experiment achieving >10bits/s/Hz spectral
efficiency and the first high spectral efficiency long-haul transmission experiments
using a microcomb.

My contribution: I designed and built the transmission system. I assisted A. F.
with with designing the long-term stabilization. I performed all the transmission
measurements and processed the measurement data. I and M.-G. S. wrote the paper
with assistance from A. F.; J. S., P. A. A. and K. J. V.
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Paper IV

10 Tb/s Self-Homodyne PM-64QAM Superchannel Transmission with
4% Spectral Overhead
Journal of Lightwave Technology, Vol. 36, no. 16, pp. 3176-3184, 2018.

This paper demonstrates self-homodyne detection of a comb-based superchannel
using frequency comb regeneration. The regeneration is enabled by transmitting two
unmodulated tones which are used in the receiver to regenerate the transmitter comb.
The regeneration is implemented using a novel electrical phase-locked loop which
enables narrow-band filtering and avoids additional penalty from linewidth scaling.
The concept is demonstrated using a 50x20 Gbaud PM-64QAM superchannel with
a total throughput of 10 Tb/s. The comb-based regeneration enabled record-low
spectral overhead of 4% for self-homodyne detection.

My contribution: I developed the idea of electrical regeneration and, together
with A. L-R., built the measurement setup. I wrote the DSP and processed the
measurement data. I wrote the paper.

Paper V

High Spectral Efficiency PM-128QAM Comb-Based Superchannel Trans-
mission Enabled by a Single Shared Optical Pilot Tone
Journal of Lightwave Technology, Vol. 36, no. 6, pp. 1318 - 1325, 2018

This paper demonstrates the use of a single pilot tone to enable the use of blind
DSP in superchannels using advanced modulation formats. The single-pilot scheme
is shown to facilitate the use of blind DSP while adding minimum spectral overhead.
The combination enabled 10.3 bits/s/Hz spectral efficiency for a 54x24 Gbaud
PM-128QAM superchannel.

My contribution: I, together with A. L-R. and J. S., developed the idea of the
single-pilot scheme and built the measurement setup. I and J. S. wrote the DSP. I
did all the measurements and processed the measurement data. I wrote the paper.
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Paper VI

Experimental Investigation of Link Impairments in Pilot Tone Aided
Superchannel Transmission
IEEFE Photonics Technology Letters, Vol. 31, no. 6, pp. 459-462, 2019.

This paper investigates the proposed single-pilot scheme for transmission distances
reaching up to 1000 km. The paper investigates both stability requirements for the
transmitter and the receiver comb as well as the sensitivity to distortions on the
pilot tone from transmission. The results presented verifies that the single pilot-tone
scheme is tolerant to transmission-induced impairments and that DSP complexity
reduction can be exploited also for longer distances. The total superchannel spectral
efficiency was 9.6 bits/s/Hz (8.4 bits/s/Hz) after 480 (960) km of transmission,
respectively.

My contribution: I, together with all co-authors, decided on the the scope of
the paper. I built the measurement setup, wrote the DSP and performed all
measurements. | wrote the paper.

Paper VII

12 bits/s/Hz Spectral Efficiency Over the C-band Based on Comb-Based
Superchannels
Journal of Lightwave Technology, Vol. 37, no. 2, pp. 411 - 417, 2019.

This paper exploits the low overhead of the single pilot-tone scheme and com-
bines it with pilot-DSP-based equalization and residual phase-noise tracking to
enable detection of PM-256(QQAM with minimal overhead. Combining three comb-
based superchannel covering the full C-band, a record high spectral efficiency of
11.5 bits/s/Hz for is demonstrated, corresponding to 12bits/s/Hz in achievable
information rate.

My contribution: I, with assistance from J. S. built the measurement setup. I
wrote the DSP with input from T. Y. I performed all the measurement and analyzed
the data. I wrote the paper with assistance from J. S. and A. L-R
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Paper VIII

Joint Superchannel Digital Signal Processing for Ultimate Bandwidth
Utilization
Manuscript Submitted, 2019.

This paper presents a joint DSP scheme for comb-based superchannel transceivers.
The core of the presented DSP is a joint inter-channel-interference cancellation
scheme aiming at mitigating linear cross-talk enabled by exploiting the unique line
stability from optical frequency combs. Good agreement is found between numerical
simulations accounting for limited transceiver performance and the experimental
measurements, showing feasible gains of up to 0.8dB in signal to noise ratio.
The practical gain can be even higher when reducing the symbol rate, following
the combination of better transceiver electronics and higher guardband overhead.
Single span transmission also verifies that the scheme can cope with the additional
distortions induced by fiber transmission.

My contribution: I conceived the concept and the design of the aliasing-assisted
equalization scheme. I wrote the complete DSP and performed all numerical
simulations. I designed and built the experiment and analyzed all measurement
data. I wrote the main part of the manuscript with assistance from J. S., M. K. and
P. A A.
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