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Abstract (German)

Die durchschnittliche Wachstumsrate des Datenverkehrs iiber optische
Glasfasernetzwerke betrigt 23% pro Jahr [1]-[3]. Es wird erwartet, dass das
Jahresgesamtvolumen im Jahr 2016 ein Zettabyte iibersteigen wird. Hierbei
wird zwischen Metro- und Langstrecken-Netzwerken unterschieden, wobei seit
2014 der Metro-Anteil groBer ist und doppelt so schnell wéchst wie der
Langstrecken-Anteil. Hauptgrund ist die zunehmende Bedeutung der
Distribution grof3er Dateien, z.B. Videos.

Die optischen Kommunikationssysteme, die diese Datensignale
transportieren, miissen verbessert werden, um auch in Zukunft dem
wachsenden Datenvolumen gerecht werden zu konnen. Es gibt drei
Moglichkeiten, um die Datenrate der optischen Kommunikationssysteme zu
erhohen. Erstens kann die Anzahl der Bits pro iibertragenem Symbol, unter
Verwendung von hoherwertigen Modulationsformaten, erhdht werden. Dies
resultiert jedoch in hoheren Anforderungen an die Einzelkomponenten des
Ubertragungssystems, sowie an das Signal-zu-Geriusch-Leistungsverhiltnis,
was letztlich die Reichweite des Kommunikationssystems limitiert. Zweitens
kann die Symbolrate erhoht werden, was allerdings durch die Bandbreite der
verfiigbaren Elektronik begrenzt ist. Die dritte und verbleibende Moglichkeit
ist, die Anzahl der parallelen Datenkanile zu erhohen. Ublicherweise werden
hierzu viele unterschiedliche Trigerfrequenzen verwendet, was als dichtes
Wellenlangenmultiplex-Verfahren  (engl.: Dense = Wavelength-Division
Multiplexing, DWDM) bekannt ist.

In heutigen DWDM-Systemen werden pro Leitungskarte (engl.: Line
Card) Daten mit einer Rate von 100 Gbit/s {ibertragen. In jeder Leitungskarte
werden dabei die Daten auf einen einzelnen Trager moduliert. Getrieben durch
das weiterhin steigende Datenvolumen, soll die Datenrate pro Leitungskarte
weiter erhoht werden. An den technischen Mdglichkeiten, um eine Datenrate
von 400 Gbit/s und 1 Tbit/s zu erreichen, wird intensiv geforscht. Nach
bisherigen Erkenntnissen ist der vielversprechendste Ansatz, mehrere Trager
fiir ein Datensignal zu verwenden, diese zu einem sogenannten Superkanal zu
gruppieren und in eine Leitungskarte zu integrieren. Innerhalb dieser
Superkanéle kdnnen die spektralen Schutzintervalle zwischen den zugehdrigen
Wellenlangenkandlen minimiert werden. Fiir die Hersteller der Leitungskarten
bedeutet diese Entwicklung, dass die Funktionalitit von mehreren
Leitungskarten in eine einzelne Leitungskarte integriert werden muss. Hierzu
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miissen die einzelnen Komponenten kleiner, preiswerter und energiesparender
werden. In der vorliegenden Arbeit betrachten wir die Verwendung eines
optischen Frequenzkammes als Vieltragerquelle, um eine Vielzahl einzelner
Laser zu ersetzen.

Der Vorteil eines optischen Frequenzkammes ist, dass das komplette
Frequenzraster durch zwei Parameter, Mittenfrequenz und freier
Spektralbereich, vollstandig bestimmt ist. Dadurch entféllt die individuelle
Stabilisierung der einzelnen Laserdioden, und es verringert sich somit
potentiell Platz- und Energiebedarf. Zusitzlich ermdglichen die perfekt
dquidistanten Kammlinien die Minimierung spektraler Schutzintervalle, da die
relative Verschiebung der Triagerfrequenzen zueinander minimal ist.

In dieser Arbeit werden drei Frequenzkammquellen untersucht, welche
als Mehrtrigerquelle in eine Leitungskarte integriert werden konnten. Wir
zeigen, dass jede der untersuchten Frequenzkammquellen fiir einen
Datenstrom von mehr als 1 Tbit/s geeignet ist. Die erste Frequenzkammquelle
ist ein Laser, in dem durch starke Modulation des Injektionsstroms ein
Frequenzkamm erzeugt wird (engl.: Gain-Switched Comb Source, GSCS).
Diese Kammgquelle besticht durch auflerordentliche Stabilitdt und Flexibilitét.
Es wird gezeigt, dass trotz der geringen Anzahl von etwa 10 Kammlinien die
Ubertragung von Datenraten im Tbit/s-Bereich iiber eine Entfernung von
mehreren hundert Kilometern moglich ist. Die zweite Kammquelle ist eine
modengekoppelte Quantendraht-Laserdiode (engl.: Quantum-Dash Mode-
Locked Laser Diode, QD-MLLD). Diese Laser sind besonders kompakte
Quellen und emittieren mehr Kammlinien als die GSCS, allerdings mit groBem
Phasenrauschen. Es werden Moglichkeiten aufgezeigt, um trotz dieser
Einschrinkung eine Tbit/s-Datenverbindung iiber 75 km aufzubauen. Die
Dritte ist eine besonders breitbandige Kammaquelle, bei der die Kammlinien
durch nichtlineare Prozesse in einem Mikroresonator erzeugt werden. Diese
Frequenzkdmme {iiberspannen mehrere Telekommunikationsbdander und sind
besonders fiir Multi-Tbit/s-Dateniibertragung geeignet.

Kapitel 1 gibt eine allgemeine Einfilhrung in die Dateniibertragung mit
Wellenlingenmultiplex-Verfahren sowie einen Uberblick zum Stand der
Technik. Die Verwendung von Frequenzkdmmen als Trédger fiir Superkanile
wird motiviert, und die dazugehorige Transmitter-Architektur wird vorgestellt.
AnschlieBend werden die in dieser Arbeit untersuchten Frequenzkammquellen
sowie der Aufbau eines kiinftigen Tbit/s-Sende-Moduls beschrieben.
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Kapitel 2 fasst die physikalischen und technischen Grundlagen von
Freugenzkammquellen zusammen und diskutiert die Anforderungen an die
einzelnen Kammlinien fiir die Verwendung in der kohédrenten
Dateniibertragung.

Kapitel 3 bespricht die kohdrente Dateniibertragung mit einer GSCS. Es
enthilt eine Einfiihrung in diese Technik der Kammerzeugung sowie den
experimentellen Aufbau, mit dem ein Superkanal-Sender und -Empfinger
emuliert wird. Durch den variablen Linienabstand dieser Kammquelle konnten
verschiedene Experimente mit mehreren Symbolraten und
Modulationsformaten durchgefiihrt werden. Im besten Fall werden Daten mit
einer Rate von 1.9 Tbit/s erzeugt und iiber 300 km iibertragen.

Kapitel 4 erldutert die Datenexperimente, die mit einer QD-MLLD
durchgefiihrt wurden. Diese Kammquelle sticht besonders durch ihre
Kompaktheit hervor. Allerdings weisen die Kammlinien ein besonders hohes
Phasenrauschen auf. Zwei Moglichkeiten werden vorgestellt, um trotz des
hohen Phasenrauschens ein Tbit/s-Datensignal mit kohdrenter Sende- und
Empfangstechnologie zu {ibertragen. Zum einen eine Technik der
Phasenrauschkompensation, welche das Phasenrauschen der Kammlinien
reduziert, bevor die Daten auf die Trager moduliert werden. Hierbei wird eine
Datenrate von 1 Tbit/s iiber 75 km iibertragen. Zum anderen wird eine
Dateniibertragung von 1.6 Tbit/s liber 75 km unter Verwendung von Selbst-
homodyn-Empfang demonstriert. In diesem Fall werden die zu den
Kammlinien gehorenden Felder aufgeteilt: Ein Teil dient als Trdger des
Datenstroms, wihrend der andere Teil zusammen mit dem Datenstrom auf
orthogonalen Polarisationen zum Empfianger {iibermittelt wird. Auf der
Empféngerseite werden die nicht-modulierten Kammlinien dann als
Lokaloszillatoren mit zu den Datentragern korreliertem Phasenrauschen
verwendet.

Kapitel 5 diskutiert Dateniibertragungsexperimente, fiir die ein in einem
Mikroresonator erzeugter Frequenzkamm verwendet wird. Die eingesetzten
Materialien und Resonator-Geometrien sowie die Dynamik der
Kammerzeugung werden erldutert. Es stellt sich heraus, dass die Eigenschaften
der erzeugten Frequenzkdmme wesentlich durch das Verfahren zur Einstellung
der Parameter des Pumplasers sowie das Dispersionsprofil des
Mikroresonators beeinflussbar sind. Es werden mehrere
Dateniibertragungsexperimente ~ vorgestellt, bei denen unterschiedliche
Zustande dieser sogenannten Kerr-Kdmme verwendet wurden. Die hochste
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Datenrate von 19.7 Tbit/s konnte mit einem Solitonen-Kammzustand erreicht
und iiber 75 km Glasfaser {ibertragen werden.

Kapitel 6 fasst die wichtigsten Ergebnisse der vorliegenden Arbeit
zusammen und zieht einen Vergleich zu anderen kohérenten
Datenexperimenten, die eine Frequenzkammquelle verwenden. Dariiber hinaus
gibt das Kapitel einen Ausblick iiber Moglichkeiten, die untersuchten
Kammgquellen weiter zu verkleinern und zu verbessern.

Die im Rahmen dieser Dissertation entstandenen Ergebnisse wurden in
mehreren  wissenschaftlichen Zeitschriften publiziert und auf fiinf
internationalen Konferenzen prisentiert. Eine Auflistung aller Publikationen ist
auf Seite 167 ff. zu finden.



Preface

Global internet traffic is growing at a compound annual growth rate of 23%,
approaching one zettabyte per year by the end of 2016 [1]-[3]. Traffic in
metropolitan (metro) networks is growing twice as fast compared to long-haul
traffic and, since 2014, accounts for more than half of the total. The faster
growth is attributed to the increasingly significant role of content delivery, e.g.,
videos.

This traffic is predominantly handled by optical communication systems,
and there are several options to scale these systems to higher data rates. The
first option is to transmit more bits per symbol by using advanced modulation
formats. This comes at the price of increased complexity and higher signal-to-
noise power ratio requirements, which limit the reach of the communication
system. The second option is to increase the symbol rate, which is limited by
the bandwidth of the available electronics. The third and remaining option is to
increase the number of parallel data channels. The common approach to realize
this is to use multiple carriers at distinct frequencies. It is referred to as dense
wavelength-division multiplexing (DWDM).

State-of-the-art DWDM systems transmit at a data rate of 100 Gbit/s per
line card. Within each line card the data are modulated onto a single carrier.
Driven by the continuous growth of data traffic, the research community
searches for solutions to increase the data rate per line to 400 Gbit/s and
1 Thit/s. The most promising approach is to group multiple carriers to a so-
called super-channel and integrate them into a single line card. Within these
super-channels, spectral guard intervals between the constituting sub-channels
can be minimized. For line card manufacturers this means that the functionality
of multiple line cards needs to be integrated into one. It is hence required that
the individual components become smaller, cheaper, and more energy-
efficient. In this thesis, we investigate using frequency combs as multi-carrier
sources to replace a multitude of individual laser sources.

Optical frequency combs offer the advantage that only two parameters,
the center frequency and the free spectral range, determine the full grid of
frequencies. This removes the need for an individual frequency locking circuit
for each carrier frequency, which would be needed in an array of individual
lasers, thereby potentially reducing size and power consumption. The perfect
and stable equidistance of the comb lines can be used to minimize spectral
guard bands, as the relative drift between carrier frequencies is minimal.
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In this thesis, three novel frequency comb sources are investigated, which can
potentially be integrated into a line card, as multi-carrier generators for
communication systems. We show that each of the investigated comb sources
is capable of carrying data rates larger than 1 Tbit/s. First, gain-switched comb
sources (GSCS), which offer easy tuning of line spacing and center frequency,
are shown to be suitable for Tbit/s data transmission over several hundred
kilometers. Second, quantum-dash mode-locked laser diodes (QD-MLLD) are
tested. These sources feature a larger number of spectral lines and provide
superior compactness, but suffer from a large optical linewidth. Two ways to
overcome this limitation are demonstrated, leading to Tbit/s data transmission
over 75 km. Third, very broadband frequency combs can be generated in
nonlinear microresonators. These combs can span several telecommunication
bands and are particularly well suited for multi-Tbit/s transmission systems.

Chapter 1 gives a general introduction into DWDM transmission schemes
and the state of the art. We motivate the use of frequency comb sources for
super-channel applications and discuss the required transmitter architecture.
The comb sources investigated in this thesis will be introduced as well as the
vision of a chip-scale Tbit/s transmitter module.

Chapter 2 summarizes the physical and technical background of optical
frequency comb sources and the requirements that the comb lines need to fulfil
in order to be used as carriers for coherent data transmission. The definition of
an optical frequency comb used in this thesis will be explained and different
methods of comb generation are summarized. Based on the requirements for
high-speed data transmission, the relevant parameters of an optical frequency
comb and the corresponding characterization techniques will be discussed.

Chapter 3 is dedicated to coherent Tbit/s data transmission using a GSCS.
The comb generation technique and the experimental setup that are used to
emulate a super-channel transmitter and receiver will be introduced. Enabled
by the flexible line spacing of this comb source, several data transmission
demonstrations with various symbol rates and modulation formats will be
presented. Data rates of up to 1.9 Tbit/s could be transmitted over up to
300 km.

Chapter 4 explains the data transmission experiments performed with a
QD-MLLD. This comb source excels by its compactness but also features high
phase noise of the comb lines. Two ways to achieve coherent Tbit/s data
transmission despite the drawback of high phase noise will be discussed. First,
a feed-forward heterodyne phase noise reduction scheme can be implemented



Preface Xi

before modulating the data onto the carriers. A 1 Tbit/s data transmission over
75 km is demonstrated. Second, a self-homodyne detection scheme is
implemented. Here the field of each comb line is split: One part serves as a
carrier for the data, while the other part is transmitted to the receiver and used
as a local oscillator. If both, the data stream and the unmodulated comb part
arrive at the receiver with the same delay, their respective phase noise cancels
when detecting coherently. This allows to transmit a 1.6 Tbit/s data stream
over 75 km.

Chapter 5 discusses data transmission experiments using frequency comb
sources that are generated with microresonators. Materials and resonator
geometries as well as the comb formation dynamics will be introduced. It is
found that the properties of the generated so-called Kerr combs strongly
depend on the scheme for adjusting the parameters of the pump laser as well as
on the dispersion profile of the resonator. The results of several data
transmission experiments using different states of the Kerr comb will be
discussed. The highest data rate is achieved with a soliton comb state, where a
19.7 Thit/s data stream could be transmitted over 75 km.

Chapter 6 summarizes the main results, compares them to other comb-
based coherent data transmission experiments, and gives an outlook on the
integration potential and further improvements of the comb sources.

The work presented in this thesis is published in several journal
publications and was presented at five international conferences; see page 167
ff. for a full list of publications.






Achievements of the present work

In this thesis, novel optical frequency comb sources, which can potentially be
integrated into chip-scale Tbit/s transmitters, are investigated. For each comb
source proof-of-principle coherent data transmission experiments are
performed showing the potential for Tbit/s data transmission rates.

In the following, the main achievements presented in this thesis are
highlighted. For all stated data rates, the bit-error-ratio is within the limits of
standard forward-error correction techniques that operate with 20 % overhead.

Kerr frequency comb: Setup of a test-bench to generate and characterize
microresonator-based Kerr frequency combs. First demonstration of
coherent data transmission using microresonator-based frequency comb
generation [J4], [C23]. Iterative improvements of comb and associated
system setup [C31], [C23], [C15], [J1] lead to demonstration of data
transmission at up to 19.7 Tbit/s over 75 km [C5].

Full C and L band data transmission: Demonstration of the first comb-based
data transmission using a soliton Kerr comb, spanning the complete
conventional and long wavelength transmission bands [C5]. The
19.7 Thit/s data stream is transmitted over 75 km standard single mode
fiber.

Stabilization of Kerr comb: Concept development, implementation and testing
of a new feedback-stabilization scheme for Kerr frequency combs [J4],
[C15]. Using the power generated by four-wave mixing as a feedback
signal, the pump laser frequency could be effectively locked to a fixed
position of the resonance.

Gain-switched comb source (GSCS): Tbit/s data transmission demonstrations
using various line spacings, symbol rates, and modulation formats [J2].
Despite the limited bandwidth of the GSCS, up to 1.867 Tbit/s net
aggregate data rate is achieved after transmission over 300 km. A
maximum net spectral efficiency of 6.7 bit/s/Hz is shown requiring only
167 GHz bandwidth for a 1.1 Tbit/s super-channel.

Quantum-dash mode-locked laser diode (QD-MLLD): Design and setup of a
test-bench for QD-MLLD, which are particularly sensitive to any kind of
perturbations. Characterizations of mode-beating linewidth, optical
linewidth and relative intensity noise are used to iteratively improve the
test-bench.



xiv Achievements of the present work

Coherent data transmission with a QD-MLLD: For the first time, QD-MLLD
are used for coherent data transmission. The large phase noise of the comb
lines is reduced by using a feed-forward heterodyne phase-noise
compensation scheme. A 1 Tbit/s data stream, based on QPSK modulation,
is transmitted over a 75 km fiber span [C6]. Data transmission using
16QAM is achieved with the help of a self-homodyne system architecture.
After 75 km transmission a 1.6 Tbit/s data stream could be measured [C7].



1 Introduction

In developed countries, access to the internet has become a commodity
comparable to the supply of water or electricity. New services and
applications, as on-demand content delivery and cloud access, keep driving the
need for ever faster internet connections [1]-[3]. A saturation of this growth is
not yet in sight as shown in Fig. 1.1, with data taken from [1] and [2]. The total
annual data volume for metropolitan (metro) and long-haul networks is
expected to surpass one zettabyte by the end of 2016. This corresponds to
streaming about 2 million ultra-high definition videos simultaneously'. The
compound annual growth rate (CAGR) is expected to be 23%. Mainly driven
by video distribution, the metro sector will experience a stronger growth than
long-haul links.

Zettabyte per year Zettabyte per year

(a) 20 (b) 10.0

B Metro ’ DC-to-DC 8.6

Long-haul 8.0 B DC-to-User
15 7.1
1.3 B Within DC
5.7
1.0 6.0
1.0 0.9 4.7
0.7 . 40 | 38
os |
20 4

0.0 0.0
2014 2015 2016 2017 2018 2014 2015 2016 2017 2018

Fig. 1.1: Growth of global internet and data center traffic (DC) [1], [2]. For both cases the
expected compound annual growth rate (CAGR) is 23%. One zettabyte corresponds to 10!
bytes. (a) Internet traffic through metro and long-haul fiber networks. (b) The total data
center traffic is composed of traffic from one DC to another DC, between DC and user and
within DC.

The total data center (DC) traffic is also projected to grow with a CAGR of
23% and to reach 8.6 ZB per year in 2018. This traffic comprises inter-DC
traffic, i.e., data center interconnects (DCI), data-center-to-user traffic, and
intra-DC traffic. Despite being the smallest fraction, the first one corresponds
to the most strongly growing one with a CAGR of 29%, and the requirements
here are quite similar to metro networks. The largest amount of traffic remains
within the DC, although the share is expected to decrease slightly from 76.7%
in 2013 to 74.5% in 2018 due to the strongly growing part of the inter-DC

! A Zettabyte per year corresponds to an average of 33 Thit/s. An ultra-high definition video
stream requires 18 Mbit/s [1].



2 Chapter 1: Introduction

connections. Note that the DC-to-user traffic from Fig. 1.1(b) is also included
in the total internet data traffic shown in Fig. 1.1(a), as they share the
same network.

The options to increase the data rates of the underlying optical
communication systems are to increase the number of bits per symbol, the
symbol rate, and the number of parallel data channels per fiber. Increasing the
number of bits per symbol requires more distinct signal levels, and therefore
poses higher requirements on the electrical and electro-optical components.
Particularly the digital-to-analog (DAC) and analog-to-digital converters
(ADC) need a higher resolution [4], [5], which is difficult to achieve at high
sampling rates [6]. Furthermore, as the signal levels move closer together, the
tolerance towards noise decreases, which ultimately limits the reach of a
communication system [7]. Operation at higher symbol rates is challenging
due to bandwidth limitations of the involved components and the reduced
resolution of DAC and ADC. Additionally, the signal processing becomes
more challenging, and eventually the electro-optical components might limit
the bandwidth. Therefore, the preferred option for increasing the aggregate
data rate is to increase the number of carrier frequencies. Nowadays, data
signals from individual transceivers are multiplexed together to form a dense
wavelength division multiplexing (DWDM) transmission system. Long-haul
DWDM transmission systems are optimized for reach, which needs to be of
the order of several thousand kilometers. For metro networks and DCI,
however, cost, size and power consumption define the most important metrics,
while the links are typically not longer than a couple of hundred kilometers.

State-of-the-art commercial transceivers typically transmit 100 Gbit/s or
200 Gbit/s [4], [8]-[12]. The transceivers rely on coherent data transmission,
where data are encoded in both the amplitude and the phase of the optical
carrier. This requires using an additional laser at the receiver that is used as a
local oscillator (LO). The data are demodulated using digital signal processing
(DSP). The transceivers operate at a symbol rate between 28 GBd and 32 GBd,
use polarization-division multiplexing and a single carrier frequency. For a
100 Gbit/s, quadrature phase shift keying (QPSK) is used as modulation
format, while 16-state quadrature amplitude modulation (16QAM) is employed
for 200 Gbit/s. The first format transmits two bits per symbol, while the latter
transports four bits per symbol. These formats are often called advanced
modulation formats, and the corresponding transmitters and receivers are
introduced in Appendix A. The research community is currently searching for
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the best option to increase the data rate of the transceivers to 400 Gbit/s,
1 Tbit/s and beyond. The most promising approach is to use multiple carrier
frequencies as it removes the constraints of increasing the bandwidth of the
electrical and electro-optical components. The challenge is then to integrate the
functionality of multiple transceivers into a single module [13], [14].

Frequency combs are promising sources for such multi-wavelength
transceivers as only two parameters, the center frequency and the free spectral
range, need to be controlled to fully define the frequency grid rather than
requiring control of each individual frequency in an array of independent lasers
[15], [16]. Thus they offer a potential advantage in terms of size and power
consumption. Furthermore, the remaining uncertainty of the grid spacing is
removed, thus allowing to minimize spectral guard bands between the
channels. This allows a more efficient use of the available bandwidth.
Recently, the uncertainty of emission frequencies has been identified as the
major impeding factor for compensation of nonlinear propagation impairments
[17]-[19]. Using carriers derived from a frequency comb might therefore
facilitate using higher launch powers into the transmission fiber and hence
increase the reach of the communication system.

In the following sections, state-of-the-art technologies and standards for
DWDM data transmission are reviewed and the concept of flexgrid networks
and super-channels is introduced. Special attention is given to the optical
sources, which might be replaced by frequency combs. Necessary changes to
the system architecture are discussed and based on that, the vision of a chip-
scale Tbit/s transmitter module is introduced.

1.1 Dense wavelength division multiplexing

In this section we review existing DWDM data transmission technology and
standards. Emphasis lies on the optical sources for the DWDM data stream as
well as on integration options, size and power consumption, which are a
benchmark for the frequency comb sources that are investigated in this thesis.

1.1.1 Transmission windows and spectral grids

The operating window of DWDM systems is given by the wavelength region
of minimum loss of the transmission medium, i.e., the standard single-mode
fiber (SSMF). This minimum, as shown in Fig. 1.2, taken from [7], occurs
around the wavelength of 1550 nm. The wavelength region is divided into
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several bands as indicated in the upper part of the figure. Most commonly used
are the conventional (C) and long (L) wavelength bands since these two bands
cover the wavelength region of minimum fiber attenuation and additionally
benefit from the availability of the erbium-doped fiber amplifier (EDFA),
which works for both bands.
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Fig. 1.2: Attenuation of optical fibers over wavelength [7]. The standard single-mode fiber
(SSMF) is depicted in blue and a variant of it that is designed to remove the OH absorption
peak (Allwave) is shown in red. The minimum loss occurs near the wavelength of 1550 nm,
which is where the most commonly used C and L bands are located. These two bands
coincide with the wavelength range that erbium-doped fiber amplifiers (EDFA) can amplify
as indicated by the light blue box.

In this thesis comb sources operating in the C and L-Band are being
investigated. In these bands, the spectral grid for DWDM is standardized by
the ITU (recommendation G.694.1 [20]). The channel spacing is 12.5 GHz,
25 GHz, 50 GHz, or 100 GHz, and it is anchored to a central frequency of
193.1 THz. In commercial systems, the most commonly deployed spacing is
50 GHz. Considering the state-of-the-art data rate of 100 Gbit/s per wavelength
channel, this amounts to a spectral efficiency (SE) of 2 bit/s/Hz. As the C-band
can accommodate almost 100 wavelength channels, the total capacity in this
case reaches nearly 10 Tbit/s. Scaling to higher data rates becomes
challenging. A wavelength channel running at 400 Gbit/s would require an SE
of 8 bit/s/Hz for the given 50 GHz grid. However, this needs a high signal-to-
noise power ratio (SNR), which is only achievable over short distances [7].
The reason is that in order to increase the SNR a higher source power would be
required. However, due to fiber nonlinearities the power to be launched into
the transmission fiber must be kept below a certain threshold to avoid
nonlinear distortions of the signal.

This means that future networks should support larger channel
bandwidths to accommodate wavelength channels operating at 400 Gbit/s,
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1 Thit/s or 1.6 Tbit/s. However, network operators typically do not want to
upgrade all line cards simultaneously, and so many line cards remain that
operate at lower rates. Keeping a fixed channel spacing would hence result in a
huge waste of bandwidth. This is depicted in Fig. 1.3(a) for the case of the
most commonly used 50 GHz frequency grid.

A much more efficient use of the optical spectrum can be achieved by
adapting the network to a flex grid architecture that is defined in the 2012
revision of the G.694.1 specification and is promoted by several big companies
as Verizon [21], ADVA [22], Google [23], Infinera [14], and British Telecom
[24], amongst others. The grid is based on a 6.25 GHz granularity for the
center frequency and has slot widths of 12.5 GHz and integer multiples
thereof. As shown in Fig. 1.3(b), the flex grid architecture can accommodate
Tbit/s channels as well as other channel rates by allocating only as much
bandwidth as necessary.

(a) Fixed grid

. Unused 40 Gbit/s and
100 Gbitfs channels channel 10 Gbit/s channels
} t t t t t t } t >
50 GHz
(b) Flex grid
. . 40 Gbit/s and

Thit/s channel 100 Gbit/s channels 10 Gbit/s channels

/I\ s A \
— — f

6.25 GHz Optional guard-bands

Fig. 1.3: Comparison of spectral grids according to G.694.1. (a) Conventional fixed 50 GHz
grid commonly used in today’s fiber networks. Each 50 GHz slot might be filled with a
100 Gbit/s, 40 Gbit/s, 10 Gbit/s channel, or left unused. (b) Proposed flex grid architecture
with a center frequency granularity of 6.25 GHz and a minimum slot width of 12.5 GHz.
This architecture could transport Tbit/s channels as well as the legacy data rates without
wasting bandwidth.

In the previous paragraph, we already explained that there is a limit to the SE
that can be achieved for a certain distance. This is discussed in detail in [7].
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We therefore concluded that a higher bandwidth than the commonly used
50 GHz is required for channels operating at data rates on the order of Tbit/s.
This bandwidth can be filled up efficiently by using optical super-channels
[25], which are often discussed in conjunction with the flex grid network
architecture [14], [22]-[24]. A good overview about Tbit/s super-channels as
well as a review of experimental demonstrations data transmission can be
found in [26].

A super-channel comprises an arbitrary number of sub-channels that are
combined in a WDM scheme, and is characterized by a common routing from
its origin to its destination. Within its allocated spectral window there is no
requirement for a guard band, which would otherwise be needed to facilitate
routing of the individual channels. There are many advantages of using super-
channels. First, it allows to increase the per-channel data rate despite the
bandwidth limitations of the electronics and opto-electronic components.
Second, it allows to increase the spectral efficiency by reducing the amount of
unused bandwidth, when being combined with the aforementioned flex grid
network architecture. Third, the data rate can be changed on the fly by turning
individual sub-channels on or off depending on the current traffic demand,
which is interesting for applications in software-defined optical networks [26].

1.1.2 State of the art sources

Photonic integration is key to make multi-wavelength transceivers
economically viable. The two most prominent integration platforms are silicon
as well as III-V compounds semiconductors. A particularly challenging part is
the integration of the required multi-wavelength source. The following sections
discuss state-of-the-art sources as well as research towards multi-wavelength
sources that are not based on comb generation.

Integrable tunable laser assembly (ITLA)

For a DWDM system, the most commonly used light source is an external
cavity laser (ECL) that is specified and packaged according to the multi-source
agreement (MSA) for integrable tunable laser assemblies (ITLA)>. The MSA
defines physical dimensions, interfaces and minimum performance
requirements for the laser assembly. The dimension of the whole module,
including control electronics with pre-defined interfaces, is 74 mm x 30.5 mm

2 http://www.oiforum.com/public/documents/OIF-ITLA-MSA-01.2.pdf
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% 10.5 mm. These lasers are typically tunable over the C or the L band, feature
a fiber coupled output power of the order of 16 dBm, and offer low relative
intensity noise (RIN), <—140 dB Hz', and a linewidth <1 MHz. They are
particularly well suited for long-haul and metro transmission distances,
exploiting advanced modulation formats at high symbol rates. The power
consumption is of the order of several watts, a maximum of 6.6 W is specified
in the implementation agreement. Typically, a power consumption of 3 W is
found in the data sheets”.

With the given size and power consumption of the ITLA, it is unlikely
that several tens of these sources are combined for high-speed super-channel
data transmission. Some improvement is found by adopting the newer
implementation agreement for a micro-ITLA, which reduces the size to a
maximum of 65 mm x 20 mm X 7.5 mm with a maximum power consumption
of 5W. These sources will likely suit a first generation of Tbit/s super-
channels with a maximum of 5 to 10 sub-channels. But radically new
approaches are required to achieve a significant reduction of size and power
consumption.

Vertical cavity surface emitting lasers (VCSEL)

Compact and very efficient laser sources are the so-called vertical cavity
surface emitting lasers (VCSEL) [27], [28]. Such lasers can typically operate at
currents of the order of 20 mA, consume 40 mW of power and deliver a few
mW of optical output. Furthermore, due to the vertical emission they allow for
wafer-level testing, thereby significantly reducing cost. Single-mode devices
emitting in the C-band have been developed [29]. Recent work also shows that
VCSEL can potentially be used for coherent data transmission [30]. However,
the linewidth of 5 MHz limits their use for higher-order modulation formats.
Apart from this limitation, they are not very well suited for integrated WDM
systems: The emission frequency strongly depends on current and temperature.
A shift of hundreds of GHz per mA and tens of GHz per K means that a very
low-noise current source and a stable thermo-electric cooler (TEC) would be
required to stabilize each VCSEL to the desired grid frequency.

3 http://www.emcore.com/wp-content/uploads/EMCORE-ITLA-High-Data-Rate-
Application-Note.pdf
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Laser array on InP wafers

A good and successful example of monolithic integration of a Tbit/s super-
channel is provided by the company Infinera [31]-[33]. Starting from InP
wafers, III-V compound semiconductors are used to monolithically integrate
an array of distributed feedback (DFB) lasers with modulators, multiplexers,
amplifiers, and receivers. Infinera’s current commercial product implements 10
channels operating at 14.3 GBd using quadrature phase shift keying together
with polarization division multiplexing, and achieves a super-channel with a
net data rate of 500 Gbit/s [33]. Scaling of the photonic integrated circuit (PIC)
to 40 channels has been demonstrated [34]. However, it remains to be shown
that simultaneous operation of all the lasers and data channels is feasible: The
emission wavelength of DFB lasers suffers from the same strong temperature
and current dependence as VCSEL. The author of [35] argues that such a
number of parallel DFB lasers is not practical in view of power consumption
and cost.

The size and power consumption of a laser array can be estimated from
the values for a single laser chip as offered for example by Emcore®. The
lateral chip dimensions are 300 um by 254 pm. The specified typical operating
voltage is 1.3 V. Setting the laser current to 100 mA leads to an optical output
power of 36 mW (15.6 dBm). A laser driver® for such a device would consume
approximately 400 mW and the temperature controller® needed for wavelength
stabilization adds 1.75 W to the total power consumption. In an array of such
lasers, size and power consumption scale linearly. Additional overhead might
be needed to avoid thermal crosstalk.

Hybrid silicon 1lI-V lasers

Silicon photonics is a promising integration platform, however, silicon lacks
the ability to generate light. A hybrid integration approach using III-V material
on silicon is a possible way to circumvent this deficiency. In this case, the
optical gain is provided by the III-V material, and the silicon waveguides are
part of the laser cavity. A wafer bonding approach has been demonstrated in
[36], which allows to build a DFB laser with 3.6 MHz linewidth [37]. The
technique uses evanescent coupling between the III-V gain material and the

* http://www.emcore.com/g1033-035-1550-nm-gpon-laser-diode-chip/
3 http://www.teamwavelength.com/products/product.php?part=147&view=specs#tabs
6 http://www.maximintegrated.com/en/products/power/switching-regulators/MAX8520.html
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silicon waveguides. Alternatively, the authors of [38] use a flip-chip approach
to bond a reflective semiconductor optical amplifier onto a silicon grating
coupler in order to build a laser. The silicon waveguides become part of the
laser cavity and can incorporate different filtering options to achieve
wavelength tunability or even multi-wavelength lasers, e.g., arrayed waveguide
grating [39] and ring resonators [40]. Recently, mode-locked lasers have been
realized in such a hybrid III-V approach on silicon with a repetition rate of
4.7 GHz [41]. The optical linewidth of this comb source was investigated in
[42], where injection locking is proposed to reduce the linewidth from several
MHz down to the linewidth of the injection source. However, this scheme
increases complexity of the system, and it reduces the number of emitted comb
lines. While these are exciting fields of research, up to now, there has been no
demonstration of a multi-wavelength source with a reasonably large number of
lines, an appropriately large power per line as well as low linewidth and RIN.

1.2 Data transmission with frequency combs

Using optical frequency combs as multi-carrier sources for super-channel data
transmission has several advantages such as a reduced number of required
laser sources and wavelength locking circuits. Potentially, this reduces size and
power consumption and increases the attainable spectral efficiency leveraging
the inherently equidistant comb line spacing [15], [16]. On the other hand,
such systems require either a demultiplexer to spatially separate the comb
lines, or an array of wavelength selective modulators to facilitate modulating
each comb line individually with data.

The latter approach uses for example ring resonator modulators [43] and
is also likely to become the technology-of-choice for the first commercial
comb-based data transmission system’. This system is targeted for data center
applications, and is particularly compact and energy-efficient supporting a
reach of up to 2 km®.

This thesis investigates systems relying on demultiplexing the lines of the
comb, and individually modulating the resulting carriers. This allows the use
of advanced modulation formats in order to maximize spectral efficiency. The
corresponding system architecture will be introduced in the following section.

7 http://ranovus.com/

8 http://openopticsmsa.org/
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1.2.1 System architecture

The basic architecture for a comb-based super-channel transmitter is depicted
in Fig. 1.4. In this example the comb consists of 10 lines represented by the
colored spectrum on the left. A wavelength demultiplexer (DEMUX) separates
the comb lines spectrally such that they can be individually modulated, here
with a data rate of 100 Gbit/s. The data channels are then multiplexed (MUX)
to form the Tbit/s super-channel. Such a dense channel spacing as indicated by
the colored spectrum on the right required minimal interference from channel
crosstalk. Nyquist-WDM or orthogonal frequency-division multiplexing
(OFDM) [44] can achieve this goal.

1
1

b

f

x
2 Tbit/s WDM data
=

o
o
H
o
Y e
DEMUX

1114111

111111

Fig. 1.4: Principle of a comb-based super-channel transmitter. The comb lines are
demultiplexed, individually modulated and multiplexed to form the super-channel. A Tbit/s
data stream can for example be achieved by using 10 comb lines and modulating each with
a 100 Gbit/s signal.

There exist a variety of options to realize the DEMUX and MUX. For example
ring resonator-based add/drop filters [45], [46], echelle gratings [47], arrayed
waveguide gratings [48], or cascaded interleavers based on Mach-Zehnder
interferometers [49]. For the experiments described in this thesis the comb
lines are only dis-interleaved into even and odd carriers rather than to fully
demultiplex the comb. This is a common technique to emulate WDM systems
or super-channel transmitters in a laboratory environment requiring only one
pair of data sources and modulators.



Data transmission with frequency combs 11

1.2.2 Comb sources investigated in this thesis

Frequency combs have already shown their high potential as multi-wavelength
sources for transmitting Tbit/s data streams with high spectral efficiency [50]—
[53]. However, the comb generators that were used for these demonstrations
are too bulky and too expensive to be a realistic alternative for systems
currently being deployed. In this thesis three different comb sources are
investigated. All of them are suitable for carrying Tbit/s data streams. They
feature promising options for dense integration. This section gives a short
introduction to the operation principle of each comb source and discusses the
individual challenges that will be addressed in detail in Chapters 3 to 5.

In Fig. 1.5, the basic setup for each of the three comb sources can be seen:
The gain-switched comb source (GSCS), the mode-locked laser diode
(MLLD), and the Kerr comb.

(a) GSCS (b) MLLD (c) Kerr comb

syn Slave

®- @
= > >

Master circ Qdash ECL EDFA p-Res

Fig. 1.5: Investigated comb sources. (a) The so-called gain-switched comb source (GSCS)
consists of a slave laser that is being modulated by a synthesizer (syn) thereby generating
comb lines with a spacing that corresponds to the modulating frequency. The master laser
injects light into the slave cavity via a circulator (circ) to improve linewidth and relative
intensity noise of the comb lines. (b) The mode-locked laser diode (MLLD) is a Fabry-
Perot-type laser with a gain material that comprises quantum-dashes (Qdash) in the gain
material. Multiple longitudinal modes oscillate simultaneously, thus forming a frequency
comb. Mode-locking occurs via third-order optical nonlinear interaction inside the cavity.
(c) The so-called Kerr comb is generated by cascaded four-wave mixing processes induced
by strong pumping of a highly-nonlinear microresonator (u-Res).

Gain-switched comb source

The GSCS, Fig. 1.5(a), was developed at Dublin City University and is
currently being commercialized by the start-up company Pilot Photonics. It
comprises a synthesizer (syn) that modulates the current of a slave laser,
thereby generating short pulses with a repetition rate corresponding to the
modulation frequency [54]-[56]. The master laser injects light into the slave
cavity, which correlates the phase of the slave laser oscillation between the
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individual pulses [57]. Thus the corresponding spectrum is a frequency comb
with comb lines that feature low linewidth and low RIN [58]-[60].

To understand the working principle of gain-switching, recall that the step
response of a laser exhibits relaxation oscillations [56]. For generating a train
of short pulses the laser is repetitively switched on for such a short time that
only the first spike of the relaxation oscillation is generated [56], [61].
However, if the pulses develop out of spontaneous emission, there is no
coherence between the pulses. Hence, they exhibit a huge time jitter, which
results in a broadband spectrum without distinguishable comb lines [58]. This
problem can be solved by injection locking. To this end, CW light from a
second laser is injected into the modulated laser [57]. The presence of the
injected photons causes stimulated emission during the pulses and establishes
coherence between the pulses. This reduces the timing jitter, and the
corresponding spectrum becomes a stable frequency comb [58].

The advantages of this comb source are the electrically tunable free
spectral range and center frequency, the spectral flatness, and the stable
operation. However, the 3 dB bandwidth of the comb is only about 200 GHz
and thus a very high spectral efficiency is required to use these sources for
Tbit/s data transmission. In Chapter 3 it is shown that GSCS are indeed suited
as carrier for Tbit/s data streams [J2]. A maximum of 1.87 Tbit/s was
transmitted over up to 300 km. The spectral efficiency in this case amounts to
6.2 bit/s/Hz.

Mode-locked laser diode

The MLLD [62], [63], Fig. 1.5(b), consists of a single laser chip. For operation
it suffices to apply a direct current, to employ a temperature controller, and to
use a proper chip-to-fiber coupling. The laser is a Fabry-Perot type with
cleaved facets acting as front and back-side mirrors. The inhomogeneously
broadened gain spectrum provided by the quantum-dash (Qdash) gain material
allows multiple longitudinal modes to oscillate simultaneously. Mode-locking
that can be observed for selected operating points, is attributed to third-order
optical nonlinear interactions inside the cavity [63]-[65]. The laser chips are
developed, designed, and fabricated at III-V Lab and at the Centre National de
la Recherche Scientifique (CNRS) at Marcoussis, France.

The advantages of this comb source are its superior compactness, low
power consumption, and broad comb spectrum with a 3 dB bandwidth of about
1.6 THz. However, the comb lines suffer from large phase noise that is
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prohibitive for advanced modulation formats, which, however, are required for
a high spectral efficiency. Chapter 4 discusses the operation and
characterization of the lasers and presents two options for transmitting a Tbit/s
data stream despite the phase noise issue [C6], [C7].

Phase noise compensation: A feed-forward phase noise compensation scheme
is used, in which compensating phase noise improves the quality of selected
comb lines. Transmission of a 1 Tbit/s data stream over 75 km is demonstrated
with the help of this technique [C6].

Self-homodyne architecture: This option uses a self-homodyne system
architecture. In this case the field of each comb line is split: One part serves as
a data carrier, while the other part is transmitted to the receiver and serves as a
local oscillator. If the modulated part and the unmodulated part of the comb
lines arrive at the receiver with the same delay then their respective phase
noise cancels when detecting coherently. With this technique we could
demonstrate transmission of 1.6 Tbit/s over 75 km [C7].

Kerr comb

The Kerr comb, Fig. 1.5(c), exploits cascaded four-wave mixing by strongly
pumping a highly nonlinear microresonator [66]. The details of the comb
generation dynamics and the underlying physics are introduced at the
beginning of Chapter 1 and in Appendix A. The resonators used for the data
transmission experiments as described in Chapter 5 were designed, developed,
and fabricated at Ecole Polytechnique Fédérale de Lausanne and at the Femto-
ST in Besangon. The outstanding feature of the Kerr comb is the huge
bandwidth of the generated comb that can even span a whole octave [67].
Basically, such a comb source requires nothing more than a strong CW laser
and a microresonator. However, as a rule, the resulting combs are unsuitable
for data transmission [C31] because of the formation of many overlapping sub-
combs. These sub-combs share the same line spacing &, but they can be
slightly offset from each other [68]. As a result, the complete comb spectrum
consists of densely packed multiplet lines, which leads to strong amplitude and
phase noise. There are a number of measures to improve the situation, as will
be explained in the next three paragraphs.

Primary comb: The initial comb, i.e., the comb before the sub-combs are
generated, consists of a small number of primary comb lines that are typically
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spaced by an integer multiple m of the free spectral range (FSR) of the micro-
resonator. For later reference this spacing is denoted as A. These lines are quite
robust against perturbations of the pump parameters and inherit the noise
properties of the pump laser. They are hence well suited as carriers for
coherent communications [J1] as discussed in Chapter 5.2.2. However, the
power of the lines strongly drops with spectral distance from the pump.

A -0 -matching: It has been shown in [68] that it is also possible to influence
the offset of the sub-combs by fine-tuning of the pump parameters in order to
achieve A—mod =0. This technique is referred to as A —J -matching. In this
case the comb lines can be used for coherent data transmission [J4], which is
discussed in Chapter 5.2.3. However, the drawback of this method is the
uneven spectral envelope, which is attributed to constructive and destructive
interference between the contributions of each sub-comb to an individual
comb line.

Soliton comb: Additional dispersion engineering [69], [70] along with an
advanced pumping scheme allows to generate solitons inside the
microresonator [71]. These solitons rely on a double balance between
anomalous dispersion and self-phase modulation on the one hand and between
cavity loss and pump-induced parametric gain on the other hand. Their
spectrum features a large number of comb lines with a spectral envelope that
resembles a sech’-function. Chapter 5.2.4 discusses the first coherent data
transmission experiment performed with such a soliton Kerr comb, where
19.7 Tbit/s were transmitted over 75 km [C5]. This corresponds to the highest
data rate achieved to date with a chip-scale frequency comb source.

1.2.3 The vision: Chip-scale Thit/s transmitter

In this section, the vision of a chip-scale Tbit/s transmitter module is described
using the example of a Kerr frequency comb source. The explanations and
Fig. 1.6 are taken from [J4]. Naturally, the Kerr comb source could be replaced
by the other two comb generators, which were previously introduced.

The vision of a future chip-scale Tbit/s transmitter is illustrated in
Fig. 1.6(a). A Kerr frequency comb is generated by exploiting multi-stage
four-wave mixing (FWM) in a high-Q Kerr-nonlinear microresonator pumped
with a strong continuous wave laser [66], [72]. The envisaged transmitter
consists of a multi-chip assembly, where single-mode photonic wire bonds
[73] connect the individual chips. In contrast to monolithic integration, this
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hybrid approach combines the advantages of different photonic integration
platforms: For the optical pump, III-V semiconductors can be used [31], while
the high-Q ring resonator for Kerr comb generation could be fabricated using
low-loss silicon-nitride (SiN) waveguides [74]. The optical carriers are
separated and individually modulated on a transmitter chip, where large-scale
silicon photonic integration lends itself to particularly compact and energy-
efficient MUX and DEMUX filters [75] and IQ modulators [76], [77].

(a)

wire bond
Silicon photonics

Nonlinear SiN transmitter chip

microresonator
pump laser (this work)
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Fig. 1.6: Principles of coherent Tbit/s communications with Kerr frequency combs. (a)
Artist’s view of a future chip-scale Tbit/s transmitter, leveraging a Kerr frequency comb
source. The demonstration of coherent data transmission with Kerr combs is the subject of
Chapter 1. DEMUX, de-multiplexer; VOA, variable optical attenuator; 1Q-Mod, 1Q-
modulator; MUX, multiplexer. (b) Illustration of Kerr comb formation by multi-stage
FWM. Degenerate FWM (1) converts two photons at the pump frequency to a pair of
photons that are up- and downshifted in frequency, whereas cascaded non-degenerate FWM
(2) populates the remaining resonance. (c) SEM image of an integrated high-Q SiN
microresonator. High-index-contrast SiN waveguides enable dense integration. (d)
Constellation diagrams of QPSK and 16QAM signals, where information is encoded both in
the amplitude and the phase of the optical carrier, which can be represented by the in-phase
(I, horizontal axis) and quadrature (Q, vertical axis) components of the complex electrical
field amplitude.
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Fig. 1.6(b) illustrates the basic principle of Kerr comb generation. Pump
energy is transferred to the comb lines by two processes: Degenerate FWM,
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indicated by (1) in Fig. 1.6(b), leads to the formation of two side modes by
converting two pump photons into a pair of photons that are up- and
downshifted in frequency. The magnitude of the frequency shift is determined
by the pump power and by the cavity dispersion [68]; a multitude of cascaded
non-degenerate FWM processes, indicated by (2) in Fig. 1.6(b), fully populate
the remaining resonances. Kerr comb generators can be extremely compact,
see Fig. 1.6(c), which shows a scanning electron microscope (SEM) image of a
planar integrated SiN microresonator.

To maximize the spectral efficiency, advanced modulation formats are
used that encode data both in amplitude and phase of each comb line. This is
illustrated in Fig. 1.6(d) for QPSK and 16QAM. The complex electric field of
the data signal is visualized by its in-phase (I, horizontal axis) and quadrature
component (Q, vertical axis) in the complex plane. For QPSK, the I- and Q-
components can assume two distinct values, leading to four signal states
(symbols) in the complex plane. This represents an information content of two
bits per symbol. Similarly, a 16QAM symbol can assume 16 states in the
complex plane, corresponding to four bits of information per symbol. A
densely packed optical signal spectrum, as schematically depicted in the upper
right corner of Fig. 1.6(a), can be achieved by using sinc-shaped Nyquist
pulses having rectangular power spectra [44].



2 Fundamentals

The main purpose of this thesis is to investigate the use of optical frequency
combs as a multi-carrier generator for coherent data transmission applications
at Tbit/s data rates. This chapter provides background information for the
experiments that were carried out during this thesis. Section 2.1 presents the
basics of optical frequency combs. We describe the different methods to
generate frequency combs and relate them to the techniques used in this thesis
that are explained in chapter 1.2.2. Section 2.2 introduces the parameters of the
optical frequency comb that are relevant for coherent data transmission.
Fundamentals of coherent data transmission and reception will be introduced
in Appendix A.

2.1 Frequency combs
2.1.1 Definition

A frequency comb, as the term is used throughout this thesis, is a set of
narrow-band lines, equidistantly spaced over frequency as depicted in Fig. 2.1.
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Fig. 2.1: Frequency comb. A frequency comb is a set of narrow-band equidistantly spaced
lines. The frequencies are defined by two parameters, the free spectral range f, and the
offset frequency f;.

All frequencies f,, of the comb are fully determined by only two parameters,
the free spectral range f, and the offset frequency f,. The latter is the
frequency of the hypothetical zeroth comb line,

Jn=So+m-f,.. (1.1)
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For the case of optical communications the definition of frequencies for a
wavelength-division multiplexing (WDM) system is given in terms of a center
frequency, i.e., 193.1 THz [20]. For a dense WDM system the channel
spacings are multiples of 12.5 GHz with the multiplier being 1, 2, 4 or 8.

Note that certain communities only speak of a frequency comb if both f;
and f, are precisely known and controlled, which requires very broadband
combs, spanning more than an octave [78]. However, in the context of data
transmission, the term frequency comb is used for a set of a few equidistant
lines.

2.1.2 Methods of comb generation
Mode-locked lasers

Historically, optical frequency combs were developed for high precision
absolute frequency measurements. The idea behind this is to link optical
frequencies to a microwave frequency that can be precisely measured. For this
purpose, broadband frequency combs spanning more than an octave have been
developed. The line spacing of these combs is typically in the MHz range. It is
then possible to precisely measure and control f, and f,.. This can be
achieved with mode-locked lasers (MLL) and was awarded with the Nobel
prize in 2005 [79], [80]. There is a number of review papers and books
discussing the development of mode-locked lasers and giving detailed
explanations of their working principle, see for example [78], [81]-[83].

In this section, the basic working principle of a MLL will be explained
briefly with a focus on schemes that are relevant for optical data transmission.
This means that the free spectral range needs to be at least of the order of
several GHz. Furthermore, the discussion focuses on lasers emitting in the
wavelength range of the C-band according to Fig. 1.2. Additional requirements
for the frequency comb will be discussed in more detail in Section 2.2.

An MLL is a laser that emits multiple longitudinal modes, which are
locked in a way that the superposition of the fields with different equidistant
frequencies forms a train of periodic pulses in the time domain, see Fig. 2.2. In
the figure the pulsed output comprises four longitudinal modes (Field 1...4),
which constructively interfere at times corresponding to integer multiples of
the cavity round trip time z,. The spectra of the four fields and the resulting
pulse train are depicted on the right hand side. They correspond to equidistant
lines with a free spectral range (FSR) equal to 1/z, .
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Fig. 2.2: Field of a mode-locked laser (MLL) in time and frequency domain. In this
simplified example the MLL output comprises four longitudinal modes termed field 1...4 of
the MLL. At each integer multiple of the cavity round trip time z, , the time signals interfere
constructively resulting in a strong output pulse. The respective Fourier transforms are
depicted on the right hand side.

There are different techniques to achieve mode locking. One is to modulate the
cavity losses at a frequency that corresponds to the free spectral range of the
cavity. This technique is referred to as active mode locking. The generation of
pulses can be understood by considering that the modulation of the cavity
losses periodically turns the laser on and off at a rate corresponding to the
cavity round trip time. Another possibility is to use a saturable absorber or a
Kerr-lens in combination with an aperture. In both cases, the cavity losses are
modulated by the pulse itself, i.e., the pulse experiences less losses at its peak
than at its wings. This technique is referred to as passive mode locking.
Additionally, there are hybrid approaches that use a combination of a saturable
absorber and active modulation of the cavity losses.

The best performing MLL are built with large discrete components.
Hence they feature a large cavity round trip time, and the mode spacing is in
the MHz range. One way to increase the mode spacing is harmonic mode-
locking [84]. In this case, multiple pulses are circulating simultaneously in the
cavity. However, the problem of having a large size of the laser is not solved
but rather increased due to the additional arrangements needed to achieve
stable harmonic mode-locking.
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Several attempts have been made to reduce the cavity length in order to
achieve fundamental mode-locking with a mode spacing in the GHz range. In a
free-space setup using a semiconductor saturable absorption mirror (SESAM)
[85], the cavity length could be reduced down to 1.26 mm, yielding a repetition
rate of 100 GHz [86]. However, the generated frequency comb consists of very
few comb lines only. The number of comb lines can be increased by spectral
broadening as described later in this section, but the associated overhead
diminishes the advantage of having a compact comb source. Another option is
to increase the number of lines by a factor of » by time interleaving the optical
pulses from an MLL [87]. That means the pulses are split into » paths and
recombined with respective delays corresponding to 7, /n..(n—1)z,/n.
Although this can be integrated on a chip and thus adds less overhead as
compared to the spectral broadening, it suffers from a couple of drawbacks.
First this technique does not extend the bandwidth of the comb but rather adds
the lines in between the existing ones, and second it needs to be adapted
precisely to the respective comb source. This leaves little room for
fabrication tolerances.

Another compact MLL was achieved by sandwiching an erbium-doped
fiber between two single-mode fibers with high-reflectivity (HR) coatings on
their facets and a carbon nanotube based saturable absorber on one of these HR
coatings [88]. The authors demonstrate a free spectral range of up to
19.45 GHz with this approach. However, it remains unclear whether this comb
features the stability and low-noise behavior necessary for data transmission.

The most promising option to reduce the size of an MLL is to use
integrated photonic circuits. Monolithically integrated MLL using III-V
semiconductors [89], [90] have been investigated as well as hybrid approaches
where a III-V gain material is combined with silicon-on-insulator waveguides
[91]. The compact size of monolithically integrated MLL makes them
interesting for the envisaged multi-Tbit/s transmitter introduced in Section
1.2.3. As mentioned in Section 1.2.2 we investigate in chapter 1, a particularly
interesting implementation of an integrated MLL, the quantum-dash mode-
locked laser diode (MLLD) [62], [63].

Modulator-based approaches

Frequency combs with exceptional flexibility in terms of center frequency and
free spectral range can be generated by sinusoidal modulation of a continuous
wave (CW) laser. The frequency of the CW laser determines the center
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frequency of the comb, and the frequency of the sinusoid determines the free
spectral range. A summary of different approaches for modulator-based comb
generation is given in [92]. Modulator-based comb sources offer the possibility
to shape the spectral envelope of the comb to achieve a flat-top spectrum. This
has been demonstrated with a phase modulator driven by two sinusoidal tones
[93], with cascaded amplitude and phase modulation [94], with dual-drive
Mach-Zehnder modulators [95], [96], with an in-phase quadrature phase (IQ)
modulator [97], and with cascaded phase modulators [15]. However, as the
voltage U, that is required to achieve a m phase shift, of conventional
modulators is quite large, this scheme needs very high-power electrical drivers.
This drawback can be mitigated to some extent by using integrated modulators,
e.g., InP [98], [99], or silicon organic hybrid modulators [J5]. The latter
approach is demonstrated to be suitable for data transmission at Tbit/s rates. In
Chapter 6.1 it is compared to the other comb generation techniques
investigated in Chapters 1 to 1.

As introduced in Section 1.2.2 it is also possible to directly modulate the
current of a laser [54]-[56]. The properties of these combs can be greatly
improved by injection locking [58], [59], [100]. In Chapter 1 we discuss the
use of these so-called gain-switched comb sources (GSCS) for Tbit/s coherent
optical data links [J2].

Modulator-based comb sources typically deliver a few comb lines only. In
order to increase the number of lines, it is possible to cascade multiple
modulators [101], [102]. Alternatively, the modulator can be put into a loop.
This technique is referred to as a recirculating frequency shifter (RFS). In
[103], an IQ modulator, driven as frequency shifter, i.e., operating as a single
side-band modulator driven by a sine wave, was placed in a loop together with
a filter and a Raman amplifier to generate 50 lines spaced by 12.5 GHz within
a flatness of 2.5 dB. Even more lines were generated with cascaded phase
modulators in an RFS. In [104] an RFS was used to generate 113 lines within a
5 dB flatness and with an FSR of 25 GHz. An integrated version of an RFS-
based comb generator was shown in [105] using the InP platform, achieving 6
lines with 5 dB flatness and with 10 GHz spacing.

As a summary for modulator-based comb generation, it can be stated that
there is a trade-off between the number of lines, flatness, and the setup’s
complexity. A further disadvantage is the need for power-hungry high
frequency electronics. However, it is the most flexible approach in terms of
freely adjustable center frequency and FSR. Furthermore, it is a stable and
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easy-to-use comb source, delivering high-quality carriers that are very well
suited for data transmission applications.

Comb generation based on third-order optical nonlinearity

In this section the possibilities of generating frequency combs using third-order
optical nonlinear interactions will be discussed. In this context new frequencies
are generated via self-phase modulation (SPM), cross-phase modulation
(XPM) and four-wave mixing (FWM). For details on the underlying physics,
the interested reader is referred to [106]-[108].

Parametric techniques are generally used to create very broadband
frequency combs. Launching two lines that are offset in frequency into a
highly nonlinear fiber (HNLF) can induce strong nonlinear effects creating a
multitude of new lines spaced by the offset of the initial two lines. This
requires high launch powers and a careful engineering of the chromatic
dispersion of the HNLF. It is also crucial that the initial lines are phase locked,
as uncorrelated phase noise multiplies towards the outer spectral lines [109].
For this purpose a frequency comb with only a few lines can be generated
using, e.g., a modulator-based technique. From this comb, two lines can be
used for injection locking two separate lasers, which provides a phase sensitive
amplification to generate two phase-locked high power tones to be launched
into the HNLF. It is also possible to directly use the few-line comb as seed for
the nonlinear broadening. By carefully arranging multiple nonlinear mixing
and regenerative stages for pulse shaping, a comb with more than 1500
coherent lines within 2 dB spectral flatness and a spacing of 10 GHz can
be generated [110].

Such spectral broadening techniques have also been used to increase the
bandwidth of MLL. For example in [111], a 50 GHz MLL is broadened in a
HNLF. Using a dynamic gain equalizer the broadened comb is flattened to
exhibit 37 lines within 3.5 dB flatness. The spectral flatness is limited by the
modulations in the comb’s center, which are typical for spectra broadened by
SPM. A different way to overcome these modulations is to spectrally slice the
original comb lines at the center of the broadened spectrum [112]. Here a total
of 325 comb lines is generated and spectrally flattened.

Kerr frequency combs as introduced in Section 1.2.2 exploit nonlinear
effects in a microresonator [66] and provide a path towards a hybrid
integration of such broadband frequency combs, Fig. 1.6. The application of
such combs for data transmission is discussed in detail in Chapter 1.
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2.2 Comb parameters, requirements
and measurement

Using frequency combs for data transmission poses unique requirements on the
parameters of the comb such as line spacing, power per line as well as intensity
and phase noise of the comb lines. In this section, these properties and
associated characterization techniques are explained. We discuss how each of
the parameters might limit the data rate that can be obtained with a given
comb source.

2.2.1 Free spectral range, power and intensity noise

The best starting point to characterize a frequency comb is to measure its
spectrum using an optical spectrum analyzer (OSA). Fig. 2.3 shows a sketch of
such a spectrum and illustrates the characteristics that can be extracted from
such a measurement. These are line spacing or FSR, power of each comb line,
flatness (variation of line power for a certain number of comb lines), and
optical carrier-to-noise power ratio (OCNR). The FSR directly gives an upper
limit to the symbol rate with which each line can be modulated, while power
and OCNR constrain the choice of modulation formats.
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Fig. 2.3: Sketch of a spectrum illustrating the main characteristics of a frequency comb:
Comb flatness (variation of line power) for a certain line number, free spectral range (FSR),
and optical carrier-to-noise power ratio (OCNR) for the given resolution bandwidth (RBW).

Free spectral range

For data transmission with frequency combs, an FSR in the range between
10 GHz and 100 GHz is desirable. Higher FSR have the advantage that the
comb lines can be separated with available DEMUX filters, which is required
for the system architecture introduced in Section 1.2.1. However, for too large
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an FSR, the advantage of using a comb source compared to employing
individual lasers diminishes because only very large symbol rates would lead
to a high spectral efficiency. On the other hand, for lower FSR it becomes
increasingly difficult to separate the comb lines for individual data modulation.
In addition, the number of comb lines required to achieve a reasonably high
data rate becomes large, and so does the number of data sources and
modulators. However, by choosing an FSR in the lower part of the given
range, highest spectral efficiency can be achieved with a moderate symbol rate.

The possibility to tune the FSR should also be considered. Of course,
each comb source could be engineered to match a certain frequency grid.
However, many techniques to generate frequency combs offer only a limited
range for changing the FSR during operation. The tuning range might even be
too small to compensate for fabrication tolerances. Therefore a tunable FSR, as
offered by the modulator-based approaches, see Section 2.1.2, opens up many
opportunities. First, a tunable FSR relaxes the tolerance on the pass-bands of
the DEMUX filter. Second, a tunable FSR reduces development and
production cost as only one comb source needs to be developed rather than
having to adapt the comb source for each FSR individually. Third, a second
comb could be tuned to match the first one for providing all the LO tones at
the receiver.

Power and OCNR

The power and noise of the comb lines typically vary across the spectrum, see
Fig. 2.3. This has some important consequences for using a comb source in
data transmission. In the following paragraphs, we discuss the effects of
having a low power per comb line and a non-flat spectral envelope. We
describe the measurement of the OCNR, and we introduce a minimum OCNR
that a comb line must have in order to be useful for data transmission. The
OCNR metric does not consider phase noise, which is treated separately
in Section 2.2.2.

A high Tx power is required to overcome the limiting receiver sensitivity.
Hence, the lower power a comb line has, the more amplification it requires,
thereby adding a larger amount of amplified spontaneous emission (ASE) and
degrading the OCNR. Comb lines with too little power are useless for data
transmission. The power per comb line is limited by the technology used for
comb generation, and by the optical components following the comb source,
e.g., the DEMUX filter.
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The lower limit for the power per comb line is evaluated in each experiment
individually. It depends on many system parameters as modulation format,
power budget including margins, distance to and sensitivity of the receiver.
This thesis searches for the highest possible data rate for any given comb
source. To this end the largest possible amount of comb lines is used, and for
each of them the modulation format with highest possible spectral efficiency is
chosen. The transmitted distance in each case is at least 75 km.

For a comparable performance of all WDM data channels, an equalization
(flattening) of the comb line powers is required, which is done by attenuating
the stronger comb lines to the power level of the weakest one. Of course, the
weakest one still needs to be strong enough to support the desired modulation
format and reach. The loss induced by the flattening needs to be compensated
by a subsequent amplification. Therefore, the flatness of the comb’s spectral
envelope is a very important metric. Many combs also feature significant
power in their spectral wings, where the individual comb lines are too weak to
be used for data transmission. These lines are suppressed by the equalizer to
prevent saturation of the subsequent amplifiers. From an efficiency point of
view this power is lost and degrades the wall-plug efficiency of the comb
source. It would be therefore desirable that the comb’s spectral envelope
resembles a rectangle. In our experiments a programmable filter is used for
equalization. The filter profile is adapted for each experiment individually as
explained in the respective sections.

The OCNR relates the power P, of the comb line with index m to the
noise power Py, at the frequency of the comb line where the measured noise
power is normalized to an arbitrary reference bandwidth B, . A reasonably
good estimate of the OCNR can be obtained from the measured optical
spectrum. To this end, the carrier power P, is measured in a bandwidth larger
than the carrier linewidth, and the noise power Py, at the carrier frequency is
estimated by interpolating the measured noise power spectral density SN in
the middle between the carrier and the neighboring comb lines, see blue circles
in Fig. 2.3. For comparing the measured OCNR values among different combs,
the noise power, as measured in a bandwidth Bggy, , is normalized to B, . In
this work, instead of defining B

o » We use the optical carrier-to-noise-density
power ratio (OCNyR).

OCNOR:Si (1.2)

N
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An OCNgR value of 125 dB Hz corresponds to an OCNR of approximately
24 dB when taking the noise power within a reference bandwidth of 0.1 nm at
a center wavelength of about 1.5 um as done, e. g., in [112], [113]. Note that
some authors also use the term optical signal-to-noise power ratio (OSNR)
synonymous to OCNR even if there is an unmodulated carrier only rather than
a data signal.

Throughout this thesis we distinguish between the OSNR,;, where the
measured noise power is normalized to an arbitrary reference bandwidth B,
and the OSNR, which relates the signal power in the optical signal bandwidth
B,, to the noise power in the same bandwidth. The relation between OSNR
and OSNR¢is [7], [114], [115]

OSNR = %OSNRM. (1.3)

PBy

It is common to choose A, =0.1nm, which corresponds to B, =12.5GHz at
a central wavelength of about 1.5 pum. For a single-polarization signal p=1
holds, while p =2 is valid for a polarization-multiplexed signal.

For finding a lower limit for the OCNR of the comb lines, the OSNR
requirements for QPSK and 16QAM are discussed in the following. Fig. 2.4
shows BER versus OSNR for the two modulation formats, calculated
according to [116]. Note that the formula given in [116] uses the electrical
SNR per bit, which is converted to the electrical SNR assuming “uncoded
data”, i.e., without adding redundancy to the information bits [7]. We further
assume that the electrical SNR is equal to the OSNR. This is true for optically
amplified links if the dominating noise at the receiver is due to signal-
spontaneous beat noise, and if the bandwidth of the optical noise filter is twice
as large as the electrical receiver bandwidth [117].
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Fig. 2.4: Bit error ratio (BER) vs. optical signal-to-noise power ratio (OSNR) for quadrature
phase shift keying (QPSK) and 16-state quadrature amplitude modulation (16QAM).

In order to reach a BER below 107>, a minimum OSNR of 9.8 dB and 16.5 dB
is required for QPSK and 16QAM, respectively. For a polarization-
multiplexed sinc-shaped signal with a symbol rate of R =18GBd, i.e.,
B, =18 GHz, this corresponds to a minimum OSNRof 11.4 dB and 18.1 dB,
respectively. A lower limit for the OCNGR can be given by choosing
B,.; =1Hz. This leads to a minimum OCNyR of 112.4 dB Hz required for
QPSK, and 119.1 dB Hz needed for I6QAM in order to achieve a BER below
107>, According to the discussion in Appendix C.2 the OCN,R-limits can be
converted to limits for the relative intensity noise (RIN). Normalized to a
bandwidth B=1Hz, the limits are —109.4dBHz" and —116.1dBHz™" for
QPSK and 16QAM, respectively.

2.2.2 Linewidth

Phase noise determines the linewidth of an oscillator, as amplitude noise is
reduced by the oscillators inherent amplitude control mechanism, see
discussion in Appendix C.1. For coherent data transmission, the phase
uncertainty of the carrier as well as of the local oscillator translate to an
uncertainty of the azimuthal position of the measured symbols in the
constellation diagram. Since the impact of phase noise is determined by the
phase noise accumulated over the symbol duration, the linewidth requirements
decrease with the symbol rate.

The tolerance towards phase noise depends on the modulation format and
on the phase recovery algorithms that are implemented at the receiver digital
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signal processing [12]. A collection of literature values for the required product
of linewidth and symbol duration is given in Table 2-1. These values are
evaluated at an SNR penalty of 1dB at a given pre-FEC BER of 107°.
Multiplying the respective number with the targeted symbol rate gives the
minimum required combined linewidth of carrier and LO. For example, with a
symbol rate of 18 GBd, the linewidth requirements according to [118] are
4.7 MHz for QPSK and 1.1 MHz for 16QAM, respectively.

Table 2-1: Minimum required product of linewidth times symbol duration for QPSK and
16QAM for an SNR penalty of 1 dB at a given pre-FEC BER of 1073,

QPSK 16QAM  Reference
2.6x107*  6.0x107° [118]
4.1x107%  1.4x10™*  [119]
2.7x107%  29x107°  [120]

There are multiple options to measure the linewidth of comb lines. The easiest
one would be to do a direct spectroscopy. However, even the highest resolution
optical spectrum analyzers that are currently available can only resolve a
linewidth of several tens of MHz. For a better resolution, the comb lines need
to be down-converted and measured with an electrical spectrum analyzer. This
can be done with a laser that has a significantly smaller linewidth than the
comb line under investigation, see Section 4.2.3 or [121] for more detailed
information about this measurement technique. The other option is to use the
comb line itself for down-conversion. In this so-called self-heterodyne
technique [122] the comb line is mixed with a frequency-shifted and de-
correlated version of itself. The frequency shift allows using an electrical
spectrum analyzer at an intermediate frequency larger than zero. The line as
measured in the electrical domain is twice as broad as the original optical
comb line.
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a gain-switched comb source

The contents of this chapter correspond to publication [J2], except for section 5
of [J2], which has been extended and is located in Chapter 1. A part of the
results were presented at a scientific conference [C13].
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Tbit/s super-channels are likely to become the standard for next-generation
optical networks and optical interconnects. A particularly promising approach
exploits optical frequency combs for super-channel generation. We show that
injection locking of a gain-switched laser diode can be used to generate
frequency combs that are particularly well suited for Tbit/s super-channel
transmission. This approach stands out due to its extraordinary stability and
flexibility in tuning both center wavelength and line spacing. We perform a
series of transmission experiments using different comb line spacings and
modulation formats. Using 9 comb lines and 16QAM signaling, an aggregate
line rate (net data rate) of 1.296 Tbit/s (1.109 Thit/s) is achieved for
transmission over 150 km of standard single mode fiber (SSMF) using a
bandwidth of 166.5 GHz, which corresponds to a (net) spectral efficiency of
7.8 bit/s/Hz (6.7 bit/s/Hz). The line rate (net data rate) can be boosted to
2.112 Tbit/s (1.867 Tbit/s) for transmission over 300 km of SSMF by using a
bandwidth of 300 GHz and QPSK modulation on the weaker carriers. For the
reported net data rates and spectral efficiencies, we assume a variable overhead
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of either 7 % or 20 % for forward-error correction depending on the individual
sub-channel quality after fiber transmission.

3.1 Introduction

Interfaces operating at 400 Gbit/s or 1 Tbit/s are foreseen as the next standards
after 100 Gbit/s Ethernet [11], [35], [123]. In this context, optical super-
channels are promising candidates, combining a multitude of sub-channels in a
wavelength-division multiplexing (WDM) scheme, while each sub-channel
operates at a moderate symbol rate that complies with currently available
CMOS driver circuitry. Typically the super-channels use spectrally efficient
advanced modulation formats such as quadrature phase shift keying (QPSK) or
16-state quadrature amplitude modulation (QAM) in combination with
advanced multiplexing schemes such as orthogonal frequency-division
multiplexing (OFDM) [50], [51], [124] or Nyquist-WDM [44], [52], [125],
[126]. The performance of these transmission schemes depends heavily on the
properties of the optical source, in particular on the number of lines, the power
per line, the optical carrier-to-noise power ratio (OCNR), the optical linewidth,
and on the relative intensity noise (RIN). In addition, tunability of emission
wavelength and line spacing are important features providing flexibility of the
transmission scheme. Tbit/s super-channel transmission has been demonstrated
before, using different approaches for realizing the optical source. These
approaches include ensembles of independent lasers [127], [128], single-laser
concepts with sidebands generated by external modulation [J5], [129] or by
Kerr comb generation in optically nonlinear high-Q microresonators [J4], and
fiber-based spectral broadening [50], [52], [53], [113], [130]. Arrays of
independent lasers offer flexibility and do not require filters for spectrally
separating the comb lines. However, the achievable spectral efficiency (SE) is
limited by the drift of the individual emission wavelengths and the associated
guard bands. For modulator-based comb sources, the number of comb lines is
generally limited by the achievable modulation depth [J5] unless complex
arrangements of cascaded modulators with synchronized driving signals are
used [129], [131]. Moreover, if large numbers of lines are to be generated, the
power of the comb lines is limited by the power handling capacity and by the
insertion loss of the modulator. Kerr comb sources can provide a large
numbers of lines, but require sophisticated pumping schemes and the line
spacing is inherently tied to the free spectral range of the underlying resonator.
Broadband frequency combs for Tbit/s super-channels can also be generated
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by solid-state mode-locked lasers in combination with highly nonlinear fibers
[50], [52], [112], or multi-stage parametric mixers [53], [113], [130]. However,
both approaches require strong optical pumps and large interaction lengths in
delicately arranged sequences of specialized optical fibers. Integration density
is hence limited. While this might be acceptable when considering the ultra-
high data rates achieved with these sources — several tens of Tbit/s — the
associated higher power consumption is not very well suited for point-to-point
links that require only a limited number of comb lines (order of 10) to form a
Tbit/s super-channel.

In this work we demonstrate that gain-switched comb sources (GSCS)
[58] can be used as an alternative approach to generate Tbit/s super-channels.
These devices exploit injection locking of a gain-switched laser diode and
feature both an electrically tunable free spectral range [100] and an electrically
tunable center wavelength [59], good spectral flatness, high OCNR, low RIN
and low optical linewidth. In Refs [132], [133] such a comb source has been
used to transmit several channels operating at 10 Gbit/s and 40 Gbit/s,
respectively, in a passive optical network (PON) with coherent detection. The
spectral efficiency in these experiments amounted to 1 bit/s/Hz and 2 bit/s/Hz,
respectively. Here we demonstrate six distinct Tbit/s super-channel
experiments using polarization division multiplexed (PDM) QPSK and
16QAM in combination with Nyquist pulse shaping for efficient use of the
available bandwidth. Transmission over various distances of standard single-
mode fiber (SSMF) has been tested. We achieve an aggregate line rate (net
data rate) of 1.296 Thit/s (1.109 Thbit/s) after transmission over 150 km of
SSMF in a bandwidth of 166.5 GHz [C13]. This corresponds to a (net) spectral
efficiency of 7.8 bit/s/Hz (6.7 bit/s/Hz). When combining 16QAM on strong
carriers and QPSK modulation on the weaker carriers, the line rate (net data
rate) can be boosted to 2.112 Tbit/s (1.867 Tbit/s) and transmitted over 300 km
using a bandwidth of 300 GHz.

3.2 The gain-switched comb source

Fig. 3.1(a) shows the experimental setup of the GSCS. Gain switching is
achieved by driving a distributed feedback (DFB) slave laser diode with a large
sinusoidal signal (24 dBm) at a frequency that corresponds to the desired line
spacing, in combination with a DC bias current of approximately four times
the threshold current (/, ~12.5mA). Additionally, a master laser (Agilent
N7711A) injects continuous-wave light into the slave laser via a polarization
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controller (PC) and an optical circulator. The master laser establishes
coherence between subsequent pulses and transfers its characteristically low
optical linewidth (80 kHz) to the individual modes of the comb [58], [59], and
reduces the RIN of the comb modes [60]. The comb’s center wavelength can
be tuned by simultaneously adjusting the emission wavelength of the master
laser and the temperature of the DFB slave. The polarization controller is used
to align the polarization state of the injected light with that of the slave laser
mode. By carefully selecting the wavelength detuning and the injected power,
long-term (during several days) operational stability of the GSCS can be
achieved without automated feedback control or manual adjustment of
detuning and polarization. In our experiments, the injection power is set to
approximately 7 dBm, and the slave laser is temperature-controlled at 25 °C.
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Fig. 3.1: Setup and spectra of GSCS. (a) Setup schematic of the GSCS. A frequency comb
is generated by gain switching of the DFB slave laser. The line spacing is determined by the
frequency of the RF drive signal. By injecting light from the master laser to the slave laser
via a circulator, the low linewidth and RIN of the master laser are transferred to the comb
lines. (b-d) Comb spectra (blue, left axis) measured at position “Comb output” with a line
spacing of (b) 20 GHz, (c) 18.5 GHz, and (d) 12.5 GHz (RBW 20 MHz) and optical carrier-
to-noise-density power ratio (OCNgR — black, right axis) for the comb lines used for the
data transmission experiments.

We investigate the GSCS with three different line spacings, 20 GHz, 18.5 GHz
and 12.5 GHz, by appropriately changing the frequency of the RF synthesizer.
The respective GSCS spectra are depicted in Fig. 3.1(b)—(d) on the left-hand
axis (blue). The power levels correspond to the actual power of the comb
measured at position “Comb output” in Fig. 3.1(a). The total power in all three
cases amounts to +3.5 dBm. On the right-hand axis of Fig. 3.1(b)—(d) we
depict the optical carrier-to-noise-density power ratio (OCNgR) of the comb



The gain-switched comb source 33

lines that are used for the data transmission experiments. The OCNgR is
defined by the ratio of the power of the unmodulated carrier to the underlying
noise power in a bandwidth of 1 Hz. Note that some authors use a reference
bandwidth of 0.1 nm for evaluating the noise power. An OCN R value of
125 dB Hz corresponds to an OCNR (by some authors named OSNR) of
approximately 24 dB, when measuring the noise in a reference bandwidth of
0.1 nm as done, e. g., in [112], [113]. The origin of the noise floor in the GSCS
spectra is discussed in [134], where the trade-off between flatness and high-
frequency FM noise was elaborated. Here, we concentrate on “flat combs”
[134], accepting the noise penalty in favor of a higher number of sub-channels
and hence higher aggregate data rates.

Note that the optical bandwidth of all three combs in Fig. 3.1(b)—(d) is the
same. The bandwidth is dictated by the intrinsic dynamics of photons and
electrons within the slave laser. Choosing a smaller line spacing will yield a
larger number of lines. With respect to the possible number and the power of
lines, the GSCS competes with frequency combs generated with a single
electro-optic modulator. The main advantage of the GSCS is its inherent
stability without any bias control. Even the polarization of the master laser is
uncritical once it is set, because a slight polarization change results in a minor
reduction of the locking range only. The temperature control of the master
laser would be required anyway for the laser in a modulator-based comb
generator. Note that the current setup for comb generation comprises discrete
components. Further cost and complexity reduction as well as a stability
improvement can be obtained by a monolithic integration of master and slave
lasers [135]. For an integrated GSCS, the total power consumption can be
estimated to be approximately 10 W, see Table 3-1. The total optical output
power then amounts to typically 3.5 dBm for the entire comb. For some
applications, the output power needs to be boosted to values of 10 — 17 dBm
per line. This can be achieved by appropriate amplifier stages adding at most
10 W to the total power consumption.
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Table 3-1: Power consumption estimation for a GSCS using integrated components

Component Estimated power consumption
Two-channel laser driver 0.7 W*

Temperature controllers 2x1.75 W’

RF source 1.3 W*

RF amplifier 45W?

“http://www.teamwavelength.com/products/product.php?part=147&view=specs#tabs
assuming both lasers are operated at 80 mA.
Phttp://www.maximintegrated.com/en/products/power/switching-regulators/MA X8520.html
“https://www hittite.com/products/view.html/view/HMC807LP6CE
dhttp://www.shf.de/wp-content/uploads/datasheets/datasheet shf 100bp.pdf

3.3 Super-channel generation and characterization

For a given line spacing, super-channel capacity is dictated by two parameters:
First, the number of carriers that can be derived from the comb source, which
defines the number of sub-channels, and second, the power levels and OCNR
of the respective carriers that determine the modulation formats to be used on
each sub-channel provided that the carrier linewidth is sufficiently low. For a
more detailed discussion, see Section 2.2. As a matter of fact, the comb line
power is highest in the center of the GSCS spectrum and decreases towards the
periphery. In practical transmission systems, however, equal power
distribution among all involved sub-channels is desired. This requires
attenuation of the center comb lines relative to the power of the outer ones, and
subsequent amplification to overcome insertion and modulation losses of the
transmitter. The associated amplified spontaneous emission (ASE) noise limits
the performance of the entire super-channel and is hence a crucial parameter
when designing comb-based transmission systems. In the following
experiments, we seek to maximize super-channel performance for a given
transmission system, and to investigate the trade-off between spectral
efficiency and transmission reach for the case of the GSCS.

The experimental setup to emulate a super-channel transmitter (Tx) and
receiver (Rx) is depicted in Fig. 3.2. We use a programmable filter (Finisar
WaveShaper) to equalize the power in the comb lines and to reject outer comb
lines that feature too little power for sufficient modulation. The comb lines are
then dis-interleaved into two sets of sub-carriers (odd and even). For the
20 GHz and 18.5 GHz line spacing, the dis-interleaving can be directly
performed by the programmable filter, while for the 12.5 GHz comb, a
commercially available interleaver (Optoplex Corp.) is used. The two sets of


http://www.teamwavelength.com/products/product.php?part=147&view=specs#tabs
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sub-carriers are amplified by two nominally identical EDFA operated in
constant output power mode set to 16 dBm. Note that the equalization of the
comb results in a reduction of the input power to these amplifiers. This limits
the flattening of the comb lines as stronger equalization requires higher
amplification afterwards, and hence more ASE noise adds to the comb lines.
While this has a negative effect on the OCNR of the carriers, it helps to ensure
comparable input power levels for the transmission EDFA and at the receiver
input, so that the various transmission experiments can be compared.
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Fig. 3.2: Schematic of the GSCS Tbit/s super-channel transmitter and coherent receiver.
The frequency comb is equalized and de-multiplexed into odd and even comb lines. The two
sets of carriers are amplified, modulated with independent, sinc-shaped Nyquist signals and
then combined in a polarization division multiplexing (PDM) scheme. Insets show the
optical spectra measured using a 0.01 nm resolution bandwidth. The super-channel is either
sent directly to the receiver or transmitted through up to four spans of 75 km standard single
mode fiber (SSMF) with an EDFA before each span. At the receiver, the desired sub-
channel is selected by a band-pass filter (BPF), amplified and coherently detected using a
narrow-linewidth laser as a local oscillator (LO). The signal is recorded and analyzed using
an optical modulation analyzer (Agilent N4391A). The presented constellation diagrams are
obtained using an ECL as a carrier, and serve as reference measurements. The phase error
that can be particularly seen in the 12 GBd constellation diagrams as well as the stronger
noise cloud for the 18 GBd measurements is attributed to our transmitter hardware.

The two sub-carrier sets are then independently modulated using an IQ
modulator driven by band-limited Nyquist pulses that are generated by a
proprietary multi-format transmitter (Nyquist-Tx) [44], [136]. Polarization
division multiplexing (PDM) is emulated by splitting the combined outputs of
the two Nyquist-Tx into two paths, which are recombined after different delays
to form two orthogonal polarization states in a SSMF. The insets show
exemplary optical spectra, RBW 0.01 nm, of the separate sub-carrier sets and
the combined Tbit/s data stream for the case of the 20 GHz comb and 18 GBd
QPSK modulation. When using the waveshaper for dis-interleaving and
flattening, we find that the crosstalk, i. e., the ratio of the power of a comb line
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at its allocated waveshaper output port and the residual power of the same
comb line at the other output port is actually a function of the attenuation
supplied to this particular comb line. We find crosstalk attenuation levels of
(19.9+4.4) dB for the QPSK and (29.1+£6.4) dB for the 16QAM experiments.
We do not observe a correlation between crosstalk attenuation and the
performance of the sub-channels, and hence conclude that our results are not
limited by crosstalk effects, This finding is in accordance to the one reported in
[137], where a SNR penalty of less than 1 dB is predicted for these levels
of crosstalk.

The super-channels were either sent directly to the Rx for back-to-back
(B2B) characterization, or transmitted over up to four spans of 75 km SSMF
with an erbium-doped fiber amplifier (EDFA) before each span. The launch
power into the transmission fibers has been set to approximately —3 dBm per
sub-channel, providing a good compromise between nonlinear signal
impairments and noise. As a local oscillator (LO) we use an external cavity
laser (ECL) specified with a linewidth less than 100 kHz. The signals were
analyzed using an optical modulation analyzer (Agilent N4391A) and with
offline processing. We perform digital brick-wall filtering, polarization
demultiplexing, dispersion compensation, and adaptive equalization before
evaluating the bit-error-ratio (BER) and the error vector magnitude (EVM,,) of
each sub-channel individually. The EVM subscript “m” indicates the
normalization of the EVM to the maximum power of the longest ideal
constellation vector.

As a performance measure of the system we test both modulation paths
individually with a narrow-linewidth ECL that is comparable to the ECL used
as local oscillator. With 18 GBd modulation we achieve an average EVM,, of
10.5 % and 9.8 % for QPSK and 16QAM, respectively, while an average
EVM,, of 8.5 % and 7.5 % is obtained for 12 GBd modulation, respectively.
The dependence of the performance on symbol rate is attributed to the limited
bandwidth of our anti-aliasing filters after digital-to-analog conversion.

Assuming that the signal is impaired by additive white Gaussian noise
only, a direct relation from the EVM,, to the BER can be established [114],
[115]. In our experiments this assumption is not perfectly fulfilled as the
constellations show a small signature of phase noise. As we see this behavior
also for the reference measurements with an ECL, see insets in Fig. 3.2, we
attribute this to our transmitter hardware rather than to the linewidth of the
optical source. Nevertheless we present our results using the EVM,, metric,
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since for the QPSK experiments we generally did not measure a high-enough
number of errors within the length of one recording. For the 16QAM
experiments we give both the EVM,, and the BER. One can see that the EVM,,
slightly overestimates the signal quality, which we attribute to the small phase
error introduced by our transmitter hardware as well as the fact that our EVM,,
measurement is non-data-aided while the relation in [114] assumes a data-
aided measurement of the EVM,,,.

Another interesting metric would be the sub-channel OSNR. However,
such an evaluation is not easily possible in our de-multiplexer setup: Due to
narrowband filtering of the individual comb lines using a passband width on
the order of 10 GHz, the filtered ASE background is strongly non-uniform, and
we can hence not any more estimate the noise power density at the carrier
wavelength from a measurement taken in the center between two carriers. We
may, however, estimate the sub-channel OSNR from the OCNyR measured at
the output of the GSCS. For the 20 GHz comb, the OCN(R is relatively
uniform and amounts to approximately 127 dB Hz, which would translate into
an OSNR of roughly 26 dB in a reference bandwidth of 0.1 nm after
modulation and back-to-back reception.

3.4 Experimental results

3.4.1 Experimental parameters and
comparison of super-channels

We investigate six different super-channel architectures that are based on three
different line spacings, 20 GHz, 18.5 GHz and 12.5 GHz, and two different
modulation formats, QPSK and 16QAM. The results of all six experiments are
summarized in Table 3-2. For each super-channel we take as many comb lines
as possible, each carrying a Nyquist-WDM sub-channel. Comb lines that were
too weak for the respective modulation format were suppressed by the
equalization filter (equalizer “Eq.” in Fig. 3.2) prior to recording the data
presented here. For the super-channels that were derived from the 20 GHz and
the 18.5 GHz comb we use a symbol rate of 18 GBd and hence obtain a sub-
channel line rate of 72 Gbit/s for PDM-QPSK modulation and 144 Gbit/s for
PDM-16QAM. A symbol rate of 12 GBd was used for the super-channels
based on the 12.5 GHz comb leading to a sub-channel line rate of 48 Gbit/s
and 96 Gbit/s for the two modulation formats employed. For all symbol rates,
the clock rate of the digital-to-analog converters (DAC) of the Nyquist-Tx was
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kept constant at 24 GHz, while the oversampling factor ¢ for generating the
sinc-shaped output pulses was adapted to ¢=4/3 for 18 GBd and ¢=2
for 12 GBd.

Table 3-2: Summary of all super-channels

Line Mod. format #of Sub-ch. Aggr. Occ. Net aggr. Net SE

spacing sub-ch. linerate linerate bandw. datarate [bit/s/Hz]

[GHZ] [Gbit/s]  [Tbit/s] [GHz] [Tbit/s] (tr. dist.)

20 PDM-QPSK 13 72 0.936 260 0.875 3.4 (300 km)
PDM-16QAM 8 144 1.152 160 1.047 6.5 (150 km)

18.5 PDM-QPSK 15 72 1.080 271.5 1.009 3.6 (300 km)
PDM-16QAM 9 144 1.296 166.5 1.109 6.7 (150 km)

12.5 PDM-QPSK 24 48 1.152 300 1.077 3.6 (300 km)
PDM-QPSK / 4/20 48/96 2.112 300 1.867 6.2 (300 km)
PDM-16QAM

In Table 3-2, the aggregate line rate is obtained by multiplication of the
number of sub-channels with the sub-channel line rate, and the bandwidth of
the super-channel is given by the product of sub-channel number with the
comb line spacing. For calculating the net aggregate data rate one needs to take
into account the overhead for forward error correction (FEC). FEC schemes
with 7 % overhead can cope with BER of up to 4.5x 107 [138], a requirement
which was fulfilled for all B2B experiments. For some transmission
experiments, this BER threshold is exceeded as discussed in the subsequent
sections. In these cases, some of the sub-channels require more advanced FEC
codes with a larger overhead of, e.g. 20 %, having a higher BER limit of, e.g.,
1.5x1072 [139]. We calculate the net aggregate data rate for each super-
channel after the longest tested transmission distance by taking into account
the respective overhead for each sub-channel individually. The net SE is then
calculated from the ratio of the net aggregate data rate and the occupied
bandwidth. In the parenthesis we indicate the actual fiber transmission distance
over which this spectral efficiency has been achieved.

3.4.2 Thit/s super-channels with an 18.5 GHz GSCS

For the highest spectral efficiency we operate the Nyquist-Tx at a symbol rate
of 18 GBd and choose a comb line spacing of 18.5 GHz, see spectrum of
Fig. 3.1(c). We select a total of 15 lines using the equalization filter and flatten
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the spectrum to the level of the weakest carrier. Fig. 3.3(a) shows the spectrum
of the super-channel using PDM-QPSK modulation with a total aggregate line
rate of 1.08 Tbit/s, measured in a resolution bandwidth of 0.01 nm. For each
sub-channel the measured EVM,,, averaged over both polarizations, is
presented in Fig. 3.3(b) for the B2B case and for transmission distances of
75 km, 150 km, 225km, and 300 km. The transmission lengths are
distinguished by different symbols, colors, and by an offset in the horizontal
direction. Note that we could not find enough errors in the recorded number of
4,500,000 bits for evaluating the BER reliably. Therefore we conclude that the
BER of all sub-channels are clearly below the threshold for second-generation
forward-error correction (FEC) with 7 % overhead, given by a BER of
4.5x107%, which corresponds to an EVM,, of 38.3 % [114]. We hence obtain a
net super-channel capacity of 1.009 Thit/s in a bandwidth of 278 GHz,
corresponding to a net spectral efficiency of 3.6 bit/s/Hz. Selected
constellations diagrams of the B2B-experiments are displayed in Fig. 3.3(c).
We compare two sub-channels, one at the border and one at the center of the
super-channel spectrum. They perform similar for both polarizations.
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Fig. 3.3: Spectra, signal quality and constellations for super-channel transmission with an
18.5 GHz comb. Left column for QPSK, right column for 16QAM. (a) Spectrum of the
super-channel derived from a 18.5 GHz comb with 18 GBd PDM-QPSK modulation (RBW
0.01 nm). The sub-channel number increases with carrier frequency. (b) Measured EVM,,
for each sub-channel and transmission over different distances. We find that all 15 sub-
channels perform better than the threshold for second-generation FEC with 7 % overhead,
yielding a total data rate of 1.009 Tbit/s transmitted over 300 km. (c) Measured constellation
diagrams for sub-channels 1 and 8 of the PDM-QPSK experiment. (d) Spectrum of the
super-channel derived from a 18.5 GHz comb with 18 GBd PDM-16QAM (RBW 0.01 nm).
(e-f) Measured EVM,,, and BER for each sub-channel and transmission over different
distances. We find that 2 (7) sub-channels perform better than the FEC threshold with
7 % (20 %) overhead, yielding a aggregate net data rate of 1.077 Tbit/s transmitted over
150 km. (g) Measured constellation diagrams for sub-channel 8 of the PDM-
16QAM experiment.
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The bandwidth requirement can be reduced by a factor of two when upgrading
the system from QPSK to 16QAM signaling. This doubles the line rate per
channel but requires a higher optical signal-to-noise power ratio (OSNR). To
this end we increase the equalization power level for flattening the comb, i. e.,
the average attenuation is decreased, which leads to carriers with a higher
power. However, only fewer comb lines contribute the required power, hence
the number of sub-channels is reduced from 15 to 9. Because a higher power
level is input to the EDFA, the amplification and the ASE contribution is
lower, leading to a larger OCNR. Additionally, the smaller attenuation results
in a reduced crosstalk of the waveshaper, see Section 3.3, third paragraph.
Spectrum, EVM,,, and measured BER are presented in Fig. 3.3(d)—(f). For short
transmission distances (B2B), the BER stays below the standard FEC limit for
7 % overhead. For a transmission distance of 150 km, seven of the nine sub-
channels exceed the BER mark for standard FEC, and implementations with
larger overhead, i. e., 20 % overhead, become necessary. The remaining two
sub-channels fall below the FEC threshold with 7 % overhead even after
transmission over 150 km. The aggregate line rate (net data rate) of this super-
channel amounts to 1.296 Tbit/s (1.109 Tbit/s), corresponding to a (net)
spectral efficiency of 7.8 bit/s/Hz (6.7 bit/s/Hz). This is among the highest
values achieved for 16QAM in Tbit/s super-channels.

In Fig. 3.3(g) we show the constellation diagram of the central sub-
channel 8 in two polarizations. Note that the smaller noise clouds as compared
to Fig. 3.3(c) (QPSK) for the same sub-channel is a direct consequence of the
higher power level of the flattened comb lines in the 16QAM case, which
yields a higher OSNR of all sub-channels.

3.4.3 Thit/s super-channels with a 20 GHz GSCS

A more robust super-channel can be generated by increasing the guard band.
To this end, we increase the line spacing of the comb to 20 GHz, see spectrum
in Fig. 3.1(b), while keeping the same symbol rate at the Nyquist-Tx. We
select again 15 comb lines, 13 of which we flatten to the same power level as
in the 18.5 GHz experiment for better comparison. The outermost carriers do
not reach this power level and hence their performance drops below that of the
inner 13 carriers. This can be seen in the spectrum as well as in the EVM,,
results for QPSK modulation, Fig. 3.4(a) and (b). Taking into account the inner
13 sub-channels, the super-channel aggregate line rate (net data rate) amounts



42 Chapter 3: Thit/s data transmission with a gain-switched comb source

to 0.936 Tbit/s (0.875 Tbit/s), with a (net) spectral efficiency of
3.6 bit/s/Hz (3.4 bit/s/Hz).

Selected constellation diagrams of the B2B-experiments are displayed in
Fig. 3.4(c). We compare two sub-channels, one at the border of the comb (sub-
channel 1, also representative for sub-channel 15), and the central sub-channel
8 (representative for sub-channels 2 to 14). Sub-channels 1 and 15 suffer from
low carrier power and therefore from a small OSNR. However, the central sub-
channels 2 to 14 have an EVM,, which is slightly better than that of the
corresponding sub-channels of the 18.5 GHz experiment. We attribute this to
the larger guard band that reduces inter-channel interference originating from
imperfect Nyquist pulse shaping.

This fact becomes even more evident when comparing the 16QAM
20 GHz comb experiment Fig. 3.4(d)—(f) with the 18.5 GHz comb experiment
in Fig. 3.3(d)—(f). We achieve 6 (2) sub-channels that are better than the 7 %
(20 %) FEC limit after 150 km of fiber transmission. The aggregate line rate
(net data rate) amounts to 1.152 Tbit/s (1.047 Tbit/s). The (net) spectral
efficiency amounts to 7.2 bit/s/Hz (6.5 bit/s/Hz). These results must be
compared to the case of the 18.5 GHz comb and illustrate the trade-off
between super-channel capacity and reach: For a comparable capacity, we used
9 sub-channels, but only 2 (7) were better than the 7 % (20 %) FEC limit after
transmission over 150 km. We conclude that transmission with the 20 GHz
comb has the larger capacity for a reach, where the channels with a FEC
overhead of 20 % would drop out.

In Fig.3.4(g) we show the constellation diagram of the central sub-
channel 8 in two polarizations. The smaller noise clouds as compared to
Fig. 3.4(c) (QPSK) for the same sub-channel follow from the higher power
level of the flattened comb, see Fig. 3.3(¢c) and (g).
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Fig. 3.4: Spectra, signal quality and constellations for super-channel transmission with a
20 GHz comb. Left column for QPSK, right column for I6QAM. (a) Spectrum of the super-
channel derived from a 20 GHz comb with 18 GBd PDM-QPSK modulation (RBW
0.01 nm). The sub-channel number increases with carrier frequency. (b) Measured EVM,,
for each sub-channel and transmission over different distances. We find that 13 sub-
channels perform better than the threshold for second-generation FEC with 7 % overhead,
yielding a total data rate of 0.875 Tbit/s transmitted over 300 km. (c) Measured constellation
diagrams for sub-channels 1 and 8 of the PDM-QPSK experiment. (d) Spectrum of the
super-channel derived from a 18.5 GHz comb with 18 GBd PDM-16QAM (RBW 0.01 nm).
(e-f) Measured EVM,,, and BER for each sub-channel and transmission over different
distances. We find that 6 (2) sub-channels perform better than the FEC threshold with 7 %
(20 %) overhead, yielding a total data rate of 1.047 Tbit/s transmitted over 150 km. (g)
Measured constellation diagrams for sub-channel § of the PDM-16QAM experiment.
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3.4.4 Thit/s super-channels with a 12.5 GHz GSCS

In a last set of experiments, we take advantage of the tunability of the GSCS
by adapting the line spacing and center frequency to the 12.5 GHz ITU-grid,
see spectrum in Fig. 3.1(d). This enables the use of a commercial fixed
interleaver to separate odd and even sub-carriers. The interleaver exhibits an
excellent extinction of the odd carriers in the path of the even carriers, and vice
versa. The programmable filter is then used for equalization only.

For the QPSK experiments, we use again the same equalization level as
for the 18.5 GHz and the 20 GHz comb while reducing the symbol rate to
12 GBd. This leads to 24 sub-channels with EVM,, values well below the 7%
FEC limit, see Fig. 3.5(a) for the super-channel spectrum and Fig. 3.5(b) for
the EVM,, results. The four outermost channels do not reach the power level
which was used for flattening, and hence drop in performance. The (net)
capacity of this super-channel is 1.152 Tbit/s (1.077 Tbit/s), and the (net)
spectral efficiency amounts to 3.8 bit/s/Hz (3.6 bit/s/Hz). Fig. 3.5(c) shows
selected constellation diagrams for the QPSK experiment in the B2B case. The
constellation diagrams represent peripheral (example: sub-channel 1) and
central sub-channels (example: sub-channel 12), respectively.

We finally boost the super-channel aggregate line rate to 2.112 Tbit/s by
increasing the equalization level and by admitting the weak outer comb lines,
too. This enables 16QAM modulation on 20 sub-channels in the center, while
4 of the outer sub-channels still enable QPSK operation below the 7% FEC
threshold, see Fig.3.5(d)—(f). The aggregate net data rate amounts to
1.867 Tbit/s with a net spectral efficiency of 6.2 bit/s/Hz for transmission over
300 km. Fig. 3.5(g) shows the PDM-16QAM constellation diagram of a central
16QAM sub-channel.

Comparing the performance of the individual sub-channels for both
super-channels with the 12.5 GHz GSCS it is possible to observe a slight
reduction of the EVM,,, and the BER with increasing sub-channel number. This
performance dependence on the sub-channel number seems to be correlated
with the variations of the OCNyR of the comb lines as shown in Fig. 3.1(d).
Note that, also the 18.5 GHz GSCS exhibits strong variations of the OCNR,
but they do not seem to be correlated with the respective EVM,,. We believe
that in contrast to operation at a symbol rate of 12 GBd, the cut-off frequency
of the anti-aliasing filters becomes effective at the present symbol rate of
18 GBd (as explained in Section 3.3 Paragraph 5), and this dominates the
OCNR-related performance degradation.
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Fig. 3.5: Spectra, signal quality and constellations for super-channel transmission with a
12.5 GHz comb. Left column for QPSK, right column for mixed QPSK/16QAM. (a)
Spectrum of the super-channel derived from a 12.5 GHz comb with 12 GBd PDM-QPSK
modulation (RBW 0.01 nm). The sub-channel number increases with carrier frequency. (b)
Measured EVM,, for each sub-channel and transmission over different distances. We find
that all 24 sub-channels perform better than the threshold for second-generation FEC,
yielding a total data rate of 1.077 Tbit/s transmitted over 300 km. (c) Constellation diagrams
for the sub-channels 1 and 12. (d) Spectrum of the super-channel derived from a 12.5 GHz
comb with 12 GBd PDM-16QAM (RBW 0.01 nm). (e-f) Measured EVM,, and BER for
12 GBd PDM-16QAM on the inner comb lines (white background) and PDM-QPSK on the
outer lines (green background), again for different propagation distances. We find that 13
(11) sub-channels (9 (11) channels using PDM-16QAM and 4 channels using PDM-QPSK)
perform better than the threshold for FEC with 7 % (20 %) overhead, yielding a total data
rate of 1.867 Tbit/s, transmitted over 300 km. (g) Measured constellation diagrams for
sub-channel 12 of the PDM-QPSK / PDM-16QAM experiment.
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3.5 Summary and conclusion

In summary, we show that GSCS are well suited for Tbit/s super-channel
generation. We investigate six different super-channel architectures with
different carrier spacings and modulation formats, and evaluate their
performance for transmission over different distances. The highest (net)
spectral efficiency, 7.8 bit/s/Hz (6.7 bit/s/Hz), is obtained for a GSCS with a
carrier spacing of 18.5 GHz and 18 GBd PDM-16QAM, transmitted over
150 km. The data capacity transmitted over 300 km of SSMF can be increased
to 1.867 Tbit/s by reducing the line spacing along with the symbol rate and by
adapting the modulation format to the OSNR performance of the
respective sub-channel.



4 Thit/s data transmission
with a quantum-dash
mode-locked laser diode

Quantum-dash mode-locked laser diodes (QD-MLLD) are interesting comb
sources because they are extremely compact and energy-efficient. They also
feature more comb lines than the GSCS discussed in the previous chapter. In
the framework of the European research program BIG PIPES’ this comb
source is investigated for data center applications. The laser chips are designed
and fabricated by III-V Lab and Laboratoire de Photonique et Nanostructures,
CNRS UPR20 in Marcoussis, France. In this chapter, the progress towards
using this comb source for coherent data transmission is discussed. Section 4.1
introduces the device structure and the optical spectrum. Section 4.2 describes
the experimental characterizations of the laser in view of its usefulness for
coherent data transmission. These characterizations reveal that the optical
linewidth of the comb lines is too large, making additional efforts necessary to
extract useful carriers from the comb source. Section 4.3 discusses two options
to deal with the large optical linewidth. One is to reduce the optical linewidth
in a feed-forward heterodyne phase noise reduction scheme, and the other one
is to employ a phase-noise tolerant self-homodyne detection scheme. Using the
first approach, transmission of 1 Tbit/s over 75 km with QPSK could be
demonstrated [C6], and the latter approach allowed for the transmission of
1.5 Thit/s over 75 km with 16QAM [C7]. The chapter is summarized and
concluded in Section 4.4.

4.1 Device structure and optical spectrum

QD-MLLD were developed over the past decade by several groups. A good
historical overview can be found in [63]. The devices used for the current work
are Fabry-Perot lasers driven with a constant current. They are sometimes also
referred to as self-pulsating lasers [140], [141] as the output signal is pulsed
despite being driven with DC. The physical origin of the pulsed output can be
understood as follows: Due to the inhomogeneously broadened gain, multiple
modes are excited simultaneously, spaced by the free-spectral range (FSR) of

° http://www.bigpipes.rwth-aachen.de/
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the laser cavity, which is defined by cleaved facets. Mode-locking is attributed
to third-order optical nonlinear interactions inside the cavity [63]-[65].

Fig. 4.1 shows a simplified schematic of the cross-section of the device.
The active region comprises several layers of InAs quantum-dashes separated
by InGaAsP barriers in a dash-in-a-barrier design embedded in a separate
confinement heterostructure. The electrical contacts are at top and bottom of

the device. More details on the device structure and fabrication process can be
found in [62].

Separate =~ 0@ p-InP
Confinement-;.-....... InAs / InP
Heterostructure .

Quantum dashes

——————————="- Bottom contact

Fig. 4.1: Schematic cross-section of a quantum-dash mode-locked laser. The active region
comprises several layers of InAs quantum dashes separated by InP barriers. It is embedded
into a separate confinement heterostructure. Electrical contacts are placed at the top and
bottom of the laser chip

A typical output spectrum of QD-MLLD with ~1 mm cavity length is depicted
in Fig. 4.2. The line spacing corresponds to 42 GHz. A number of 40 lines are
found which are flat within 3 dB. The total fiber-coupled output power
amounts to 10 dBm. It is hence conceivable that this laser could replace as
much as 40 individual lasers and their respective individual
wavelength stabilization.
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Fig. 4.2: Typical spectrum of a QD-MLLD. The laser is biased at 380 mA, the comb line

spacing corresponds to 42 GHz, and the total fiber coupled output power amounts to
10 dBm. A number of 40 comb lines are found within a flatness of 3 dB.
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4.2 Sample probing and pre-characterization

During our preliminary characterizations of the QD-MLLD we found that the
laser performance heavily depends on the operation conditions and on
environmental influences. This section discusses the major measures that were
taken in order to obtain the best comb performance for the subsequent data
transmission experiments. Furthermore, the techniques used to characterize the
mode beating linewidth, the optical linewidth and the relative intensity noise
are explained.

4.2.1 Probing station and isolation from environment

The QD-MLLD used in this work are single-section devices that do not have a
saturable absorption region, see [63] for a comparison between single-section
and two-section devices. Single-section devices are driven by a single DC
current. The probing station that was designed to test the QD-MLLD
comprises a sample holder with a rotary stage, a temperature sensor, and a
Peltier element. As the laser is quite sensitive to temperature changes, we use a
high quality temperature controller'®. The laser chip is placed on the sample
holder, and two DC probe needles are used for current injection and grounding.
A lensed fiber with a beam waist diameter of 4 um is used to couple light from
the laser into a single mode fiber. As the devices are very sensitive to optical
feedback, we use lensed fibers with an anti-reflection (AR) coating. To obtain
the best and reproducible performance, we characterize the return loss of the
lensed fibers using an optical backscatter reflectometer'' and use only fibers
with a return loss of 50 dB or more. A microscope camera helps positioning
the DC probe needles and the lensed fiber. After this alignment, the whole
probing station is covered using a Plexiglas box in order to prevent airflow,
which could cause displacement of the lensed fiber as well as temperature
variations of the laser chip, both impeding stability of the laser.

4.2.2 Radio frequency beat map

A method to determine the optimum operating point of a QD-MLLD is to
measure the radio frequency beat signal for different injection currents using
an electrical spectrum analyzer (ESA). This measurement corresponds to
detecting the entire comb spectrum with a high-speed photodetector. A signal

19 hitp://www.thorlabs.de/thorproduct.cfim?partnumber=TED200C
" hitp://lunainc.com/obr4600
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at the frequency corresponding to the FSR of the comb can be measured with
an electrical spectrum analyzer. This signal corresponds to an overlay of the
mixing product of each comb line with its respective neighbor. The result can
be visualized in a map as depicted in Fig. 4.3 showing the frequency over
current. The color-code shows the power spectral density (PSD) measured with
the ESA. It can be clearly seen that the repetition rate of the comb is not a
linear function of the current. There are several regions found, where the
linewidth of the beat signal is either broad, consisting of multiple peaks, or

small, see Fig. 4.3(b).
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Fig. 4.3: Radio frequency beat map. (a) This map shows the evolution of the beat signal
over current. For best performance the laser should be operated at a current where the
linewidth of the beat signal is narrow. (b) Exemplary beat signals corresponding to vertical
cross-sections of (a) showing from top to bottom a region with large linewidth, a region
with multiple peaks and a region with narrow linewidth.

The occurrence of multiple peaks hints to the existence of super-modes [142],
i.e. the co-existence of multiple frequency combs with slightly different line
spacing. The optimum current ranges are characterized by a single and narrow
peak, in this example the current range near 391 mA.

4.2.3 Optical linewidth

Narrow linewidth carriers are crucial for coherent data transmission as
discussed in Section 2.2.2. Published measurements of optical linewidths are
of the order of 10 MHz for comparable QD-MLLD, cf. [143], [144]. We
confirm these findings by measuring the optical linewidth of the combs using
the setup depicted in Fig. 4.4(a). A tunable external cavity laser (ECL) with a
narrow linewidth, on the order of 10 kHz, is mixed with each comb line on a
photodiode, generating a signal at the offset frequency between comb line and
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ECL. The linewidth of this signal is measured using an electrical spectrum
analyzer (ESA) and is assumed to be equal to the linewidth of the respective
comb line. This assumption is justified as the ECL linewidth is about three
orders of magnitude smaller and hence negligible in comparison to the
measured linewidth. An optical spectrum analyzer is used to monitor the
optical spectrum of the comb and the tuning of the ECL.

(b)

(a)
QD-MLLD PD ESA

Power [dBm]

Opt. Linew. [MHz]

1530 1540 1550
Wavelength [nm]

Fig. 4.4: Optical linewidth characterization. (a) Experimental setup. Each comb line of the
QD-MLLD is mixed with an external cavity laser (ECL) by a photodiode (PD). The optical
linewidth is determined by measuring the linewidth of the beat signal between comb line
and the ECL. An optical spectrum analyzer monitors the comb spectrum. (b) Resulting
measurement result.

An exemplary result is shown in Fig. 4.4(b). The plot shows the optical
spectrum, left-hand axis, and the optical linewidth, right-hand axis, for each
comb line. A minimum linewidth of 2.7 MHz is found, which increases to
above 10 MHz for the outer lines. As discussed in Section 2.2.2, such wide
optical linewidths introduce a strong penalty for coherent data transmission.

The linewidth of the comb lines is affected by several contributions [145].
First, there are phase fluctuations due to spontaneous emission. Those phase
fluctuation represent the fundamental limit, the Schawlow-Townes limit.
Second, spontaneous emission leads to amplitude noise, which in turn affects
the carrier density of the laser diode and hence the refractive index of the
cavity, which finally causes frequency noise, see also Appendix C.1. This
effect is often taken into account using a linewidth enhancement factor, see
Eq. (C.1). Third, timing jitter Az, (¢) of the intracavity pulses is responsible for
an increase of the linewidth with the mode number.

The comb field E that is composed out of 2A7 +1 modes can be
expressed using the individual comb frequencies f, = f, +m- f. (Eq. (1.1)),
their amplitudes A4,,, and their phases [145], [C3]

O ()=, + @ (£,7) + 27 f,mAT, (1) (3.1

as
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M
E= )" A,cos(2zfyt+0,(t)). (3.2)
m=—M

The first term in Eq. (3.1) is the static phase ¢,, of each comb line. The second
term in Eq. (3.1) corresponds to the increments of the phase ¢ after an
observation time

P (,7)=0(1=7) = 9(1). (3.2

The fluctuations of the phase increments belong to a stationary Gaussian
process with diffusion coefficient D and variance (Témc =D|z'| [144]. This
phase noise is common to all comb lines. The third term in Eq. (3.1) shows the
contribution to the phase due to fluctuations Az, (¢) of the round-trip time of
the intracavity pulses. As these phase fluctuations increase in proportion to m,

. . . 2 . .
the associated phase noise variances ¢, of the comb lines increase by m?
m

?
2 _ 2 2.2
O, =0p +mo, . 3.3)

In the experiments described in Section 4.3.1, @, (¢) is estimated using one
of the comb lines. Afterwards, all comb lines are phase modulated with
—@ine (¢) for phase noise compensation [146]. To estimate @y, (¢), the comb
line with index s, having the field strength E, = 4 cos(27zf,t +¢,(t)), is
selected. A balanced receiver with sensitivity § mixes this comb line with a
narrow-linewidth local ~oscillator ;o = 4, o cos(27f ot + @10 ()). The
intermediate frequency is defined as f, = f;5— f,. An electrical bandpass
filter selects the signal z(t) , which can be written as

z(t)=Sd 4 cos(27rfzt—(ps (1) +o0(1)). (3.4)

All comb lines are modulated with Z(t) using a Mach-Zehnder modulator
(MZM), operated in the linear regime. Considering the delay 74, between E
and z, the output signal Ec(t) becomes
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M
E.(t)= ;M A, cos(Z;zfm (t - Td1y)+ o, (t - rdly))

xSA A cos(27rfzt —-o,(1)+ o0 (t))

1 M
= S4dig > A, c08(27(fy, — £ )t =27 frrTa
m=—M (35)

+¢m(t_rdly)+¢s(t)_¢LO(t))
+%SASALO i A, cos(27r(fm+fz)t—27rfmrcuy
m=—M
+(r0m(t_rdly)_(/)s(t)+¢L0(t))'

It can be seen that the modulation process generates two sidebands at f, + f,,
while the original comb line is suppressed. Choosing a sufficiently small 74, ,
the phase noise is suppressed for the case f,, + 1., while the phase noise
doubles for the other case f,, — f.. The phase noise compensated lines can be
filtered and used as carriers for coherent data transmission, which is described
in Section 4.3.1. To this end an intermediate frequency of f, =8 GHz is used.
Note that alternatively it is possible to use an IQ modulator driven as a
frequency shifter to obtain only the lines with reduced phase noise. This would
remove the need for filtering the unwanted comb lines that have twice the
phase noise.

4.2.4 Relative intensity noise

Relative intensity noise (RIN) of the individual comb lines is a very important
parameter for data transmission as described in Section 2.2.1. In [147], RIN
measurements for individual comb lines of a QD-MLLD as well as for the
entire comb are compared. These measurements show that the RIN of all comb
lines together is extremely small, however, the RIN of the individual comb
lines is very high. This effect is commonly referred to as mode partition noise
[148]. Physically, it means that the modes constantly exchange energy amongst
each other.

In Section 2.2.1 we introduced the OCNR as a rough estimation of the
RIN. However, this measurement neglects the frequency dependence of the
intensity noise. In the experiment described in Section 4.3.2 a deformation of
the constellation diagram is found for certain comb lines. It turns out that the



54 Chapter 4: Thit/s data transmission with a quantum-dash mode-locked laser diode

comb lines that show this behavior feature a resonance in the RIN(f’)
measurement. Using the setup depicted in Fig. 4.5(a) we characterize the RIN
of the comb lines that we want to use for data transmission. To this end we use
a narrow programmable filter (Finisar WaveShaper) to select a single line. As
the power of a single line at the output of the band-pass filter (BPF) is only of
the order of —18 dBm, we amplify the line with an erbium-doped fiber
amplifier (EDFA). An additional BPF is used to filter noise from the EDFA.
The comb line is then detected using a photodiode (PD). A bias-T separates
DC and AC part of the photocurrent. An ampere meter measures the DC part
I,,, while an ESA measures the power spectral density (PSD) of the
photocurrent. The RIN and RIN( /) can then be calculated using Egs. (C.2)
and (C.9), from Appendix C.2.

QD-MLLD BPF EDFA BPF PD BiasT ESA

T T
Comb line @|
N ———1547.70 nm |
1545.38 nm
1542.99 nm J
1540.96 nm
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Fig. 4.5: RIN characterization. (a) Setup for RIN measurements. To determine the RIN of
individual comb lines a narrow band-pass filter (BPF) selects a single comb line that is
subsequently amplified using an erbium-doped fiber amplifier (EDFA). Noise from the
EDFA is filtered using a second BPF before the comb line is detected by a photodiode (PD).
A bias-T is used to separate the DC and AC part of the photocurrent. The DC part is
measured using an ampere meter, while an electrical spectrum analyzer measures the power
spectral density of the AC part in the range from 6 MHz to 2 GHz. An external cavity laser
(ECL) with a low RIN (<—145 dB Hz™") is used to calibrate the measurement. (b) Spectrum
of device, biased at 380 mA. (c) RIN results for the lines indicated by the triangles in (b).

Fig. 4.5(b) shows the spectrum of the laser, biased at 380 mA, and four
triangles marking the comb lines for which RIN measurements are shown in
Fig. 4.5(c). For this device we observe at low frequencies a RIN level on the
order of —125dB Hz' for most comb lines, similar as the two lines at
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1540.96 nm and at 1542.99 nm shown in the figure. Lines at the far red edge of
the spectrum feature a peaking of the RIN at around 400 MHz. This behavior
has been observed for the first time in our measurements and its origin is yet
unclear. The consequences for the performed data transmission experiment
will be discussed in Section 4.3.2.

4.3 Data transmission experiments

This section discusses two possibilities to use QD-MLLD for coherent data
transmission despite their large optical linewidth. The first approach is to
implement a phase noise reduction scheme as introduced in Section 4.2.3. This
reduces the phase noise of the comb lines directly at the transmitter side. The
second approach is to change the system architecture to a self-homodyne
detection scheme. This approach transmits unmodulated carriers along with the
signal and uses them at the receiver site as local oscillator. Phase noise of the
carriers and the local oscillators is then correlated and hence the phase error
is reduced.

4.3.1 Managing phase noise at the source

This section corresponds to [C6].
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Simultaneous Phase Noise Reduction of 30 Comb Lines
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A feed-forward heterodyne scheme is shown to simultaneously reduce the
phase noise of many comb lines from a quantum-dash mode-locked laser diode
(QD-MLLD). This enables the first coherent data transmission using QD-
MLLD as multi-wavelength source.

Introduction

Over the past years several experiments have demonstrated the huge potential
of using optical frequency combs for data transmission at Tbit/s rates [51],
[53], [J4], [J5]. For practical systems, a compact, low-cost, energy-efficient
comb source is desired. Single-section quantum-dash mode-locked laser diodes
(QD-MLLD) have been shown to deliver several tens of comb lines with
decent optical power while being driven simply by a constant current of the
order of 100 mA [65]. However, the spectral modes of QD-MLLD generally
exhibit strong phase noise and broad optical linewidths, typically on the order
of 10 MHz [143], [149]. As a consequence, wavelength-division multiplexing
(WDM) data transmission using these combs has been restricted to direct
detection schemes [150] and differential quadrature phase shift keying
(DQPSK) with high symbol rates and aggregate data rates of up to 504 Gbit/s
[147], whereas fully coherent transmission has been impeded by excessive
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phase noise up to now. Optical injection using a narrow-linewidth master laser
can reduce the optical linewidth of QD-MLLD, but also distorts the spectral
envelope of the comb and significantly reduces the available bandwidth [151],
thereby limiting its utility for broadband WDM systems. Digital feed-forward
schemes have been proposed to reduce the influence of excessive phase noise
in either the transmitter laser or local oscillator (LO) laser in coherent receivers
[152], [153], and these digital schemes could be employed to permit using QD-
MLLD in coherent systems. Likewise, an analogue equivalent has recently
been shown to reduce the phase noise for multiple comb lines simultaneously
by using a feed-forward heterodyne (FFH) scheme [146]. However, the
viability of this concept for high-speed coherent data transmission has not yet
been shown.

In this work, the FFH scheme [146] is demonstrated to simultaneously
reduce the linewidth of 30 lines from a QD-MLLD with 42 GHz line spacing.
The resulting lines are used for coherent WDM data transmission at Tbit/s
rates. This approach has, for the first time, permitted coherent transmission
with a semiconductor QD-MLLD.

FFH phase noise reduction for a 42 GHz QD-MLLD

The QD-MLLD used in this work has a free spectral range of 42 GHz. The
active region consists of 6 layers of InAs quantum dashes emitting at 1.55 um,
separated by InGaAsP barriers in a dash-in-a-barrier design [62]. A buried
ridge waveguide of 1.25 um width confines the optical mode. Feedback is
provided by the cleaved end facets of the QD-MLLD. The total length of the
device is 980 um. We operate the QD-MLLD at a constant current of 338 mA,
which is optimized for a narrow RF beatnote featuring 16 kHz full width at
half maximum (FWHM) along with minimal side peaks. The combination of
large optical linewidth and a narrowband RF beatnote indicates a high
correlation of the comb line’s phases [142]. The output spectrum is depicted
in Fig. 4.6(a).
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Fig. 4.6: Setup for feed-forward heterodyne (FFH) phase noise reduction. (a) Optical
spectrum of the 42 GHz comb featuring a 3 dB bandwidth close to 1.4 THz and an average
output power of 10 dBm. (b) Experimental setup. Light from the QD-MLLD is collected
using an anti-reflection coated lensed fiber followed by an isolator to avoid backreflection
into the laser cavity. For the FFH scheme, a small portion of the comb is tapped and a single
line is filtered from the comb spectrum. This line is mixed with a narrow-linewidth LO laser
that is offset by 8 GHz. The resulting RF beat generated in a balanced photodetector is
filtered, amplified and fed to a MZM that is biased at minimum transmission for carrier-
suppressed modulation. This modulation generates two sidebands around each comb line,
cf. (c). The upper sidemode (green line) exhibits reduced phase noise while the lower
sidemode (red line) features enhanced phase noise. (d) Optical spectrum of the output from
the FFH-scheme showing pairs of lines surrounding the suppressed comb line. The two
smaller peaks within the free spectral range correspond to spurious harmonics generated by
the carrier-suppressed modulation. (e) Result of the heterodyne optical linewidth
measurement for the original comb lines (orange) and the lines with reduced phase-noise at
the output of the FFH-scheme (green). It can be clearly seen that the linewidth of all modes
is reduced. Line # 0 corresponds to the comb line that is mixed with the offset LO and is
used to generate the MZM drive signal.

The FFH phase noise reduction scheme is illustrated in Fig. 4.6(b). A small
percentage of the power of the comb is tapped, a single line is filtered out,
amplified and mixed with a narrow-linewidth local oscillator (LO) laser
(Koheras AdjustiK) that is tuned to an offset of 8 GHz from the comb line. The
beat signal at 8 GHz, created by detection with a balanced photodetector, is
filtered, amplified and fed to a Mach-Zehnder modulator (MZM) that is biased
at zero transmission and driven by a sinusoidal. The MZM generates two
sidemodes at £8 GHz while suppressing the original comb line. It was shown
in [146] that the upper sidemode (green lines in Fig. 4.6(c) and (d)) exhibits
reduced phase noise. Other offset frequencies could also chosen — for our
setup, 8 GHz represents the best tradeoff between a high offset to allow
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separating the two sidebands and a low offset to not run into bandwidth
limitations of the equipment.

We confirm the optical linewidth reduction through a direct measurement,
see Fig. 4.6(e). To this end we beat each line with a narrow-linewidth laser and
evaluate the width of the beat measured with a fast photodiode and a radio
frequency (RF) spectrum analyzer [154]. The FFH scheme reduces the optical
linewidth for all 30 modes that have been tested. For the center modes, the
resulting linewidth is below 1 MHz, which is sufficiently low for application in
coherent data transmission with current DSP. Typical linewidth requirements
for an 18 GBd QPSK signal are 3.8 MHz [118] or 7.4 MHz [119], depending
on the receiver implementation.

Coherent Thit/s data transmission
employing FFH phase-noise reduction

After FFH phase noise reduction, the frequency comb exhibits pairs of lines
that correspond to the upper and lower modulation sidemode, Fig. 4.6(c). For
data transmission we want to use the upper sidemodes (green lines) which
feature the reduced phase noise. Fig. 4.7(a) shows a schematic of the WDM
data transmission testbed used in this work. The upper sidemodes are filtered
and dis-interleaved into odd and even carriers using a Finisar waveshaper
(WS) while the lower sidemodes are suppressed. After dis-interleaving, we
modulate even and odd carriers with 18 GBd sinc-shaped QPSK signals using
a pseudo-random bit sequence of length 2''-1. The signals are combined and
either tested in (A) a back-to-back (B2B) configuration, or (B) amplified and
sent through a 75 km spool of standard single mode fiber (SSMF). The
receiver comprises filters, a pre-amplifier and an optical modulation analyzer
(OMA, Keysight N4391A) that uses coherent detection with an external cavity
laser (ECL) as LO. We evaluate the signal quality using the Keysight VSA
software. Signal processing includes digital brick-wall filtering, dispersion
compensation, and adaptive equalization before evaluating the bit-error-ratio
(BER). Fig. 4.7(b) shows constellation diagrams with and without using the
FFH scheme for the case of line # 0. The reduction of the phase error can
clearly be seen.
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Fig. 4.7: Setup for WDM data transmission and measured results. (a) Upper sidemodes of
the output from the FFH scheme are selected and split into odd and even carriers for
independent modulation with QPSK signals at a symbol rate of 18 GBd. The signals are
combined using a 3 dB coupler and tested either in a back-to-back (B2B) configuration or
amplified and transmitted over 75 km of standard single-mode fiber (SSMF). The receiver
comprises filters, a pre-amplifier and an optical modulation analyzer (OMA) that uses a
coherent detection scheme with an ECL as local oscillator (LO). (b) Constellation diagrams
obtained with and without the FFH-scheme. (c) Spectra of odd (top) and even (bottom)
comb lines after dis-interleaving. (d) Optical spectrum of the 30 data channels. (e) Bit error
ratio results for 30 channels when applying the FFH-scheme. An aggregate data rate of
0.971 Tbit/s could be recovered within the limits of forward-error correction with
7 % overhead.

Fig. 4.7(c) shows the dis-interleaved comb spectra. The extinction ratio of the
lower, unwanted sidemode is better than 26.5 dB with an average of 33.8 dB.
This was achieved by narrowing the bandwidth of the programmed filters,
which unfortunately also leads to an additional attenuation for some of the
carriers due to the inherent interpolation of the filter shape in the WS, where
each pixel covers a frequency range of about 5 GHz. Note that this only
represents a limitation of our measurement setup and could be solved when
using, e. g., a periodic filter with narrow passbands such as a high-finesse
Fabry-Perot etalon. A second possibility to increase the extinction ratio would
be to replace the MZM in the FFH scheme with an 1Q modulator driven as a
frequency shifter, thereby only generating a single sidemode. The spectrum of
the modulated comb is depicted in Fig. 4.7(d) for the B2B case. It comprises
30 channels, which corresponds to a line rate of 1.08 Thit/s. The average
OSNR of the channels at the Rx (input to the 0.6nm filter) is 26.4 dB for the
B2B case and 25.0 dB after 75 km fiber transmission. BER results for B2B and
75 km are depicted in Fig. 4.7(e). For B2B, all 30 channels are below the BER
threshold of 4.5x10~> for a standard forward-error correction (FEC) scheme
with 7 % overhead, corresponding to a net data rate of 1 Tbit/s. After
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transmission, the channel with index —14 exceeds the FEC limit, resulting in
only 29 channels within the 7 % FEC limit. This corresponds to a net data rate
of 0.971 Tbit/s after transmission. The data rate could be doubled with
polarization multiplexing, which could not be tested in these experiments due
to limited availability of hardware. Nevertheless, our results demonstrate that
FFH phase-noise reduction can be used to simultaneously reduce the optical
linewidth of a multitude of optical lines that are derived from one
semiconductor QD-MLLD, thereby enabling the first coherent data
transmission experiment using a frequency comb from a QD-MLLD.

Summary

We demonstrate a FFH scheme that enables simultaneous optical linewidth
reduction of a multitude of comb lines derived from a QD-MLLD. The scheme
enables the first coherent transmission experiment using QD-MLLD as an
optical source. Net data rates of nearly 1 Tbit/s could be achieved within the
limits of standard FEC.

4.3.2 Managing phase noise by system design

This section is published in [C7].
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We transmit 18 GBd 16QAM signals on 25 spectral lines of a quantum-dash
mode-locked laser diode, achieving a 1.562 Tbit/s aggregate data rate. Phase
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noise is cancelled by self-homodyne detection using LO tones transmitted with
the signal.

Introduction

Frequency combs are promising multi-carrier sources for future point-to-point
data links operating at Tbit/s data rates [51], [53], [J4], [J5]. Single-section
quantum-dash mode locked laser-diodes (QD-MLLD) are very compact comb
sources that exhibit broadband spectra comprising many lines with a flat power
distribution while being driven at a constant current [65]. A drawback of the
QD-MLLD is the large optical linewidth of the comb lines, which is typically
of the order of several tens of MHz [143], [149]. As a consequence, data
transmission experiments with these sources were so far restricted to on-off-
keying [150] or to differential quadrature phase shift (DQPSK) keying [147],
where the highest demonstrated data rate was 504 Gbit/s. For using a QD-
MLLD comb to coherently transmit data it would be required to reduce the
optical linewidth of the comb lines. This was demonstrated using a feed-
forward heterodyne phase noise reduction scheme [146], however, the power
per comb line was greatly reduced as well and the linewidth reduction is only
efficient for the central modes.

In this paper, we demonstrate the first coherent data transmission of a
16QAM signal using a QD-MLLD and employing self-homodyne detection.
To this end, a comb of LO tones derived from the same comb source used to
transmit the signal [155] is sent along with the signal. Using 25 comb lines, we
achieve an aggregate net data rate of more than 1.5 Tbit/s after transmission
over 75 km of standard single-mode fiber. The line rate per wavelength
channel amounts to 72 Gbit/s, corresponding to a single-polarization symbol
rate of 18 GBd for a 16QAM format. We show that relative intensity noise of
isolated QD-MLLD comb lines is largest for lines at the red edge of the
spectrum, and we observe a correlation between amplitude and phase noise for
these lines.

Experimental setup for comb-based WDM data
transmission using a self-homodyne coherent system

With self-homodyne coherent systems, an unmodulated carrier is transmitted
as a local oscillator (LO) along with the modulated signal. For separating the
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LO from the signal at the receiver side, either a spatial or polarization
multiplexing technique is used [155].

The experimental setup used in this work is depicted in Fig. 4.8. The
comb spectrum is split into two paths, indicated in green and blue in Fig. 4.8.
The upper path (green) emulates a wavelength-division multiplexing (WDM)
transmitter by splitting the comb lines into odd and even carriers, and by
modulating independent data from a pseudo-random bit sequence of length
2"'“1 on the two sets of carriers. As modulation format we use 16QAM in
combination with sinc-pulse shaping at a symbol rate of 18 GBd. Odd and
even data channels are merged using a 3 dB coupler before the data stream is
recombined with the unmodulated comb lines on orthogonal polarizations of a
standard single-mode fiber (SSMF). The receiver comprises a polarization
controller and polarization beam splitter (PBS) to separate the channels from
the LO lines. Filters in both paths select the respective channel and the
corresponding LO. For detection and signal analysis we use an optical
modulation analyzer (Keysight N4391A OMA). For efficient cancellation of
the phase noise, the group delay for both signal and LO need to be matched.
To this end we fit the fiber lengths of the green and blue paths in Fig. 4.8 and
use a tunable delay line for fine adjustment. The tolerable path length
difference depends on the linewidth of the laser and on the tolerable phase
error [155]. For a 10 MHz linewidth and maximum phase error of 5° we
estimate a maximum tolerable path length difference of 30 cm. This
corresponds to a differential group delay of approximately 0.7 ns. Comparing
this value to the polarization mode dispersion (PMD) of SSMF, which is
typically well below 1 ps/\/a, it is not to be expected that PMD is a limiting
factor for the phase noise cancellation. The signal quality is characterized, first
in a back-to-back (B2B) configuration and second after transmission over a
75 km transmission span, by measuring the bit-error-ratio (BER).
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Fig. 4.8: Experimental setup for self-homodyne data transmission. On the transmitter side, a
frequency comb is generated from a single-section QD-MLLD. Light is collected via an
anti-reflection coated lensed fiber and passed through an isolator. For self-homodyne data
transmission, the comb spectrum is split in two paths (green and blue). In one path (green)
the comb is dis-interleaved into odd and even comb lines for independent modulation with
data from a PRBS of length 2''-1 using 16QAM at a symbol rate of 18 GBd along with
sinc-pulse shaping. The other path (blue) bypasses the modulator and represents the local
oscillator (LO) comb. Both paths are recombined for transmission on orthogonal
polarizations using a polarization beam splitter (PBS), see Inset (1). Multi-channel signal
and LO comb are either tested in a back-to-back (B2B) configuration or transmitted over
75 km of standard single-mode fiber (SSMF). At the receiver’s side, a second PBS separates
the signal and the LO comb. The respective channel under test as well as the corresponding
LO line are selected with filters (BPF — band-pass filter, WSS — wavelength selective
switch), and detected using an optical modulation analyzer (OMA). The path lengths of
signal (green) and LO (blue) need to be well matched so that the phase noise of signal and
LO are correlated when received by the OMA. Fine-tuning is performed using the tunable
delay line in the LO path.

Comb and back-to-back signal characterization

The laser chip is temperature-controlled at 26°C and contacted with DC probes
for injecting a constant current of 380 mA. Light is coupled using a lensed
fiber which collects an output power of 10 dBm. An anti-reflection coating on
the fiber tip as well as a fiber isolator prevent backreflection from the
transmission setup into the laser. The laser has a total length of 980 pm. Its
active region consists of 6 layers of InAs quantum-dashes emitting at 1.55 um,
separated by InGaAsP barriers in a dash-in-barrier design [62]. The optical
mode is confined using a buried ridge waveguide with a ridge width of 1 pm.
Fig. 4.9(a) shows the spectrum (RBW 0.01 nm) of the comb comprising 40
lines within a flatness of 3 dB.
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Fig. 4.9: Comb and signal quality characterization. (a) Comb spectrum measured with a
resolution bandwidth of 0.01 nm when driving the MLLD at a constant current of 380mA.
The comb spectrum comprises 40 lines within a spectral flatness of 3 dB, featuring an
optical carrier-to-noise-density power ratio (OCNyR) beyond 136 dB Hz. The total output
power of the comb measured after the isolator is 10 dBm. (b) The bit error ratio (BER) vs.
OSNR (signal and noise power within 19 GHz) when filtering a single comb line at the
transmitter side shows the performance of the experimental setup. The signal is modulated
at 18 GBd using 16QAM in combination with sinc pulse-shaping. BER limits for two
different forward-error correction implementations are indicated. (c) BER results for 43
WDM channels in back-to-back (B2B) configuration. A number of 37 channels performs
better than the 7 % FEC limit, and 4 channels are still below the limit for 20 % FEC. This
corresponds to a total net data rate of 2.678 Tbit/s. (d) Relative intensity noise (RIN) of four
selected comb lines, as indicated by the red arrows in (a) and red circles in (c). (e)
Constellation diagrams derived from the same four comb lines. The constellation diagram
for the channel at 1547.7 nm shows severe distortions along with a strong correlation of
amplitude and phase noise. This is attributed to the higher RIN of this comb line and
amplitude-phase coupling inside the laser cavity.

For a preliminary system characterization, we filter and modulate a single
comb line near the center of the spectrum. Fig. 4.9(b) shows the bit-error ratio
(BER) of this channel versus the OSNR for the back-to-back case. The OSNR
relates signal and noise power in a bandwidth of 19 GHz, which comprises the
total signal power. We change the OSNR by attenuating the filtered comb line
with the WS and operating the following EDFA in constant output power
mode. The two horizontal lines indicate the BER limits for two different
implementations of forward-error correction (FEC) featuring an overhead of
7 % and 20 % [138], [139]. The error floor is attributed to hardware limitation
of our transmitter and receiver setup. BER results using the WDM transmitter
as shown in Fig. 4.8 are presented in Fig. 4.9(c) for a total of 43 channels,
ranging from 1535.27 nm to 1548.42 nm. For channels outside this wavelength
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range, the signal quality was too low. For a total of 37 (4) channels we achieve
a BER below the FEC limit with 7 % (20 %) overhead, which corresponds to
an aggregate net data rate of 2.678 Tbit/s. Four channels are highlighted in red.
For each of these channels, we measured the spectrum of the relative intensity
noise (RIN) and the corresponding constellation diagram, see Fig. 4.9(d) and
(e). The RIN of the comb line at 1547.7 nm is greatly enhanced and peaks at a
frequency of roughly 400 MHz. The constellation diagram of the
corresponding channel does not show pure amplitude noise, which would
mean symbols elongated in radial direction, but a rather odd rotation of the
elongated noise cloud. This hints at a correlation between amplitude and phase
noise. We measured a correlation coefficient p between the deviations of the
amplitude and the phase with respect to the ideal constellation points of about
1000 symbols and found a correlation in the order of p=0.2 for this case. For
constellations without this anomaly we measured a correlation of only
£ <0.05. We attribute this to wavelength-dependent amplitude-phase coupling
inside the laser cavity. Due to inhomogeneous broadening in the quantum-dash
gain material, this effect influences only the respective comb line, and has little
to no effect for other comb lines. The distortions of the constellations as well
as the increased RIN are only observed for a few comb lines surrounding the
wavelength range at 1547.7 nm. To the best of our knowledge, this behavior of
a QD-MLLD comb has not been reported before and is subject to
further investigations.

16QAM transmission on 25 comb lines over 75 km SSMF

Lastly we transmit the data stream over a span of 75 km standard single-mode
fiber (SSMF). This requires amplification by an EDFA to overcome the loss of
the fiber as well as additional dispersion compensation by digital signal
processing at the receiver. For this transmission experiment we cannot use the
full power of the unmodulated LO lines as that would saturate the in-line
EDFA and hence also limit the gain for the signal. We optimize the system by
attenuating the unmodulated comb lines until we find the best BER
performance. The input powers of the in-line EDFA correspond then
to -9.4 dBm and 1.7 dBm for the channels and for the unmodulated LO comb
lines, respectively, and the EDFA output power is fixed at 19 dBm. Fig. 4.10
shows the measured BER for all channels that had a sufficient quality for
measuring the BER. We find 13 (12) channels with a BER below FEC limit
with 7 % (20 %) overhead. This corresponds to an aggregate net data rate of
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1.562 Tbit/s. In our experiment, we employed sinc-pulse shaping, which would
allow to further increase the spectral efficiency by either modulating at a
higher symbol rate or by using a comb with smaller free spectral range.

T T T
WDM performance after 75km

20% FEC

1542 1545 1548
Wavelength [nm]

Fig. 4.10: Data transmission results after 75 km of SMF: BER vs. wavelength for 27 WDM
channels. 13 (12) channels perform better than the BER threshold for FEC with 7 % (20 %)
overhead. This corresponds to a net data rate of 1.562 Tbit/s.

Summary

We demonstrated the first 16QAM data transmission on comb lines from a
QD-MLLD by utilizing a self-homodyne coherent system. For comb lines near
the red side of the spectrum we observe a correlation of amplitude and phase
noise that might be linked to a stronger RIN of these lines along with
amplitude-phase coupling inside the laser cavity. In a WDM transmission
scheme with 25 comb lines we achieved a post-FEC aggregate data rate of
1.562 Thit/s.

4.4 Summary and conclusion

The advantages of the QD-MLLD are that they emit a broadband comb,
spanning more than 10 nm optical bandwidth, while only requiring a single DC
current supply. Furthermore, the spectral envelope of the comb is nearly
rectangular such that only little power is lost in comb lines that cannot be used
for data transmission. The compact size and simple operation makes these
devices ready for system integration. In the experiments discussed in this
chapter it is demonstrated that the QD-MLLD can be used for more spectrally
efficient higher-order modulation formats like QPSK and 16QAM, and for
bridging distances of the order of 75 km. Thus, QD-MLLD are promising
candidates for data center interconnects and metro applications.

The data rates in both experiments can be further increased: During the
experiments with the feed-forward phase noise compensation it was not
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possible to test polarization multiplexing due to lack of measurement
equipment. Polarization multiplexing potentially increases the data rate by a
factor of two. In addition, the 42 GHz free spectral range can much better be
utilized by increasing the symbol rate from 18 GBd to 40 GBd. Such a high
symbol rate is feasible with the next generation electronics. This would
increase the total data rate by more than a factor of two. The same holds also
for the data transmission experiments with the self-homodyne
system architecture.



5 Kerr frequency comb generation for
coherent Thit/s communications

The generation of Kerr combs in non-linear microresonators is a promising
technique as it allows to generate very broadband frequency combs spanning
tens of THz with line spacings on the order of tens to hundreds of GHz. In
principle, Kerr frequency comb sources solely consist of a single continuous
wave pump laser and a microresonator. This makes it a very favorable
candidate for chip-scale integration. It has been found that the properties of the
frequency comb depend mostly on the dispersion profile of the resonator as
well as on the applied pumping scheme. This also strongly affects the
usefulness of the individual comb states for data transmission.

This chapter is structured as follows: The material platforms, resonator
geometries, and comb formation dynamics are discussed in Section 5.1.
Several data transmission experiments were performed using different Kerr
comb sources. In Section 5.2 these experiments are discussed in detail, and
Section 5.3 summarizes and concludes this chapter.

5.1 Formation of frequency combs
in microresonators

This section provides the basic principles and concepts for understanding Kerr
comb formation in microresonators. It will give a summary of experimental
demonstrations of Kerr frequency combs and the associated resonator
geometries and material systems that have been used. The concepts of primary
combs, sub-combs and how this can lead to the formation of multiplet lines
within the resonances will be introduced.

5.1.1 Material platforms and resonator geometries

Kerr comb generation has been demonstrated using various different material
platforms and technologies to fabricate the required high-Q microresonator.
Note that in the context of microresonators, Q is used as the quality factor of a
resonator. This is not to be confused with the Q-factor metric that is introduced
in Appendix B.4 in the context of eye diagrams to evaluate signal quality. The
first demonstration of Kerr comb generation by Haye et al. dates back to 2007
[66] and uses a silica toroid. This resonator is fabricated by underetching a
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silica disc on a silicon substrate and by a subsequent reflow process that forms
the toroidal ring standing on the silicon pillar. The reflow process ensures a
smooth surface to achieve a high-Q whispering gallery mode'
(WGM) resonator.

The next generation of Kerr comb sources were realized by milling and
polishing a WGM resonator into a rod made from crystalline material as CaF,
or MgF, [156], [157]. This is still a widely used technique as it allows to build
large microresonators with FSR in the GHz-range and with very high Q-
factors. The resonator dispersion can be engineered by adapting the geometry
of the rim. Such a WGM resonator is used for the data transmission
experiments that are discussed in Section 5.2.2.

A big milestone was achieved in 2010 by monolithic integration of a
high-Q silicon-nitride (SiN) microresonator on a silicon substrate [74]. This
opens up the route towards mass-producible Kerr comb generators that are
compatible with CMOS technology to co-integrate other photonic and
electronic components. SiN-based microresonators fabricated by the group of
Tobias Kippenberg at Ecole Polytechnique Fédérale de Lausanne (EPFL) are
used for the experiments presented in Sections 5.2.1, 5.2.3, and 5.2.4.

Besides the aforementioned techniques, Kerr comb generation has also
been demonstrated in a fiber Fabry-Perot resonator [158] and a ring resonator
made from high-index glass [159]. A good summary of the early works and the
applications of Kerr frequency combs can be found in [72]. Since then a couple
of new developments were published, namely the wedge resonator using silica
[160], and planar integrated ring resonators using single crystal diamond on
silicon [161] and aluminum-nitride [162] for the waveguide layer. The latter is
particularly suited for comb generation in the mid-infrared wavelength region,
which is commonly used for spectroscopy [163]. Also silicon resonators have
been proposed for this purpose [164], [165].

12 A whispering gallery mode resonator is a resonator, where light is guided only at the outer
interface between the dielectric, in this case air. That means that total internal reflection
occurs only at this interface guiding the optical wave along the perimeter of the ring. The
name is derived from acoustic whispering galleries. A famous example is St. Paul’s
Cathedral in London. Standing near the smooth wall of the circular gallery it is possible to
understand the whisper of somebody standing near the same wall at any other position of
the gallery.
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5.1.2 Comb formation dynamics

To understand the difficulties and limitations when using a Kerr comb for a
data transmission experiment, it is necessary to take a deeper look into the
dynamics of the comb formation process. The explanations in this section
follow [68], where the concept of primary combs, sub-combs and multiplet
lines was first introduced and explained.

In Fig. 5.1(a) the initial situation of a resonator pumped with a strong
continuous wave (CW) laser is depicted. The resonances (grey peaks) are non-
equidistant due to dispersion leading to a frequency dependent FSR, cf.
Appendix A.1. The CW pump is marked in red, and the blue areas indicate
parametric gain due to FWM. The spectral separation between the parametric
gain region and the pump depends on the dispersion of the cavity as well as on
the pump power, see Appendix A.2 for a physical explanation. If the gain
exceeds the loss of the cavity, new lines emerge at a distance A from the pump.
Cascaded FWM processes lead to additional comb lines at integer multiples of
A, forming a so-called primary comb. Such a primary comb shows high
coherence and low noise. It is hence well suited for coherent data transmission
as discussed in Section 5.2.2. However, the number of comb lines is strongly
limited, as the power of the lines drops exponentially towards outer
comb lines.
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Fig. 5.1: Comb formation dynamics adapted from [68]. (a) Resonances with frequency
dependent FSR. The red line marks the pump, and the blue shaded areas represent
parametric gain due to FWM. (b) Primary comb lines emerge at a distance from the pump
corresponding to integer multiples of A. Secondary comb lines with spacing & form around
the first primary comb lines. Generally A does not correspond to an integer multiple of &. (c)
The spacing Jis inherited by the new sub-combs forming around all primary comb lines as
well as around the pump. (d) Overlapping of the sub-combs which are slightly offset with
respect to each other, hence multiplet lines are found within single resonances as
highlighted in the inset.
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Fig. 5.1(b) and (c) illustrate the formation of sub-combs around the primary
comb lines. At first, new lines emerge at the local resonance spacing o. This
can either be directly next to a pair of primary comb lines as depicted in
Fig. 5.1(b), or right in between primary comb lines as discussed in [68]. All
sub-combs inherit the same spacing o. This can be understood when switching
from a frequency-domain to a time-domain picture. In time-domain, FWM can
be interpreted as a time-dependent modulation of the effective refractive index,
which affects all modes in the same way. Once the frequency spacing o is
generated, it is therefore transferred across the whole comb spectrum [68].
Eventually, the individual sub-combs overlap forming a seamless comb
spectrum, see Fig. 5.1(d). If the original primary comb spacing A differs from
an integer multiple of &, which is generally the case, then the overlapping sub-
combs form multiplet lines within each resonance. This frequency mismatch
has been observed to be in the MHz range [68]. Data transmission experiments
are impeded by these multiplet lines. Particularly coherent communication is
impossible with these combs. Also data transmission using intensity-
modulation and direct-detection suffers from multiplet lines which cause a
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severe eye closure especially if there are two or more multiplets with similar
power, see Section 5.2.1 for further details.

To avoid formation of multiplet lines it has been shown in [68] that it is
possible to fine-tune the pump parameters such that the individual sub-combs
oscillate on a common grid and thus add up coherently. Once the Kerr comb
enters this synchronized state, it remains stable against fluctuations of the
pump parameters [68]. The associated pumping scheme is sometimes referred
to as “A—d&-matching”. These comb states exhibit low phase noise and are very
well suited for coherent data transmission. In Section 5.2.3, the experimental
realization of such low phase-noise comb states and coherent Tbit/s data
transmission are discussed.

5.2 Data transmission experiments

Using Kerr combs generated with the methods explained in the previous
sections, several data transmission experiments were performed. The first
generation of SiN microresonators that was supplied from the group of Tobias
Kippenberg at EPFL" has been tested for WDM data transmission with
40 Gbit/s return-zero on-off keying (RZ OOK) signals. The result of this
experiment was published in [C31] and is presented in Section 5.2.1. High-
resolution spectroscopy revealed multiplet lines in each longitudinal comb
mode, which impeded signal quality for data transmission. Nevertheless, it was
the first WDM data transmission experiment using a Kerr comb source and an
aggregate net data rate of 160 Gbit/s was demonstrated.

In Section 5.2.2 it is shown that a primary comb delivers high quality
carriers for coherent data transmission as the multiplet problem is avoided.
These experiments use a crystalline whispering gallery mode resonator from
the group of Yanne Chembo at FEMTO-ST'*. An aggregate net data rate of up
to 400 Gbit/s [J1] is demonstrated. In Section 5.2.3 the technique of
synchronizing sub-combs (A—d-matching) [68] is applied to obtain low phase
noise comb states. Using the second and third generation of SiN
microresonators fabricated at EPFL, an aggregate net data rate of up to
1.35 Thit/s is achieved and transmission over 300 km of standard single mode
fiber is demonstrated [J4], [C15]. Finally, Section 5.2.4 discusses the results
obtained using a soliton Kerr frequency comb. This comb allowed to transmit
at 19.7 Tbit/s and bridging a distance of 75 km [C5].

1 Ecole Polytechnique Fédérale de Lausanne
" http://www.femto-st.fr/en/
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5.2.1 On-off keying data transmission using a Kerr comb

The content of this Subsection is published in [C31].

Microresonator-Based Optical Frequency Combs
for High-Bitrate WDM Data Transmission

Optical Fiber Communication Conference, 2012, paper OWI1C.4.
J. Pfeifle’, C. Weimann', F. Bach', J. Riemensberger’, K. Hartinger”,

D. Hillerkuss', M. Jordan', R. Holtzwarth*® LT T Kippenberg3’4,
J. Leutholdl’z, W. Freude"z, C. Koos'?

! Institute of Photonics and Quantum Electronics (IPQ), Karlsruhe Institute of
Technology (KIT), Germany

? Institute of Microstructure Technology (IMT), Karlsruhe Institute of Technology
(KIT), Germany

? Swiss Federal Institute of Technology (EPFL) Lausanne
* Max Planck Institut fiir Quantenoptik (MPQ), Garching, Germany
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A nonlinear high-Q SiN microresonator is used as a frequency comb generator
for data transmission at 170.8 Gbit/s. The main sources for signal impairment
are identified. Further dispersion engineering is crucial for Tbit/s transmission.

Introduction

Energy-efficient Tbit/s optical interconnects are key elements for future data
communication among or within information processing systems. By using
highly parallel wavelength division multiplexing (WDM) schemes with tens or
hundreds of channels, high aggregate transmission capacity can be provided
while keeping symbol rates compliant to the electrical bandwidth of CMOS
driver circuitry [166]. Silicon photonics provides a platform for CMOS-
compatible integration of the corresponding photonic-electronic interface [75].
However, while a Tbit/s chip-scale WDM receiver has been demonstrated
recently [167], scalability at the transmitter side is still limited by the lack of
adequate optical sources. Hybrid integration of III-V-dies on silicon is a
promising approach to realize on-chip active devices [37], but dense
integration of tens of narrowband DFB lasers is technologically challenging
and subject to thermal constraints. Modulator-based schemes allow for flexible
frequency comb generation [101] but need high-speed RF driving electronics
and the number of carriers is inherently limited by the efficiency of the
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deployed phase shifters. Exploiting frequency conversion in a high-Q
nonlinear microresonator, in contrast, allows to derive broadband comb spectra
from a single continuous wave (CW) pump laser [66], [72]. A particularly
interesting approach is the use of silicon nitride (SiN) waveguide technology
[74], which allows for seamless integration of resonators with standard silicon
photonic devices. Using frequency comb generation in a SiN ring, data
transmission has recently been demonstrated for five individual carriers that
have been selected from the comb spectrum and subsequently modulated with
a 10 Gbit/s NRZ-OOK signal [168].

However, spectrally seamless data transmission on all lines of a frequency
comb remains to be shown. One of the main difficulties is the strong variation
in signal quality among the various optical carriers. In this paper we
demonstrate modulation of the entire frequency comb with a 42.7 Gbit/s RZ-
OOK signal, thereby transmitting an aggregate data rate of 170.8 Gbit/s on
four channels. By systematically investigating the received data signals, we
identify the occurrence of multiplet spectral lines as the main source of
impairment. Interestingly, globally flat comb spectra are particularly prone to
this effect, whereas combs with visually irregular spectra exhibit better signal
quality. Careful dispersion engineering and advanced pumping schemes are
crucial to avoid multiplet generation, thereby enabling Thbit/s
data transmission.

Silicon nitride microresonator comb source

A microresonator with a 300 um radius was used for parametric frequency
comb generation, resulting in a free spectral range of 75 GHz. The waveguide
has been designed to exhibit anomalous dispersion in the C-band for efficient
four-wave mixing. It consists of a stoichiometric SizN4 rib waveguide core
which is embedded into an SiO, cladding. The core has a slightly trapezoidal
cross section of 750 nm by 1700 nm with a sidewall inclination of 12° and is
surrounded by a 50 nm thick Si;N, slab, see Fig. 5.2(a). The loaded Q-factor is
of the order of 500,000. Light is coupled to the chip via lensed fibers and
inverse tapers with typical fiber-chip coupling losses of around 3 dB per facet.
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Fig. 5.2: (a) Simulation result of the TEM00 pump mode at 1552.4 nm. Strength of the

radial electric field component is color-coded. (b) Typical obtained frequency comb
spectrum, detail of C band. Inset shows microscope picture of silicon nitride ring resonator.
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If a strong CW pump is coupled to one of the resonances, quantum fluctuations
in neighboring resonances lead to parametric generation of new photons by
Kerr nonlinearities. Multi-stage four-wave mixing (FWM) of the generated
signal and idler waves and the pump then transfer energy to higher-order
sidebands at the expense of the pump, hence generating a broadband frequency
comb. A typical spectrum that is achieved with an on-chip pump power of
approximately 30 dBm is shown in Fig. 5.2(b). The pump wavelength was
tuned into a cavity resonance near 1553.3 nm. The four-wave mixing threshold
decreases quadratically with increasing Q-factor [169]; it is therefore expected
that the pump power can be significantly reduced in future devices with higher
Q-factors and optimized coupling of the resonator to the waveguide.

WDM data transmission setup

The device was tested in a data transmission experiment. The setup is depicted
in Fig. 5.3. A tunable CW laser and a high-power EDFA are used for pumping
the ring resonator. The ASE noise of the pump EDFA is suppressed by a
bandpass filter with a bandwidth of 2 nm. Comb lines with up to 0 dBm of
power are achieved, while the comb is stable for several hours even without
electronic feedback. In the transmitter, a wavelength-selective switch (WSS) is
used to flatten the comb spectrum and suppress the pump. Two lithium-niobate
Mach-Zehnder modulators are used in the transmitter to encode a 42.7 Gbit/s
Return-to-Zero On-Off-Keying (RZ OOK) data signal with a 2’ —1 pseudo-
random bit sequence (PRBS) onto the entire comb. At the receiver, individual
channels are selected using a tunable bandpass filter (TBPF) with a bandwidth
of 1.3 nm and a suppression of neighboring channels of more than 40 dB. A
spectrum of a filtered 42.7 Gbit/'s WDM channel is depicted in the inset in
Fig. 5.3. A variable optical attenuator (VOA) is used to adjust the input power
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of the receiver’s pre-amplifier. Received signals are analyzed with a digital
communication analyzer (DCA) followed by a bit error ratio tester (BERT).

‘ Comb Generator
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Fig. 5.3: Experimental setup for comb generation (blue) and data transmission (red). The
inset spectrum shows a single channel extracted from the modulated comb. TLS: Tunable
laser, EDFA: Erbium-doped fiber amplifier, (T)BPF: (tunable) bandpass filter, VOA:
Variable optical attenuator, OSA: Optical spectrum analyzer, WSS: Wavelength-selective
switch, TX: Transmitter, RX: Receiver with pre-amplification and BERT.

Analysis of carrier quality

Fig. 5.4(a) shows the spectrum of the comb used for data transmission. The
resonance used for the pump is at 1553.3 nm. Interestingly, a complete,
spectrally flat comb as depicted in Fig. 5.2 turned out to be unsuitable for data
transmission. However, by carefully adjusting pump power and wavelength,
parametric frequency conversion can be restricted to every third resonance
line, resulting in a FSR of 1.8 nm rather than the native 0.6 nm. We have
investigated the signal quality of various channels, five of which shall be
discussed in more detail, see labels in Fig. 5.4(a). The dependence of the bit-
error ratio (BER) on the receiver input power is depicted in Fig. 5.4(b); the
corresponding eye diagrams are depicted in Fig. 5.4(c). The results are
benchmarked to data transmission with a DFB laser (“DFB reference”)
coupled to the same transmitter/receiver setup. The quality of the received
signals and the BER vary strongly between different comb lines. For carriers 1
and 2 no power penalty could be found within the measurement accuracy, and
quality factors of Q? =17.7dB and Q? =18.0dB are measured. Carriers 3 and
4 exhibit an error floor at a BER of 10™* and 107°, and quality factors are
measured to be Q?=10.6dB and Q*=13.2dB. Within the limits of forward
error correction algorithms, the data transmission on these four channels can be
considered error-free, summing up to an aggregate data rate of 170.8 Gbit/s
transmitted on 4 carriers. Carrier 5, in contrast, does not exhibit an open eye,
even though the optical power is comparable that of carrier 4.
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Fig. 5.4: (a) Spectrum of the frequency comb used for data transmission. The labels 1-5
correspond to carriers that were selected for exemplary investigations. Center wavelengths:
1: 1544.2 nm, 2: 1562.5 nm, 3: 1560.7 nm, 4: 1557.0 nm, and 5: 1542.3 nm. (b) BER vs
receiver input power for four comb lines and reference DFB laser at 1550.9 nm for a
42.7 Gbit/s RZ OOK data signal. Channels 1 and 2 perform without power penalty, channels
3 and 4 exhibit an error floor but are still better than 107 (c) Eye diagrams and Q-factors of
the investigated channels together with high-resolution spectra of the carriers before
modulation. SR denotes the suppression ratio of the main peak and the strongest side mode.

To identify the source of signal impairments, we have performed high-
resolution spectral analysis of all carriers, see Fig. 5.4(c). We find that bad
signal quality is caused by closely spaced multiplet spectral lines occurring
within a single resonance, and this is also the reason which makes the visually
neat comb in Fig. 5.2(b) unsuitable for data transmission. We believe that
multiplet formation is a consequence of multi-stage four-wave mixing
resulting from insufficient anomalous dispersion in the microresonator.
Advanced pumping schemes and further engineering of the dispersion
properties are therefore crucial to make resonator-based frequency combs
viable for Tbit/s data transmission.

Summary

Simultaneous modulation of all comb lines of an integrated SiN
microresonator frequency comb source with a 42.7 Gbit/s RZ OOK data signal
and error-free reception of four channels was demonstrated, resulting in an
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aggregate data rate of 170.8 Gbit/s. The coexistence of multiple spectral lines
within one resonance impedes transmission on other carriers. Advanced
dispersion engineering and advanced pumping schemes are indispensable to
suppress multiplet formation and make integrated frequency combs viable for
Tbit/s data transmission.

5.2.2 Coherent communications using a primary comb

One possibility to prevent multiplet lines is to reduce the pump power such
that only the primary comb lines appear. Such a primary comb corresponds to
generating a Turing pattern inside the microresonator [170]. These patterns are
very robust against fluctuations of the pump parameters and are highly
coherent [171], [J1]. The journal publication [J1] represents a joint effort
between KIT, group of Christian Koos, and FEMTO-ST, group of Yanne
Chembo. It comprises two parts, a theoretical investigation that was conceived
and carried out by Dr. Chembo and his group, and an experimental part, where
a data transmission experiment was conducted at KIT using the WGM
resonators fabricated at FEMTO-ST. This chapter contains the second part of
[J1] describing the data transmission experiments.

Optimally Coherent Kerr Combs Generated with
Crystalline Whispering Gallery Mode Resonators for
Ultrahigh Capacity Fiber Communications

Phys. Rev. Lett. Vol. 114, Iss. 9, 093902 — Published 2 March 2015
DOI: 10.1103/PhysRevLett.114.093902

J. Pfeifle’, A. Coillet’, R. Henriet’, K. Saleh®, P. Schindler',
C. Weimann', W. Freude'?, I. V. Balakireva®, L. Larger3, C. Koos'?, and
Y. K. Chembo®
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Technology (KIT), 76131 Karlsruhe, Germany

2 Institute of Microstructure Technology (IMT), Karlsruhe Institute of Technology
(KIT), 76131 Karlsruhe, Germany
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We have performed a transmission experiment with primary combs originating
from ultrahigh Q crystalline WGM resonators. The power spectrum used for
our coherent transmission experiments, measured with a resolution bandwidth
(RBW) of 20 MHz, is presented in Fig. 5.5. These combs correspond to the
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formation of a Turing pattern [172] in a microresonator. These patterns are
very robust and strongly phase-locked [171]. In particular, their spectral purity
is exceptionally high, and typically very close to that of the pumping laser.
They can therefore be used as carriers in an ultrahigh capacity wavelength
division multiplexing (WDM) network, as described below.
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Fig. 5.5: Measured spectrum (RBW: 20 MHz) of the ultrastable Turing pattern used for the
experiment. The resonator was a magnesium fluoride (MgF,) disk with intrinsic quality
factor Q,, =1 5x10° and group refractive index n,, =137 at the pump wavelength
Ao =27cy /@y =1552.0 nm. Its diameter was d =11.3 mm, yielding a free-spectral range
Aw/27 =5.78 GHz. In the figure, the Turing pattern of 43rd order has been excited, and the
spectral distance between excited modes is therefore 248.54 GHz. The order of the Turing
pattern can be tuned through the pump power or frequency [173]. The pump power was
295 mW, measured at the input of the tapered fiber which is coupled to the resonator with
an extrinsic quality factor Q,, =8.5x10°.

The full experimental setup is displayed in Fig. 5.6. We use only three modes
of the comb, namely the center mode (labeled as line 0) and its two
immediately adjacent side modes (lines —1 and +1). We use quadrature phase
shift keying (QPSK) or 16-state quadrature amplitude modulation (16QAM) as
modulation formats, and combine them with Nyquist pulse shaping [44], [136].
At the receiver, digital signal processing is used for low-pass filtering,
frequency offset compensation, clock recovery, polarization demultiplexing,
dispersion compensation, and adaptive equalization. The quality of the
received signal is evaluated by using the error-vector magnitude, which can be
related to the bit error ratio [114].
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Fig. 5.6: Schematic representation of the experimental setup for data transmission. The
Turing pattern generator comprises a tunable laser, an erbium-doped fiber amplifier (EDFA)
and a bandpass filter (BPF) that rejects amplified spontaneous emission noise from the
EDFA. A notch filter attenuates the center mode to a level comparable to the first-order side
modes of the comb. A programmable filter is used for interleaving, flattening, and filtering
the comb lines. Two EDFAs boost the carriers, which are fed via polarization controllers
(PC) to two multiformat transmitters (Tx 1 for comb line 0, and Tx 2 for comb lines +1).
After encoding of uncorrelated data onto the carriers at a symbol rate of 18 GBd, the two
data streams are merged. To emulate polarization multiplexing (PoIMUX), we create two
time-delayed copies of the pseudorandom data stream and superimpose them on two
orthogonal polarization states of the standard single-mode transmission fiber. We insert
different lengths of transmission fiber, ranging from a few meters to 80 km. At the receiver,
the data stream passes through bandpass filters and an EDFA before being coherently
detected with an external cavity laser serving as a local oscillator (LO). The LO is tuned to
match the center frequency of the respective channel and an optical modulation analyzer is
used to monitor the quality of the received signal. The received data are visualized using
constellation diagrams that display the real and the imaginary part of the optical amplitude
in the complex plane.

The results of the data transmission experiments are summarized in Fig. 5.7.
The 16QAM constellation diagrams for all wavelength channels and both
polarizations are depicted along with the measured BER. Considering the
symbol rate of 18 GBd on three wavelengths and two polarizations, we obtain
an aggregate data rate of 432 Gbit/s. Using QPSK, we also demonstrate data
transmission with up to 80 km of single-mode fiber without including
additional amplification or any other means of signal regeneration. Fig. 5.7(b)
shows the EVM as a function of distance for a transmission at 216 Gbit/s. For
distances of up to 80 km, the EVM remains below 19.2%, which corresponds
to a BER below 1077 [114]. In both cases, error-free data transmission can be
ensured if forward error correction with 7% overhead is considered.
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Fig. 5.7: Results of the data transmission experiments. (a) Back-to-back experiment at
144 Gbit/s per wavelength channel using 16QAM. The 16 constellation points are clearly
distinguishable for each comb line and each polarization, indicating sufficiently low error-
vector magnitude (EVM) and bit-error ratio (BER). After using forward-error correction
(FEC) codes, a BER smaller than 4.5%x107 guarantees error-free transmission
&BER<10’12. (b) Transmission experiment at 72 Gbit/s per wavelength channel using
PSK. The EVM is plotted as a function of the transmitted distance. The insets show
constellation diagrams of the best and worst performance. For both 16QAM and QPSK,
error-free data transmission can be ensured if FEC with 7% overhead is considered.

It is remarkable that data transmission on the side lines exhibits the same
performance as on the center line, leading to data rates of 144 Gbit/s for each
carrier—the highest value achieved for data transmission with Kerr combs so
far. This unprecedented performance underlines the remarkable stability of the
Turing patterns, which in this experiment did not require feedback
stabilization. We may hence conclude that key performance parameters such as
linewidth and relative intensity noise (RIN) are transferred from the pump to
the newly generated modes. In this study, we have used only the first-order
side modes (lines *1), but higher-order spectral lines could be used as well. It
is also important to note that optical Turing patterns are robust enough to
enable transmission of data without further regeneration over 80 km.

In conclusion, we have demonstrated that optical Kerr frequency combs
based on Turing patterns originating from a crystalline whispering-gallery-
mode disk resonator are suitable sources for optical fiber data transmission,
and allow for coherent data transmission using advanced modulation formats at
up to 144 Gbit/s per wavelength channel. In particular, we anticipate that this
comb generator could be of high interest for future optical fiber networks as it
provides a path toward simple, compact, low-cost, energy-efficient, and
reconfigurable multi-wavelength sources for optical WDM data transmission
systems within or between data centers [52].
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5.2.3 Coherent communications enabled by A—§-matching

While the primary combs are suitable to carry 16QAM data signals, they have
the drawback that only very few comb lines are generated and that the power
per line decreases exponentially towards the red and the blue side of the pump.
Furthermore, the line spacing corresponds to an integer multiple of the cavity
FSR. In order to obtain a primary comb with a line spacing that allows to
generate a WDM data stream with high spectral efficiency, it would be
required to either decrease the cavity FSR or to strongly increase its dispersion
(see Appendix A.2).

In order to increase the usable number of lines, it is preferable to generate
a comb line in each resonance while avoiding the formation of multiplet lines.
This has been demonstrated for the first time in [68] by fine-tuning of the
pump parameters in order to achieve A—m-J5=0, see Fig.5.1. In the
following we experimentally demonstrate that these combs are suitable for
coherent data transmission with the modulation formats QPSK and 16QAM.
We demonstrate a scheme to stabilize the comb states for extended data
transmission experiments. Additionally we present a signal impairment
analysis and discuss options for further improvement of the comb. The
contents of this section are published in [J4] and its Supplementary
Information. Furthermore the results were presented at three conferences
[C14], [C15], and [C23].
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Optical frequency combs have the potential to revolutionize Tbit/s
communications [50]. Generation of Kerr combs in nonlinear microresonators
[66] represents a particularly promising option [168] enabling line spacings of
tens of GHz. However, such combs may exhibit strong phase noise [68], [174],
[C31], which has made high-speed data transmission impossible up to now.
Here we demonstrate that systematic adjustment of pump conditions for low
phase noise [68], [71], [160], [175] enables coherent data transmission with
advanced modulation formats that pose stringent requirements on the spectral
purity of the comb. In a first experiment, we encode a data stream of
392 Gbit/s on a Kerr comb using quadrature phase shift keying (QPSK) and
16-state quadrature amplitude modulation (16QAM). A second experiment
demonstrates feedback-stabilization of the comb and transmission of a
1.44 Thit/s data stream over up to 300 km. The results show that Kerr combs
meet the highly demanding requirements of coherent communications and thus
offer an attractive solution towards chip-scale Tbit/s transceivers.

Experimental setup and resonator design

The pump for Kerr comb generation is generated by an external-cavity laser
(New Focus Velocity Model TLB-6728), a polarization controller (PC) and an
erbium-doped fiber amplifier (EDFA) providing an output power of up to
37 dBm, see Fig. 5.8. The coupling loss between the lensed fiber and the SizN,4
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chip amounts to approximately 3 dB per facet. We pump a resonance near
1549.4 nm using an on-chip pump power of approximately 33 dBm. The
tunable fiber Bragg grating (FBG 1) at the output of the device suppresses the
remaining CW pump wave by approximately 20 dB. The ring resonator
consists of nearly stoichiometric Siz;Ns grown in multiple layers with
intermediate annealing steps [74]. The strip waveguides are patterned with
electron-beam lithography and transferred to the substrate by reactive ion
etching with SF¢/CH, chemistry. After etching, the structures are embedded
into a SiO, cladding using low-pressure chemical vapor deposition (LPCVD).
The waveguides are 2 pum wide and 750 nm high, and the sidewalls are
inclined by 12° with respect to the vertical direction, see Fig. 5.8, Inset 1 which
shows the waveguide cross section of the resonator and the calculated
mode profile.
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Fig. 5.8: Comb generation setup. The optical pump comprises a tunable laser source (TLS),
a polarization controller (PC), and an erbium-doped fiber amplifier (EDFA). Lensed fibers
(LF) couple light to and from the microresonator chip. A fiber Bragg grating (FBG 1) serves
as a tunable narrowband notch filter to suppress residual pump light. For adjustment of the
pump parameters, we monitor the power conversion from the pump to the adjacent lines
(PM: Power meter). An electronic spectrum analyzer (ESA) is used to measure the RF
linewidth in the photocurrent spectrum of the photodetector (PD). A 5 nm-wide spectral
section is extracted from the comb spectrum and used for data transmission. Insets: 1,
waveguide cross section and mode profile; 2, optical micrograph of the resonator; 3, RF
spectrum of a high phase-noise comb state (RBW 10 kHz); 4, RF spectrum of a low phase-
noise comb state (RBW 30 kHz); 5, Selected part of the comb spectrum (OSA: Optical
spectrum analyzer).

The high-temperature growth technique used to fabricate the 750 nm thick
layers of stoichiometric SizN4 requires annealing at 1200 °C. This makes it
difficult to fabricate SiN resonators in the framework of standard CMOS
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processes. One option to overcome these limitations is to use dedicated
fabrication processes and multi-chip integration as illustrated in Fig. 1.6,
Section 1.2.3. Alternatively, it is possible to deposit SizNy4 at 400 °C and to use
UV thermal processing (UVTP) at lower temperatures to reduce the defect
density. Both techniques are subject to ongoing research.

The ring resonator waveguide is coiled up to reduce the footprint and
exhibits a loaded Q-factor of 8x10°. In contrast to the concept illustrated in
Fig. 1.6, our experiments rely on comb generators with a single waveguide to
couple pump light to the resonator and to extract the frequency comb. As a
consequence, strong CW pump light can pass through the resonator and needs
to be suppressed by a tunable fiber Bragg grating (FBG 1) at the output of the
device. It has recently been shown that stability and phase noise of the Kerr
comb are closely linked to the pump conditions [68]. Careful tuning of pump
power, frequency, and polarization is therefore of prime importance. To adjust
these parameters in the experiment we use two optimization criteria: The
power of the newly generated comb lines measured behind a second fiber
Bragg grating (FBG 2), and the radio frequency (RF) linewidth measured using
a photodetector (PD) and electrical spectrum analyzer (ESA).

Pumping scheme for low phase-noise Kerr combs

To obtain low phase-noise Kerr combs, the pump parameters are adjusted in
two steps using the setup depicted in Fig. 5.8: First, the pump wavelength is
periodically scanned across the resonance at a frequency of approximately
100 Hz while staying within the stop band of FBG 2 and continuously
measuring the power conversion to the spectral region outside the stop band.
During these scans the polarization of the pump signal is slowly varied to
maximize the conversion. Maintaining this polarization, the detuning of the
pump signal with respect to the resonance wavelength is then carefully
adjusted until the initially broad RF spectrum (Fig. 5.8, Inset 3) exhibits a
single narrow peak (Fig. 5.8, Inset 4). Note that the frequency axes of Insets 3
and 4 have different scales. For an on-chip pump power of approximately
33 dBm, the essential part of the optical comb spectrum is depicted in Inset 5
of Fig. 5.8. The comb lines for the data transmission experiment were selected
from this partial spectrum.
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Experimental setup for WDM data transmission

To emulate a wavelength division multiplexed (WDM) communication
system, we transmit data on all channels simultaneously, using one pseudo-
random bit sequence (PRBS) on the even channels and another independent
PRBS on the odd channels. Neighboring channels hence carry uncorrelated
data streams, and inter-channel crosstalk translates directly into a degradation
of signal quality. The corresponding setup is depicted in Fig. 5.9. Carriers
belonging to odd and even channels are first separated by a tunable delay
interferometer (DI) [176]. The superposition of both spectra is displayed in
Inset 1 of Fig. 5.9. Two home-built multi-format transmitters [136] are then
used to encode QPSK or 16QAM signals with a symbol rate of 14 GBd on the
sets of even and odd carriers using independent PRBS with a length of 2'° —1.
Polarization-division multiplexing (PDM) is emulated by splitting the optical
signal, and recombining the original and a sufficiently delayed copy to form
two decorrelated data streams on orthogonal polarizations of a standard single-
mode fiber (SSMF). At the receiver, the signal is amplified, filtered and
coherently detected using an optical modulation analyzer (OMA, Agilent
N 4391 A) with a standard tunable laser (Agilent 81680A) acting as a local
oscillator (LO). An optical bandpass filter with a 2 nm passband is used to pre-
select the spectral region of interest and to avoid saturation of the receiver
photodiodes. Individual WDM channels are addressed by appropriate choice of
the LO wavelength and by digital brick-wall filtering in the baseband. Inset 2
of Fig. 5.9 shows the optical spectrum at the input of the OMA for the first
data transmission experiment. The effect of the 2 nm band-pass filter is clearly
visible; the noise in the pass-band predominantly originates from the ASE of
the pump EDFA that is used for frequency comb generation.
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Fig. 5.9: Experimental setup for the first data transmission experiment. A tunable delay
interferometer (DI) separates the frequency comb into odd and even carriers. The two sets of
carriers are then independently modulated at a symbol rate of 14 GBd using QPSK and
16QAM signals and Nyquist sinc-pulses (Tx: Transmitter). The two data streams are
merged and fed into a polarization multiplexer (PoIMUX), comprising a half-wave plate
(HWP), a delay line, and a polarization beam splitter (PBS). The signal is sent to the
receiver using standard single-mode fiber (SSMF). The receiver comprises an erbium-doped
fiber amplifier (EDFA), an optical band-pass filter (BPF), and an optical modulation
analyzer (OMA) with a tunable laser serving as local oscillator (LO). Insets: 1, Spectra of
the unmodulated carriers after separation by the DI. The extinction ratio (ER) is better than
20 dB for all channels; 2, Optical spectrum at the input of the OMA, after the 2 nm band-
pass filter.

Digital post-processing comprises demultiplexing of the polarization channels,
compensation of the frequency offset between the LO and the optical carrier,
clock recovery, and equalization. For performance evaluation we use the error-
vector magnitude (EVM) metric, which describes the effective distance of a
received complex symbol from its ideal position in the constellation diagram.
Provided that the signal is impaired by additive white Gaussian noise only, the
EVM is directly related [114], [115] to the bit-error ratio (BER). The BER
threshold for second-generation forward error correction [138] (FEC) is given
by 4.5x107>.

QPSK and 16QAM at 14 GBd using a 17 GHz Kerr comb

The results of the data transmission experiment are summarized in Fig. 5.10.
Fig. 5.10(a) depicts the optical power spectrum of the modulated carriers for
all six data channels. We did not flatten the comb spectrum prior to modulation
for comparing the influence of different carrier powers on the transmission
performance. When using a standard forward error-correction (FEC) scheme
with 7 % overhead, the limits for error-free detection are given by an EVM of
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38% (11 %) for QPSK (16QAM), see Appendix B.4.3. The constellation
diagrams for each polarization of the six wavelength channels are depicted in
Fig. 5.10(b) along with the measured EVM. All channels are well below the
38 % threshold for QPSK and channel 5 even shows well enough performance
for 16QAM transmission. We transmit with a symbol rate of 14 GBd and
choose QPSK for channels 1...4 and 6, and 16QAM for channel 5. Taking into
account polarization multiplexing, we obtain an aggregate data rate of
392 Gbit/s. Considering the overhead of 7 % for FEC, the net spectral
efficiency amounts to 3 bit/s/Hz for the QPSK and to 6 bit/s/Hz for the
16QAM channels.
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Fig. 5.10: Coherent data transmission using a Kerr microresonator frequency comb. (a)
Spectrum of modulated carriers for all six data channels, measured at the input of the optical
modulation analyzer (OMA). (b) Constellation diagrams for each channel and for both
polarizations along with the corresponding error vector magnitude (EVM). The constellation
diagrams show no sign of excessive phase noise, which would result in constellation points
that are elongated along the azimuthal direction. For QPSK, the BER of all channels is
below 4.5x107>, which corresponds to an EVM of 38 %; for channels 4 and 5 the BER is
even smaller than 10° (EVM<16.7%). The good quahty of channel 5 enables
transmission of a 16QAM signal with a measured BER of 7.5x 107

When relating the EVM to the bit error ratio (BER), we assume that the signal
is impaired by additive white Gaussian noise. The validity of this assumption
is supported by the fact that the deviations of the measured from the ideal
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constellation points occur equally in all directions and do not show any sign of
anisotropy. For 16QAM, we estimate a BER of 3x10™ from the measured
EVM of 10%, which is in fair agreement with the measured BER of 7.5x 107,
This underlines the validity of the EVM-based estimation of the BER in our
experiment. For the other QPSK channels, the BER of 3><1077, 7><1()78,
1x107%, 1x107™", and 5x107%° are estimated accordingly from the measured
EVM values of 20 %, 19 %, 18 %, 15 %, and 11 %. Channels 4 and 5 hence
feature BER that are well below the threshold of 107, which is commonly
considered error-free in telecommunications. This clearly demonstrates that
error-free data transmission with Kerr combs is possible and that the
achievable BER is limited by the components of the transmission system such
as modulators, amplifiers and filters rather than by the coherence of the
light source.

Excessive phase noise, in particular, can be excluded as a relevant
impairment of data transmission as this would lead to constellation points
which are elongated along the azimuthal direction. Instead, the signal
impairments can be attributed to strong amplified spontaneous emission (ASE)
originating from the high power pump EDFA. In the current configuration,
ASE light passes straight through the resonator chip and superimposes the
comparatively weak comb lines as additive white Gaussian noise. The results
indicate that Kerr combs are indeed perfectly suited for data transmission with
phase-sensitive modulation formats.

Thit/s data transmission using a 25 GHz Kerr comb

In a second experiment, we use a resonator with a FSR of 25 GHz and a Q-
factor of 2x10°, which is higher than in the first experiment. This allows
reducing the pump power to a level where filtering of the ASE noise from the
EDFA is possible. To enable stable long-term operation of the Kerr comb for
extended data transmission experiments, we implement a feedback loop, which
locks the wavelength of the pump laser to a specified position within the
resonance of the cavity, as described in the subsequent section. In contrast to
the first WDM experiment, we now flatten the comb lines prior to modulation
using a programmable filter. For data transmission we use QPSK at a symbol
rate of 18 GBd, and we insert up to four fiber spans of 75 km length between
the transmitter and the receiver. The results are summarized in Fig. 5.11. We
obtain 20 channels with an EVM below the threshold of 38 %. The total data
stream amounts to 1.44 Tbit/s with a net spectral efficiency of 2.7 bit/s/Hz.
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Fig. 5.11: Coherent Tbit/s data transmission using a feedback-stabilized Kerr frequency
comb. (a) EVM for all data channels and fiber spans. The carriers are modulated at a symbol
rate of 18 GBd using QPSK and Nyquist pulse shaping. Using polarization multiplexing at
each of the 20 WDM channels, an aggregate data rate of 1.44 Tbit/s is achieved. The
polarizations are distinguished by diamonds and squares, while the different fiber spans
(0 km, 75 km, 150 km, 225 km, 300 km) are color-coded and slightly offset in the horizontal
direction as indicated by the arrow. The red dashed line indicates an EVM of 38 %, which
corresponds to the BER threshold for second-generation FEC. (b) Optical spectrum of the
1.44 Tbit/s data stream. The spectrum was flattened prior to modulation.

Feedback stabilization

To maintain low phase-noise comb states during the second experiment, we
implemented a control loop that uses the power £, measured at the output
of FBG 2 as a feedback signal and adjusts the wavelength of the pump laser to
ensure a constant detuning. Fig. 5.12(a) shows the comb generation setup
along with the control loop. The optical pump is generated and adjusted using
the power of the newly generated comb lines and the radio-frequency (RF)
linewidth of the baseband beat signal as optimization criteria. The resonator
exhibits a free spectral range (FSR) of 25 GHz and a loaded Q-factor of
2x10° — about a factor of 2.5 larger than the Q-factor of the resonator used in
the first experiment. This allows to reduce the pump power and to add a 2 nm
band-pass filter (BPF) before the resonator chip to suppress ASE noise from
the pump amplifier. The on-chip power amounts to 29 dBm and is coupled to a
resonance near 1549.4 nm.
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Fig. 5.12: Generation and stabilization of the Kerr frequency comb in the second
experiment. (a) The setup is similar to the one used in the first experiment (ECL: External
cavity laser, PC: Polarization controller, EDFA: Erbium-doped fiber amplifier, BPF: Band-
pass filter, LF: Lensed fiber, FBG: Fiber Bragg grating, PD: Photodetector, ESA: Electrical
spectrum analyzer, Tx: Transmitter). An improved Q-factor allows reducing the pump
power and filtering the ASE noise from the EDFA. The insets show the RF (top) and optical
(mid and bottom) spectra of the resulting comb. For stable comb output, the power B,
behind FBG2 is used as feedback for controlling the pump wavelength. (b) B, (left axis,
orange) and total power P, measured at the chip output (right axis, black) vs. detuning S54.
(c) Feedback and wavelength control signal recorded over three hours. The pump
wavelength follows thermal drifts of the resonance, leading to perfectly stable output power.

The principle of the feedback stabilization is illustrated in Fig. 5.12(b), which
shows P . (orange trace, left axis) and the total chip output power P,
(black trace, right axis) as a function of the detuning o4 between the pump
wavelength and the resonance wavelength of the cold cavity. As the
wavelength of the pump is scanned, it drags along the resonance through
thermal locking. This leads to a continuous decrease of 7, until locking is lost

for large detuning. At the same time, P, exhibits a pronounced increase

ot

once the power coupled to the cavity reaches the threshold for Kerr comb
generation. Our control loop operates at the rising edge of £, and is based
on a commercially available PID controller (TEM Messtechnik LaseLock).
The circle in Fig. 5.12(b) indicates the operating point that corresponds to the
low phase-noise comb state for which the pump parameters have been
manually optimized before starting the control. Moreover, for stable comb
generation, it is crucial that also the fiber-chip coupling efficiency is actively
stabilized. To this end, we use an independent control loop based on
commercially available hardware (Melles Griot NanoTrak) to keep the lensed
fibers in the optimum coupling position. We confirm the functionality of the
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feedback stabilization by recording the feedback signal and the comb power
for more than 3 h, Fig. 5.12(c). The pump wavelength follows the thermal
drifts of the resonance, and residual comb power fluctuations are found to be
well below 1 %. Comb spectra measured at the beginning and at the end of the
extended data transmission experiment are indistinguishable within the
accuracy of our spectrometer (ANDO AQ 6317B).

Signal impairment analysis

In the first experiment, ASE from the pump EDFA passes straight through the
resonator chip and superimposes the comparatively weak comb lines as
additive white Gaussian noise. The power of the comb lines is limited by the
efficiency of the frequency conversion and the coupling of the pump to the
resonator. As a figure of merit we define the optical carrier-to-noise-density
power ratio (OCNgR), which relates the power of the unmodulated carrier to
the underlying noise power in a bandwidth of 1 Hz. To determine the OCNyR,
we need to estimate the noise power density right at the frequency of the
respective comb line. This is done by averaging the spectral power densities
obtained in the middle between two comb lines. The spectral power densities
are measured with an optical spectrum analyzer (Ando AQ 6317B) in a
0.01 nm bandwidth and renormalized to a bandwidth of 1 Hz. For channel 5,
we obtain a good OCN(R of more than 119 dB Hz, which enables a very good
QPSK signal and a good 16QAM signal. Channel 4 with an OCNgR of more
than 115 dB Hz still gives a very good QPSK signal but lacks performance for
16QAM. Channels 1...3 as well as channel 6 exhibit even lower OCNyR
resulting in larger EVM figures. Because of this correlation between the
OCNyR and the EVM we conclude that additive white Gaussian noise is the
major source of signal impairment in the first data transmission experiment.

To improve the signal quality, it is possible to filter out ASE by using a
band-pass filter before the resonator chip as demonstrated in the second
experiment. This was not possible in the first experiment, since we did not
have any filters that could safely handle the 37 dBm of pump power right after
the EDFA. For the second experiment, we have further optimized the
fabrication process, thereby increasing the microresonator’s Q-factor and
hence decreasing the required threshold power [169], such that filtering of the
pump signal becomes possible. In future experiments, the comb may be
extracted by a second waveguide which is coupled to the microresonator [177].
This would avoid direct transmission of broadband ASE noise through the
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resonator device. Using resonators with higher Q-factor might even enable to
use a high-power pump laser diode without requiring external amplification
at all.

Apart from the ASE of the pump EDFA, we investigated coherent
crosstalk as a potential source of signal degradation: In the first experiment,
the tunable DI used to separate the carriers has a finite extinction ratio (ER),
see Inset 1 in Fig. 5.9. As a consequence, the data signals of the even channels
are superimposed by residual carriers modulated with odd-channel data and
vice versa, which leads to further signal degradation. However, in our
experiment this effect was not relevant: With an ER better than (22.2 + 1.5) dB
for all channels, no correlation of channel ER and EVM can be observed. In
the second experiment we use a programmable filter, thereby achieving an
even higher ER of (24.6 £ 4.0) dB. Coherent crosstalk can therefore safely be
excluded as a source of signal degradation in both experiments.

5.2.4 Coherent communications using a soliton comb state

Although the method of A—§-matching can solve the multiplet problem and
increase the number of useful comb lines as compared to using a primary
comb, it still suffers from large variations of the power per comb line. In other
words, the spectral flatness of these combs is extremely poor. First
demonstrated in 2014 [71], it is also possible to generate solitons inside the
micro-cavity. These solitons exhibit a sech>-shaped spectral envelope and thus
provide a large number of comb lines with little variations of the power per
comb line. Details on the excitation of solitons in microresonators are
discussed in Appendix A.3. Details of the design and the fabrication process
for the microresonator used for the following experiment are published in [70]
and [178], respectively. The content of the following subsection is published in
[C5] and comprises the first data transmission experiment using a soliton comb
state. Furthermore, it is the first experiment using a microresonator-based
comb, where the achieved data rate is not limited by the comb source but by
the available transmission equipment in our laboratories.
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Temporal soliton formation in a Kerr-nonlinear optical microresonator leads to
a coherent frequency comb covering the C and L-band. We demonstrate WDM
transmission with 94 comb lines and an aggregate data rate of 20 Tbit/s.

Introduction

Massively parallel wavelength-division multiplexing (WDM) links will
become key elements of future metro and data-center networks. As an
alternative to arrays of individually stabilized lasers, frequency combs are
currently investigated as optical sources for such links, providing a large
number of carriers which can be stabilized by fixing the comb’s center
frequency and the line spacing. So far, frequency comb generation for ultra-
fast data transmission relied either on conventional solid-state mode-locked
lasers combined with spectral broadening in highly nonlinear fibers (HNLF)
[52], or on multi-stage parametric mixers seeded with the modulated output of
an external-cavity laser [53]. However, these comb generation schemes require
complex setups with discrete devices, and the potential for chip-scale
miniaturization is limited. This can be overcome by broadband frequency
combs generated in Kerr-nonlinear microresonators [72]. Kerr frequency
combs exhibit low phase and amplitude noise, and were already used for
coherent transmission [J4], but strong spectral variations of the comb limited
the data rate to 1.44 Tbit/s.

In this paper we use a novel regime of Kerr comb generation that exploits
single dissipative solitons [71], in a microresonator pumped with a continuous-
wave (CW) laser. Fully coherent sech’-shaped comb spectra with hundreds of
lines span multiple communication bands with an unprecedented flatness. In
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our experiment, a total of 94 lines in the C and L-band were used to transmit
data streams of 224 Gbit/s (28 GBd PDM-16QAM) per line, leading to a line
rate (net data rate) of 21.1 Tbit/s (19.7 Tbit/s). This is the first time that a
cavity-soliton Kerr comb was used for data transmission, achieving by far the
highest data rate for a chip-scale frequency comb source.

Comb generation and characterization

Parametric frequency conversion in Kerr-nonlinear microresonators generates
broadband combs from single CW pumps [72]. Recently, the formation of
temporal cavity solitons [71] has drawn much attention. Temporal solitons
exist when a resonator with second-order anomalous group velocity dispersion
is pumped far above threshold, and if mode crossings near the pump frequency
are avoided [69]. Fig. 5.13(a) shows the setup for soliton generation. Pump
light from an external cavity laser (ECL) is frequency-tuned via an analog
signal generated by an arbitrary waveform generator (AWG). We adjust
polarization and power of the pump (~3 W) using a polarization controller
(PC) and an erbium-doped fiber amplifier (EDFA), respectively. Amplified
spontaneous emission (ASE) noise is suppressed by a 0.8 nm wide band pass
filter (BPF). Lensed fibers (LF) couple light to and from the chip with insertion
losses of 1.5 dB per facet at the pump wavelength of 1548.76 nm. After the
chip, a fiber Bragg grating (FBG) and an optical isolator suppress residual
pump light. The pump parameters are tuned as described in [71]. The pump
power is monitored with a photodiode (PD) and an oscilloscope. Fig. 5.13(b)
shows an SEM picture of the ring resonator having a free spectral range of
95.8 GHz and a Q-factor of ~10°. Fig. 5.13(c) shows the spectrum of the
generated comb after the FBG. Within the C and L-band, the comb lines have a
power of (-18.7 + 5.4) dBm. The average optical carrier-to-noise power ratio
(OCNR) of > 57.0 dB (noise in 0.1 nm, optical carrier-to-noise-density power
ratio OCNoR > 158 dB Hz), is limited by the noise floor of our optical
spectrum analyzer (OSA). The inset of Fig. 5.13(c) shows the comb lines near
the pump. Their OCNR is degraded due to the ASE noise passing the 0.8 nm
BPF. This renders the two nearest neighbors of the pump useless for data
transmission in the current experiment.
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Fig. 5.13: Cavity-soliton Kerr comb generation in a SiN microresonator. (a) Experimental
setup. (b) SEM picture of the ring resonator. (¢) Comb spectrum after FBG (RBW 0.1 nm).
The inset shows the comb lines near the suppressed pump.

20 Thit/s transmission experiment using C and L-band

To prove the viability of a cavity-soliton Kerr comb for high-speed data
transmission, we emulate a wavelength-division multiplexing (WDM)
transmission system as depicted in Fig. 5.14. The comb is amplified using a
C+L-band EDFA and split in two paths. Two Finisar WaveShapers (WS) cover
the L-band (1569.6nm to 1608.7 nm) and the C-band (1527.4nm to
1567.5 nm), respectively, and separate the comb into even and odd carriers.
Additionally, the WS flatten the comb and compensate the gain tilt of the
subsequent EDFA. A first 3dB-coupler combines the odd lines in the C and L-
band, and a second one combines the even lines of both bands. The two sets of
carriers are independently modulated at 28 GBd using 16-state quadrature
amplitude modulation (16QAM) with a pseudo-random bit sequence of length
2! 1. Polarization division multiplexing (PDM) is emulated as in [J4].

L-Band
EDFA

C+L-Band 75km

EDFA  SSMF 0.6 nm

Comb in

L-Band
EDFA

C+L-band
EDFA

S
£ 8888 £3388
Typical Tx2 const.

i(llflilm UL HUHIL I 4 :Rw :‘gg
— R

EDFA Frequency [THz] 190 191 192 193 194 195 196

C-Band” Fpang
ws

Fig.5.14: Data  transmission setup, measured BER and representative
constellation diagrams.
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In the transmission experiment, we amplify the data stream to a power of
17 dBm per spectral band using a C+L-band EDFA and send it over 75 km of
SSMF. An optical modulation analyzer (OMA, Keysight N4391A) serves as
coherent receiver with an internal ECL as a local oscillator (LO). During
offline processing, we perform filtering, frequency offset compensation, clock
recovery, polarization demultiplexing, dispersion compensation, and adaptive
equalization, before we determine the bit-error-ratio (BER) for each channel.
The BER for all channels and a representative set of constellation diagrams are
shown in the lower right of Fig. 5.14. All but two channels had a BER below
4.5x107, the limit for forward error correction (FEC) with an overhead of 7%
[179]. This threshold is only exceeded by the two channels at 193.4 THz and
193.6 THz, which are nearest neighbors of the pump and hence feature too low
an OCNR, see Fig. 5.13(c). At the low-frequency end of the C-band, five
channels could not be characterized due to limited tuning range of the Rx filter.
The other boundaries are given by the spectral window of the WS. Counting
only the 94 measured channels, we obtain an aggregate line rate (net data rate)
of 21.1 Tbit/s (19.7 Tbit/s).

Summary

We demonstrate for the first time that an optical frequency comb generated by
a single temporal soliton in a SiN microresonator can be used for massively
parallel WDM transmission. In a proof-of-principle experiment we use 94 lines
in the C and L-band to transmit 20 Thbit/s over a distance of 75 km. We expect
that data rates can be boosted towards 100 Thit/s by decreasing line spacing,
increasing symbol rate, and by using additional transmission bands.

5.3 Summary and conclusion

In summary, Kerr frequency combs are shown to be well suited for high-
capacity data transmission with phase-sensitive modulation formats. Error-free
transmission with data rates of up to 19.7 Tbit/s, spectral efficiencies of up to
6 bit/s/Hz, and transmission distances of up to 300 km are demonstrated. The
received signals exhibit no sign of excessive phase noise. Assuming that the
demonstrated spectral efficiency of 6 bit/s/Hz can be maintained over the
entire bandwidth of the Kerr comb, chip-scale transmitters providing aggregate
data rates beyond 100 Tbit/s are envisioned, only limited by nonlinear effects
in the single-mode silica fibers used for transmission [7]. The combination of
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chip-scale Kerr frequency comb sources with large-scale silicon photonic
integration could hence become a key concept for power-efficient optical
interconnects providing transmission rates that have hitherto been
considered impossible.

The on-chip pump power needed for Kerr comb generation discussed in
Section 5.2.3, still amounts to 29 dBm. However, there is considerable room
for future improvements — Kerr combs have been demonstrated with a
threshold power as low as 50 uW in silica toroids [66]. In general, the
threshold for Kerr comb generation scales inversely quadratic with the Q-
factor of the resonator [72]. A 10-fold Q-factor improvement would lead to a
reduction of the threshold pump power by a factor of 100, and the 3 W pump
laser could be replaced by a 30 mW pump laser diode [66].

Although solving the problem of spectral flatness, soliton comb spectra
are typically characterized by a bad conversion efficiency [180], and the broad
spectrum exceeds the telecommunication bands such that many comb lines are
not useful for data transmission with current technology for transmitters,
amplifiers and receivers. Further studies towards spectral shaping of Kerr
frequency combs are required to optimize the spectral envelope, coherence
properties and conversion efficiency to fully leverage the high potential of
Kerr combs for coherent data transmission. A new comb state that has been
named ‘Platicon’ has been predicted in [181]. Platicons show two advantages
as compared to solitons, i.e., higher conversion efficiency and a spectral
envelope that exhibits more lines with similar power in the center and a steeper
roll-off to the edges of the spectrum.






6 Summary and future work

6.1 Summary

This chapter provides a summary of the comb generation concepts that have
been investigated in this thesis and compares them with other state-of-the-art
comb-based data transmission experiments. In addition, potential
improvements of each comb generation technology are discussed. This section
is an extension to the comparison that was done in Section 5 of [J2].

Apart from the comb sources investigated in this thesis, Tbit/s super-
channel transmission has been demonstrated using different approaches for
realizing the optical source. These approaches include ensembles of
independent lasers [127], [128], single-laser concepts with sidebands generated
by external modulation [51], [129], and fiber-based spectral broadening [50],
[52], [53], [113], [130].

Arrays of independent lasers offer flexibility and do not require filters for
spectrally separating the comb lines. However, the achievable spectral
efficiency (SE) is limited by the drift of the individual emission wavelengths
and the necessary spectral guard bands.

For modulator-based comb sources, the number of comb lines is generally
limited by the achievable modulation depth [J5] unless complex arrangements
of cascaded modulators with synchronized driving signals are used [101],
[129], [131]. Moreover, if a large number of lines is to be generated, the power
of the comb lines is limited by the power handling capacity and by the
insertion loss of the modulator [102].

Broadband frequency combs for Tbit/s super-channels can also be
generated by solid-state mode-locked lasers in combination with highly
nonlinear fibers [50], [52], [112], or multi-stage parametric mixers [53], [113],
[130]. However, both approaches require strong optical pumps and large
interaction lengths in delicately arranged sequences of specialized optical
fibers. Integration density is hence limited.

Table 6-1 summarizes key parameters of the experiments presented in this
thesis, and compares them with other state-of-the-art experiments. In lines 1 —

10 of the table, the results presented in Chapters 3 to 5 are listed. Lines 11 and
12 represent other experiments performed in the same lab, and lines 13 to 15
show data from literature. The specified values relate only to those comb lines
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that were actually used for the respective data transmission experiment. The
ranges refer to the minimum and maximum quantities, respectively.

Table 6-1: Comparison of frequency comb generators for Tbit/s data transmission

Comb generator FSR # of Power per line OCNGR Aggr.net  Ref.
type [GHz] lines [dBm] [dB Hz] data rate
used [Tbit/s]

1 GSCS 20 13 282 ... 7.1 117 ... 129 0.9 ]
2 GSCS 20 8 -10.7 ... 7.1 126 ... 128 1.0
3 GSCS 18.5 15 -25.7... 8.0 119...132 1.0
4 GSCS 18.5 o 4. 80 2.2 11 [
5 GSCS 12.5 24 -32.0... -89 114 ... 129 1.1
6 GSCS 12.5 24 -32.0... -89 114 ... 129 L9
7  QD-MLLD 42 29 -139... -72 143 ... 146 1.0 [C6]
8 QD-MLLD 42 25 -132... 74 > 136 1.6 [CT7]
9  Kerr comb 25 20 -323... 52 112... 139 1.3 [J4]
10 Kerr soliton 95.8 94 —24.1... -133 >158 19.7 [C5]
11 SOH modulator 25 9 -34.7...-17.1 117 ... 135 1.1 [J5]
12 MLL+HNLF 12.5 325 N.A. 119...141  26.0 [52]
13 Casc. LINbO; Mod  6.48 20 N.A. N.A. 1.1 [129]
14 2 Mod in RFS 25 112 ~-15...0 > 120 10.0 [51]
15 Parametric comb 6.25 1520 N.A. ~120 29.7* [53]

" Estimated value, only few channels measured
N.A.: Not available

The QD-MLLD as well as the central lines of the GSCS show the best comb
uniformity at an acceptable average power level, which is only surpassed by a
few lines of the Kerr comb and the recirculating frequency shifter (RFS). With
respect to the OCNR, the best values are found for the soliton Kerr comb. It
has to be noted that all comb sources listed in Table 6-1, lines 1 to 10, are not
yet fully optimized. Further steps towards a hybrid or even a monolithic
integration are currently being investigated, and performance improvements
are to be expected for all comb generation concepts.

For the case of the GSCS, lines 1 to 6, it is possible to monolithically
integrate two lasers, where the master laser synchronizes the slave laser by
injecting light at the back facet of the slave, while the comb is collected from
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its front facet [135]. This removes the need for a circulator and a polarization
controller as in Fig. 3.1.

QD-MLLD, lines 7 and 8, are the most compact comb sources, however,
are very sensitive towards external perturbations, noise of the current source
and the TEC as well as optical feedback. For coherent data transmission the
limiting factor is the phase noise of the comb lines. Line 7 summarizes the
results achieved with the feed-forward phase noise compensation. This,
however, comes at the price of reduced power and spurious side-lines.
Subsequent filtering and amplification is required, which reduces the OSNR of
the data channels. Line 8 shows the values for the experiment using self-
homodyne detection, which is tolerant towards phase noise, however, reduces
spectral efficiency as only a single polarization is used for the data.

The Kerr frequency comb listed in line 9 of Table 6-1 suffers from large
line-to-line power variations, which limit the number of available channels and
hence the achievable data rate. This limitation can be overcome by generating
so-called soliton combs as described in Section 5.2.4. Soliton combs were
demonstrated with crystalline resonators [71] and with silicon-nitride
resonators [182]. Using such a soliton Kerr comb allows to increase the data
rate to 19.7 Tbit/s, see line 10 of Table 6-1. Even higher data rates are possible
as the limitations were set by the available equipment in the laboratory. Further
advances in the fabrication processes will also help reducing the pump power.

The SOH comb generator, line 11, is a promising approach, since it also
allows for easy adjustment of center frequency and line spacing of the comb.
Moreover, the SOH modulators which generate the comb feature very low U,
and can thus produce a reasonably large number of comb lines with moderate
RF driving powers. It has been shown in [J5] that a dual-drive SOH modulator
can be used to generate a flat comb with seven lines within 2 dB, whereas the
data transmission results listed here still stem from a single-drive modulator.
As with any modulator-based approach, it is possible to achieve a higher
number of lines either by cascading multiple modulators [129] or by placing
the modulator(s) into a loop [51].

Lines 13 and 14 of Table 6-1 show the results obtained for frequency
comb generation based on cascaded modulators. The former experiment relies
on a multi-core transmission fiber and demonstrates net data rates of
1.12 Thit/s per core by using orthogonal frequency division multiplexing. The
latter experiment used two cascaded phase modulators in a RFS and shows
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transmission of an OFDM data stream over 640 km SSMF with a net capacity
of 10 Thit/s.

For the cases of lines 12 and 15, the experiments were conducted using
parametric comb generators that exploit Kerr nonlinearities in optical fibers, cf.
[53] and [52], respectively. Using two interleaved 12.5 GHz combs generated
by multi-stage parametric mixing, data transmission on 77 carriers was
demonstrated. Extrapolating the performance of these carriers to the ensemble
of 1520 carriers, a total data rate of 31.8 Tbit/s was estimated. Previously,
transmission of 32.5 Tbit/s (net data rate 26 Tbit/s, see line 12 of Table 6-1)
was demonstrated using 325 carriers generated by a solid state mode-locked
laser along with spectral broadening in a highly nonlinear fiber. These
experiments demonstrate the potential of parametric frequency comb
generation in conventional systems consisting of discrete elements. This
performance can be also achieved with chip-scale systems, e.g., with soliton
Kerr frequency combs generated in a microresonator [C5].

6.2 Outlook

With the exception of the on-off-keying experiments using a Kerr comb source
and the self-homodyne experiments with a QD-MLLD all data transmission
experiments used a coherent receiver with an external cavity laser (ECL) as a
local oscillator. To fully leverage the potential of frequency combs, a second
comb should be used as a multi-wavelength local oscillator (LO). In this case,
only two parameters need to be controlled to fully synchronize the local
oscillator comb to the transmitter comb rather than having to control each LO
individually. A first proof-of-principle experiment has been performed using
two GSCS and a two-channel digital control loop for synchronization [C1],
demonstrating a Tbit/s data transmission over 10 km. Further investigations are
required to understand the limitations when using a frequency comb as a local
oscillator in order to design an optimized frequency comb based transceiver.

Future investigations towards comb-based Tbit/s transceivers could focus
on specific application areas and optimize the comb sources and system
implementations according to the respective requirements in terms of size,
cost, power consumption, reach, spectral efficiency and data rate.

For the first generation of Tbit/s transceivers the GSCS seem best suited
as they provide a sufficient number of lines and are currently the most mature
technique, allowing for the shortest time-to-market. A second generation of
Tbit/s transceivers might be using QD-MLLD comb sources, which could
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reduce power consumption compared to the GSCS as there are no high-
frequency electronics involved. Apart from the two demonstrated options for
mitigating the influence of phase noise, an increase of the symbol rate is an
option. As discussed in Section 2.2.2, the tolerance towards phase noise
increases with the symbol rate. For devices with an FSR of 42 GHz, a symbol
rate of 40 GBd can be employed. This should allow coherent data transmission
without the feed-forward phase noise compensation and provides a path
towards a multi-Tbit/s transceiver. If 30 lines could be used with PDM-QPSK
at 40 GBd, the resulting line rate would be 4.8 Tbit/s. Even higher data rates
can be achieved with Kerr comb sources. However, in order to make these
devices suitable for communication systems there are several improvements
necessary, see discussion in Section 5.3.






Appendix A Nonlinear microresonators

As a simple example we discuss a ring resonator. The resonance condition in
the linear case will be established, and an expression for the frequency-
dependent free spectral range (FSR) will be derived. The non-equidistant
spacing of the resonance frequencies has important consequences for the Kerr
frequency comb generation in microresonators. Non-linear effects leading to
Kerr comb formation inside the microresonator will be introduced. Finally we
discuss how solitons in microresonators can be generated. These so-called
soliton combs are preferred for optical data transmission.

A.1 Resonance condition and dispersion

In this section we consider a resonator that is formed using a dielectric
waveguide. The waveguide is assumed to be transversely single-moded. We
introduce the resonance condition and derive the longitudinal mode spacing.

We consider a simple ring resonator as depicted in Fig. A.1. The same
equations that will be derived throughout this chapter also apply to any
arbitrary resonator geometry with roundtrip length L. For the case of a Fabry-
Perot resonator that means a mirror separation of /2.

Fig. A.1: Ring resonator with circumference L and an evanescently coupled waveguide.

A resonant field inside the resonator can only exist if its amplitude and phase
reproduce after one round-trip. With the propagation constant 3(@) at angular
frequency o and the circumference L of the ring, the resonance condition can
be formulated as
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B(o)L=p-27x. (A.6)

The quantity 4 is an integer. The propagation constant /3 (a)) is given by

B(w)=n,(o)—, (A7)

€

where ne(w) is the effective index of the transverse mode guided by the
resonator waveguide, and ¢, is the vacuum speed of light.

The resonance angular frequencies @, = a)( y) around a central resonance
angular frequency @, = a)(O) can be approximated by a Taylor series' in the
integer mode index ., which is regarded as a continuous variable for the
moment,

c
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To evaluate the coefficients DC(,k ) the following auxiliary calculation is helpful,
which uses Egs. (A.6), (A.7), and the definition of the effective group
refractive index 7, (@) =n,(®)+©dn,(0)/ow,

don, (o)

()22 1 o 2el0) 00
Op

ow 2rc
R PR O i

i (A.9)

Recalling the discrete nature of the mode index 4 yields ou — Ap =1, so that
00— Aw=27c,[n,, (w)L results as the FSR. The first coefficient p
corresponds to the FSR at the central resonance and describes an equidistant
grid @, =, +D£1),u. Higher-order coefficients plN

c

are a measure for the
deviation of the resonance frequencies from the equidistant grid.

The coefficients DL(,k) are related to the coefficients ﬁL(,i), which are used
in Section B.3.2 to describe dispersion in waveguides,

"% 1t is assumed that w(x) is an analytic function.
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For normal dispersion, Dgz) <0 and ,80(2) >0 holds, while for anomalous
dispersion, DC(,Z) >0 and ,85,2) <0 is true. In the next section, we show that
dispersion plays a critical role for comb generation in microresonators.

A.2 Nonlinear processes leading
to Kerr comb generation

In nonlinear optics the term “nonlinear” refers to the response of the
polarization P of a dielectric material to an applied electric field E, which
becomes nonlinear if the field is particularly high. For simplicity, scalar
quantities for the polarization P(t) and the electric field £ (t) are assumed.
The polarization can then be written as a power series [107]

P() =202 E(1) +s0d VB () 4 60 VB (1) 4. (ALD)

where g, is the vacuum permittivity and ;((") are the n-th order
susceptibilities. Equation (A.11) does not only neglect the vectorial nature of
electrical field and polarization, it also assumes that the nonlinear medium is
time invariant, local in time and space, isotropic and homogeneous. Time
locality means that the medium needs to be lossless and dispersionless [107].
Still, Eq. (A.11) is helpful to obtain a qualitative understanding of
nonlinear optics.

The following discussion is limited to third-order optical nonlinear
effects, which are relevant for Kerr comb generation, i.e., to self-phase
modulation (SPM), cross-phase modulation (XPM), and four-wave mixing
(FWM). In order to understand these effects, it is instructive to calculate the
third-order polarization P(3)(z,t):go ;((3)E3(z,t) for the case of the
superposition of three plane waves with three different frequencies f; =, /27,
/=1...3 that co-propagate in z-direction. The electric field E(z,¢) is described
using analytic complex time-domain signals
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3
E(zt)=Y Re| E(z,0)™" |= z%(Ee en=hz) | et k’z)).(A.IZ)
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The nonlinear polarization for the specific effects of interest can now be
calculated by taking the third power of Eq. (A.12) and by sorting the terms.

Self-phase modulation (SPM):

Py (2.t)= %60 P G|El|2 Eel@ i), 4 c.c.) (A.13)
Cross-phase modulation (XPM):

N ENE %eo P (§|1_52|2 B 4 4 c.c) (A.14)

Four-wave mixing (FWM):

By (z.)= %60)((3) (%|El|2 E;Cj((zwlfwz)[f(zkﬁkﬁz) +...+cc.
(A.15)
+§1'_511_521l5;<3j((m1 rop-an)i-(lahy—ks)e) +.+ c.c.j

In these equations, the “+...” comprises all terms with all permutations of the
subscripts, and c.c. stands for the complex conjugate of the previous terms.
From Eqgs. (A.13) and (A.14), it can be seen that the polarization oscillates at
the same frequency as the input field and that it is proportional to the
magnitude square of either the input field at the same frequency (SPM) or
another frequency (XPM). Contrary, the case of FWM, Eq. (A.15), shows that
the polarization actually oscillates at a frequency different from the frequencies
of the input fields, i.e., new frequencies are generated. While SPM and XPM
are inherently phase matched, FWM requires additional measures for
phase matching.

As introduced in Section 2.1.2, the Kerr comb is generated by pumping a
single resonance with a continuous wave (CW) laser. The underlying process
is degenerate FWM, i.e., all terms in Eq. (A.15) that contain two identical
frequencies (e.g. 2@, —®,). These processes require both energy conservation
and phase matching. As neighboring resonances are required to have a fixed
phase difference of 27, see Eq. (A.6), phase matching is inherently fulfilled
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for any combination of resonances symmetrically located to the right and to the
left of a central resonance. We denote these three resonances with the indices ¢
and *k. Fig. A.2(a) shows the dispersion diagram for the cold cavity case, i.e.,
in the absence of any pump power. The solid blue line marks the case for
anomalous dispersion. It can be seen that the equidistant g lead to non-
equidistant resonance frequencies. Thus the condition 2@, =@, + @_, cannot
be fulfilled. When pumping the resonance, however, the additional SPM and
XPM lead to shifts of the resonance frequencies as shown in Fig. A.2(b). As
XPM is twice as strong as SPM, which can be seen from the degeneracy
factors in Egs. (A.13) and (A.14), it is possible to find a situation where the
three resonances are equidistant.

(a) (b)
Bo) e -0 ﬁ(?) D@ =0
7 e
_ 7 - _ 7 -
7 e
7 p® >0 o D >0
A = ) =
7 7
Pleo) <. Aex) <.
7z, ) 7 z
Ao P Ao
4= XPM SPM b= XPM
7
fom [N Wy P, Ok [ [oxs @
Not equidistant Equidistant

Fig. A.2: Dispersion diagram for a resonator with and without nonlinear shifts of the
resonance frequencies. (a) Dispersion diagram for the cold cavity. The dashed line shows
the case without group velocity dispersion, while the solid blue line shows the case for
anomalous dispersion. The resonance condition requires equidistant /3((0 ), hence the
corresponding resonance frequencies @, differ from equidistance, which is depicted here
for two resonances symmetrically located around a central resonance, i.e., ;= and
u==k. (b) Shift of the resonance frequencies when the resonance at @, is pumped. This
resonance experiences a phase shift due to SPM, which is only half of the phase shift
experienced by all other resonances due to XPM. It is thus possible to find three equidistant
resonances, to initiate comb generation by FWM.

This situation is sometimes compared with modulation instability in an optical
fiber [183], [184]. Modulation instability is observed when a strong CW laser
is transmitted via a fiber with anomalous dispersion. A modulated signal is
observed after some propagation distance. This is due to sidebands generated
by FWM.
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A.3 Soliton generation inside a microresonator

If a waveguide exhibits anomalous group velocity dispersion then the effects
of dispersion and self-phase modulation can cancel. Both, the dispersion and
the self-phase modulation cause a chirp in a propagating pulse. For the case of
anomalous dispersion the induced chirp is of opposite sign than for the self-
phase modulation. Therefore, it can be shown that certain pulse shapes exist
which propagate along this waveguide unchanged. By choosing the correct
peak power along with the right duration of the pulse, the dispersion-induced
chirp can be completely canceled [106]. This waveform is then called a soliton.
For a mathematical treatment of soliton propagation in waveguides, refer to
[106], [107]. For soliton propagation in microresonators, see the
Supplementary Information of [71].

A practical challenge for generating and maintaining a soliton in a
microresonator stems from the thermal dynamics of the resonances when being
pumped. Due to the absorption of pump light, the resonator heats up, which
affects the resonance frequencies in two ways [185]. First, the physical length
of the resonator changes due to thermal expansion of the materials, and second,
the propagation constant changes due to the temperature dependence of the
refractive indices of the materials.

In the following, we denote with “ring resonance” the “cold” ring
resonance closest to the pump frequency. If the CW pump laser frequency is
tuned into a ring resonance from the higher frequency side, then increasingly
more pump power is absorbed. As a consequence, the ring heats up so that the
refractive index increases, and the resonance frequency decreases, i.e., it “runs
away” from the pump. We consider a ring resonator with an evanescently
coupled bus waveguide as depicted in Fig. A.1, and measure the transmitted
power at the bus output. With decreasing pump frequency and increased
resonant absorption, the bus power decreases. If for a given pump power the
pump frequency is down-tuned beyond the “hot” resonator center frequency,
the heating cannot be increased any more, and the resonance frequency cannot
become larger. As soon as the pump laser leaves the maximum of the
microring resonance, the resonator cools down and the resonance shifts back to
its original frequency so that the bus power jumps back to its original high
level. Within this range of decreasing bus power, the resonance is thermally
locked [185] to the pump laser. Thermal locking by a pump detuning towards
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higher frequencies is not possible, because the resonance “runs towards” the
pump laser frequency, which prevents an equilibrium state.

The formation of a Kerr comb from a single pump line is described in
Fig. 5.1. Thermal locking fixes the ring’s resonance frequency to the low-
frequency side of the pump frequency. In the time domain, a frequency comb
with a regular line spacing f, corresponds to an impulse which travels in the
microresonator with a round-trip time (pulse repetition rate) of z, =1/, . If the
pump power inside the ring is further increased by down-tuning the pump
frequency, the pulse power increases and reaches eventually the soliton
threshold, where the initital pulse travelling round in the microresonator takes
the shape of a soliton through the interplay between a Kerr-induced increase of
the refractive index with intensity and anomalous dispersion. In the soliton
state, the ring resonance is slightly shifted to the high frequency side of the
pump line [71], and thermal locking as described above does not occur.
Therefore, the soliton state is reached stably only if the tuning speed of the
pump frequency and the temperature response of the resonance are
appropriately chosen: If the tuning speed is much faster than the resonator’s
thermal response, sufficient pump power does not build up in the ring. If the
tuning speed is much smaller than the ring’s thermal response, no stable state
is reached for pump frequencies smaller than the actual resonance.

If a soliton comb has been established, the pump power as coupled to the
ring must supply only the soliton power which is coupled out to the bus.
Therefore, the ring temperature decreases and the resonance frequencies
approach their “cold” values.






Appendix B Optical data transmission

In this section, we provide the necessary background for data modulation, fiber
transmission and data reception as required for this thesis. The discussion is
limited to direct-detection and coherent data transmission over standard-single
mode fiber (SSMF) using polarization and wavelength-division multiplexing.

B.1 Transmitter

The following paragraphs describe the basic concepts of digital modulation,
and the physical means to encode digital data onto an optical carrier.

B.1.1 Modulating digital data onto an optical carrier

A binary data stream consists of logical ‘0’s and logical ‘1’s. In order to
transport these bits from one location to another, it is necessary to convert the
bits into analog waveforms. Easiest to understand is to use the presence of a
light pulse as a ‘1’ and the absence of a pulse as a ‘0’, which is commonly
referred to as on-off keying (OOK).

Data can be transmitted more efficiently if it is possible to distinguish
between several different waveforms. In case M distinct waveforms are used,
then log, M bits can be encoded onto each of them. One symbol encodes
log, M bits, and the complete set of M symbols is called the symbol alphabet.
Modulation formats are distinguished by the arrangement of the symbol
alphabet in an n-dimensional space, where n is the number of independent
degrees of freedom to define the physical waveform.

An optical waveform is fully described by its amplitude, phase, frequency
and polarization. In most practical cases, and throughout this thesis, frequency
and polarization are used for multiplexing, see Section B.2. This leaves two
degrees of freedom to define the analog waveforms for transmission, the
amplitude A(t) and the phase qo(t) of the optical carrier with central
frequency w.=2xf.. The associated optical electric field E(t) can be
expressed as an analytical signal

E(t)= A(t)e" VeI (B.1)
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B.1.2 Modulation formats

As we use two degrees of freedom, it is convenient to represent and compare
modulation formats in two-dimensional space using the phasor
S(t)=A(t)exp(je(¢)). This phasor can be visualized in the complex plane. A
display of symbols in this plane is named a constellation diagram or an IQ
diagram, see Fig. B.1. The ‘I’ stands for the inphase (real part), and the ‘Q’ for
the quadrature component (imaginary part of the electric field).

(a) (®) (©
00K 4Q QPsk 4Q 16QAM 4Q

Fig. B.1: Constellation diagrams of popular modulation formats. (a) On-off keying (OOK).
(b) Quadrature phase shift keying (QPSK). (c) 16-state quadrature amplitude modulation
(16QAM).

Fig. B.1(a) shows the constellation diagram for on-off keying (OOK), which
uses two symbols and encodes one bit per symbol. Four symbols, each
representing two bits, are used in the case of quadrature phase shift keying
(QPSK), Fig. B.1(b). A number of four bits per symbol is used for 16-state
quadrature amplitude modulation (16QAM), Fig. B.1(c).

Physically it is of course neither possible to transmit complex signals nor
to measure them at the receiver. However, it is possible to transmit two
independent data streams and interpret these as the real and imaginary part of a
complex number. Taking the real part E Re[E ] leads to the
definition of two independent data signals, the 1n-phase signal I(¢ ( ) and the
quadrature signal Q(t)

E,(t)=Re[ E(t) |= A(t)cos(a.t + (1))
()cos( (t))cos(a) 1)- A(t)sin((o(t))sin(a)ct) (B.2)
I( )cos( t) Q( )sm(a)ct).

It can be seen from Eq. (B.2) that the physical way to transmit complex data
signals is to mix the in-phase component / (t) with a carrier cos(a)ct) and to
mix the quadrature component Q(t) with an orthogonal carrier Sin(a)ct).
Comparing different constellation diagrams, one important practical
aspect is that the larger the number of constellation points is, the smaller their
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Euclidian distance in constellation space becomes'’, see Fig. B.1. This results
in a lower noise tolerance, see Fig. 2.4 in Section 2.2.1, where it is shown that
16QAM needs a higher optical signal-to-noise power ratio (OSNR) than QPSK
to achieve the same bit-error-ratio (BER).

B.1.3 Electro-optical modulator

There are several ways to control the optical waveform with an electrical
signal. The simplest one is to directly modulate the current of a semiconductor
laser, thereby changing its output power. Alternatively, the optical power can
be modulated using an electro-absorption modulator. This device is based on
the Franz-Keldysh effect, where the absorption of a semiconductor is changed
by applying an electric modulation field. The following discussion
concentrates on the Mach-Zehnder modulator (MZM), which can be used as an
amplitude modulator or as a phase modulator. This allows generating the
constellation diagrams as depicted in Fig. B.1.

A MZM is a Mach-Zehnder interferometer with phase shifters in each
arm as depicted in Fig. B.2(a). The electric field at the input is split in two
paths. Depending on the phase relation of the light in the two arms of the
interferometer, there can be constructive or destructive interference at the
output. This phase relation is set by two phase shifters, which can be externally
controlled. The phase shifters typically exploit the electro-optic Pockels effect,
where the refractive index of a material changes in proportion to the applied
electric field strength. Fig. B.2 depicts an MZM with three phase shifters. Two
of them are used for encoding the time-dependent data voltages, ul(t) and
uz(t). The third one is used to apply a constant bias voltage up., which sets
the desired operating point. The induced phase shifts are denoted by Ag (Z),
Agy (1), and Agp , respectively.

1 .
® If the average power remains constant.
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Fig. B.2: Mach-Zehnder modulator (MZM). (a) Schematic of a MZM. It consists of a
Mach-Zehnder interferometer with phase shifters in each arm. For modulating the optical
field, the phase shifters are controlled by three voltages, two time dependent signals u; (t)
and u, (¢) and a DC bias up . The induced phase shifts are given by Ad (), Ag, (1) and
Adpc, respectively. (b) Normalized optical electric field amplitude (left, blue axis) and
optical power (green, right axis) transfer function from the input to output 1 for the case of
push-pull operation, i.e., for u (¢)=—u,(r).

The transfer functions for the two outputs fields £, and £, relative to the
input field E, , the so-called optical amplitude transfer functions, can be
written as

R (Ac'%(t)—%(f) +A¢DCJ ©3)
4 .

2 sin
2

and

2 cos
E 2

Zin

Ad()+Ah (1) . Adpc
Eout,zzjejwﬂm [Aqﬁl(t)_Aqﬁz(r)JrAq;ch_ B.4)

For the special case that the upper arm is driven with the negative signal of the
lower arm, i.e., Ag, (t) =-Ag (t) , the transfer functions simplify to

Adp,
Eout,l :jGJ 2C Slﬂ(A¢(r) + A¢DC]

i B.5
Ein 2 2 ( )
and
Adpc
E Ag(t
Eona _ i 735 oo 22(1) , Adoc | (B.6)
Ein 2 2
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respectively, where A@(t)=Ad(1)—Ag,(1)=2Ad(1)=-2A¢,(¢). The power
transfer function can be obtained by taking the magnitude squared of
Eq. (B.3)-(B.6), respectively. The amplitude and power transfer functions for
this so-called push-pull operation are depicted in Fig. B.2(b).

For using such a MZM to generate OOK signals, the bias voltage is
typically adjusted in the center between the maximum and the minimum power
transmission where the power slope is maximal. This is called the quadrature
point. For modulating complex data signals, the MZM is biased at the zero of
the amplitude transfer function, where the amplitude slope is maximal. As this
corresponds to zero power transmission, it is also called the null-point of the
modulator.

In order to generate IQ signals, two MZM are nested into a Mach-
Zehnder structure with an additional 90° phase shift for one of the arms, see
Fig. B.3. One arm of the outer Mach-Zehnder interferometer is used to
modulate along the I-axis, while the other one modulates along the Q-axis.
This is exemplarily indicated in Fig. B.3 for the case of 16QAM.

o>
— -
@ In-phase

Fig. B.3: 1Q modulator consisting of a nested Mach-Zehnder stucture having a push-pull
MZM in each arm and an additional 90° phase shift in the upper arm. The in-phase and
quadrature signals are combined to the desired constellation diagram, in this case a square-
shaped 16QAM signal.

Quadrature

B.2 Wavelength and polarization multiplexing

The optical transmission fiber is generally operated in its linear regime by
keeping the optical input power low compared to the threshold for nonlinear
effects. In this case, optical waveforms superimpose without affecting each
other. Therefore waveforms can be sent in parallel if it is possible to
distinguish between them at the receiver. The most commonly used technique
is the so-called wavelength-division multiplexing (WDM), where different
laser wavelengths, i.e., different optical carrier frequencies are used, which can
be separated at the receiver by optical, electrical or digital band-pass filters.
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A crucial metric for WDM systems is the spectral efficiency (SE), which
is the capacity C in bit/s devided by the bandwidth B of the WDM channel
[71, [186], [187]. To investigate an upper limit for the SE, we assume that the
signal is using sinc-pulses in time domain with a symbol period T. The
associated bandwidth is given by 1/7, which is equal to the symbol rate R,
and is less than B. Further we assume that a unit-energy matched-filter is used
at the receiver and that a white Gaussian noise distribution [7] is true. The
spectral efficiency can then be expressed as a function of the signal-to-noise
power ratio (SNR)

C R
SE=—=—"1] 1+SNR B.7
3 B ng( ) (B.7)

Note that the SNR also depends on the symbol rate. The noise power, which is
in the denominator of the SNR is integrated over the receiver bandwidth that
scales with the symbol rate. Therefore, the SNR will decrease for increasing
symbol rate assuming that the signal power in the numerator of the SNR
remains constant.

The advantage of using sinc-pulses rather than traditional non-return-to-
zero (NRZ) signaling is illustrated in Fig. B.4. In panels (a) to (c), the upper
row shows the NRZ-case, while the lower row depicts the same physical
quantity for sinc pulse shaping. Panel (a) of Fig. B.4 shows the time-domain
signal for a sequence of five bits. For the case of NRZ this means a high (low)
signal level during the entire respective bit slot. In contrast, the sinc pulses are
not confined to a single bit slot. The width of the sinc pulses is chosen such
that the maximum of one impulse coincides with the zeros of all other
impulses. At the center of each bit slot there is hence no
intersymbol interference.
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31

Sinc
pulse-shaping |

Fig. B.4: Wavelength-division multiplexing (WDM) without pulse shaping (upper row) and
with pulse shaping (lower row). (a) Time signals for a bit sequence of ‘10110’ for the case
of non-return-to-zero (NRZ) and with sinc-shaping (b) Corresponding single channel power
spectra. The power spectrum of the NRZ signal has the shape of a sinc squared. For the
sinc-pulse shaping all spectral components reside within the Nyquist bandwidth. (c) Packing
of WDM channels on a regular grid given by 2/7. Side lobes of the sinc can be suppressed
by optical filters prior to multiplexing the WDM channels. It can be seen that for the case of
sinc pulse-shaping the channels could either be packed much denser or the symbol rate
could be increased.

In the frequency domain, Fig. B.4(b), the NRZ signal has the shape of a sinc-
function, here represented by its power spectral density. In practice, the side
lobes of the spectrum can be filtered prior to multiplexing the individual WDM
channels without strongly increasing the BER. The bandwidth is then 2/7. In
contrast, the overlapping sinc pulses have a rectangular spectrum that is fully
confined to the Nyquist bandwidth 1/T.

In terms of spectral efficiency, the advantage of pulse shaping becomes
immediately apparent when looking at Fig. B.4(c). For the NRZ case, the
nearest neighbors need to have a much larger spacing than for the case with
sinc-shaping. Or alternatively, for the same frequency grid, the symbol rate of
each WDM channel could be increased. Both of these measures increase the
SE of the WDM system. A discussion of the options on how to implement
pulse shaping can be found in [188].

Single-mode optical fibers are weakly guiding waveguides with circular
symmetry that are operated at frequencies below the cut-off frequency of
higher-order transverse modes. The lowest-order transverse mode is two-fold
degenerate that means there are two orthogonal states of polarization with the
same propagation constant. The orthogonality of the polarization states can be
used to double the data rate through polarization-division multiplexing (PDM)
[189]. Due to imperfections of fiber as well as stress and bending, the circular
symmetry of the fiber is broken leading to slightly different propagation
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constants for the orthogonally polarized modes, i.e., birefringence [117].
Birefringence is randomly changing along the fiber and leads to coupling of
the two polarized modes. However, for a given piece of fiber, the polarization
changes are unitary in the absence of polarization dependent loss and can be
compensated [190], [191].

B.3 Fiber transmission

For transmitting the data over long distances, standard single mode fibers
(SSMF) according to ITU recommendation G.652 [192] are used. The two
most important characteristics for fiber transmission are loss and
chromatic dispersion.

B.3.1 Losses

During propagation along z-direction in a SSMF, losses occur due to
scattering and absorption. Introducing the attenuation coefficient o, the
average power P of the optical field changes according to Beer’s law,

E:—ocP. (B.8)

The output power P, as a function of fiber length L and input power P, can

ut n

then be expressed as
P, =PR,exp(-al). (B.9)

The loss coefficient is generally expressed in units of dB/km using [117]

10 P
oy :—Zloglo(%‘“]z4.343a. (B.10)

in
For the SSMF, the loss coefficient corresponds to 0.2 dB/km. This amounts to
a loss of 15 dB for typical transmission spans of 75 km.

B.3.2 Chromatic dispersion

Chromatic dispersion means that the effective group index of the fiber is
frequency dependent. In other words, different spectral components of the data
signal travel at a different speed and therefore arrive with a relative delay at the
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receiver. This effectively deforms the temporal signal shape and leads to inter-
symbol interference.

For a simple mathematical treatment, consider a plane wave with carrier
frequency f.=27/w,.. Pulse propagation in the z-direction through the
dispersive fiber is most easily described in the frequency-domain by
multiplication with the frequency dependent propagator exp(— iB (a))z) The
propagation constant (a)) = a)ne(a)) / ¢y 1is related to the effective index
n,(®) of the transversal mode of the waveguide, ¢, is the speed of light in
vacuum. For signals with a narrow-band optical spectrum it is useful to expand
L (a)) in a Taylor series about the carrier frequency @,

2 i
ﬂ(w)=ﬂ£0)+(“"%)ﬂ£”+%ﬂ£2)+..., ﬂc(i)=a—'b: . (B.11)

=0,

S (@) _ e (B.12)

The second Taylor coefficient represents the inverse of the effective group
velocity v,

(1) _ 1 don, (o)

1 on,(@
B P ——(ne(a))+ 6( )J
CO @ D=0, CO @ =0, (B 13)
_ Moy (a)c) _ 1
€o veg (a)c )

The third (as well as higher order) Taylor coefficient quantifies the dispersion,
Le., the different arrival times 7,, of the different spectral components of the
optical signal. As discussed in Section A.1, these coefficients can also be used
to describe the resonance frequencies of a resonator that is built using a
dispersive waveguide.
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In most cases of practical interest, the second-order dispersion term ﬁc(z)
is dominating'’. The difference of the arrival times At,, of two spectral
components at @, and @, + Aw, is given by

At =~ Ag = YAz, (B.14)

0=,

It is common to define a dispersion parameter C, that relates Af,, of two
spectral components to their wavelength separation A4,

At,
£ =C,A%., (B.15)
z

which can be expressed in terms of the ﬂé@

A, 1A
C, =1 10 Ao _ poy 2mc ) (B.16)
z AL, z Aw AA, A

The dispersion parameter C, of a SSMF is 17 ps/nm/km, where the group
delay difference is given in ps, the propagation length in km and the spectral
separation in nm.

B.4 Receiver

To receive and to process the data, the optical signal needs to be converted
back into the electrical domain. Photodetectors are used for this purpose. A
distinction is made between direct detection and coherent detection. In the
former case, the optical signal is mixed with the simultaneously transmitted
carrier on the photodetector — square-law detection — thus generating a
photocurrent proportional to the power of the optical signal. In the latter case
the optical signal is mixed with a locally provided optical carrier (local
oscillator). For simultaneous detection of (t) and Q(t), a second 90° phase
shifted version of the same local oscillator is required. In this way the full
amplitude and phase information of the optical field can be retrieved. The
following paragraphs introduce the receiver implementations that were used

'7 Higher-order dispersion coefficients are mostly relevant at frequencies, where the second-
order term is zero. For the SSMF this is near 230 THz, corresponding to a wavelength of
1300 nm. This is far away from the commonly used frequency range of DWDM systems,
which are centered at 193.1 THz and span approximately 10 THz.
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for the experiments described in Chapters 3 to 5. Finally, the signal quality
metrics used to evaluate the system performance will be established.

B.4.1 Direct detection

Direct detection, also referred to as square-law detection, can be used for
intensity modulated signals as for example on-off keying (OOK), where the
information is encoded in the transmitted optical power. A photodiode
generates an output current 7 that is proportional to the incident external optical
power P,,

i=SP, (B.17)

with the proportionality constant S, commonly referred to as sensitivity or
responsivity of the photodiode. The photo-detection process is based on a
semiconductor having a bandgap smaller than the photon energy %@, where o
is the angular frequency of the optical field and #=h/2x is the reduced
Planck constant. Absorbed photons generate electron-hole pairs, which are
separated by an electric field applied across the semiconductor, thus generating
the photocurrent i. Physically, the photodiode responsivity is connected to the
quantum efficiency 7 of the photodiode, i.e., the ratio of the rate of electron
generation and the rate of incident photons:

ne
e’ (B.18)
where e is the elementary charge.

The photodiodes used for detection of high-speed data signals typically
utilize a pin structure. That means that an intrinsic semiconductor is
sandwiched between a p and an n-doped semiconductor. The semiconductor
chosen for the intrinsic region typically has a smaller bandgap than the
surrounding doped semiconductors such that the absorption takes place only in
the intrinsic region. A reverse bias across the pin structure separates the
electron-hole pairs. Photodiodes with large sensitivity of 0.5 A/W, large
bandwidth of 100 GHz and low dark current of typically 5nA are
commercially available'®.

'8 hitps://www.finisar.com/optical-components/xpdv412xr
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B.4.2 Coherent detection

Recall that for a high spectral efficiency we want to transmit a real signal
E, (t)=I(t)cos(coct)—Q(t)sin(a)ct) according to Eq. (B.2). Simple square-
law detection as described above would only lead to a photocurrent
ioc I*(t)+Q%(¢). 1t is hence not possible to distinguish between I(¢) and
Q(t) at the receiver. Note that mathematically the square of £, would contain
terms with the frequency 2@,. However, these terms are removed as the
photodetector cannot emit at this frequency.

It is instructive to take a look at the spectrum Er( /) of the data signal,
which can be obtained by Fourier transformation. To this end, Eq. (B.2) is

rewritten using exponential functions,

Er(l) _ %[(t)(ejmct 4 e—jwc’)+%Q(t)(ejwcl _e_ijt)’ (B.19)

E () =31 = 1)+ T(£ 4 £)+JO(7 = £)-30(f + 1))

It can be seen that the spectra corresponding to the Fourier transformations of
the independent data streams / (l) and Q(l) are symmetrically located around
the carrier frequency f, and are thus overlapping. It is hence not possible to
separate the two signals by means of a spectral filter, however, due to the
orthogonality between / and Q, they can still be detected separately as
explained in the following.

Consider now a different receiver structure where the transmitted signal is
multiplied with cos(w,f) in one case and with sin(,f) in the other case. This
leads to two photocurrents j; (t) and i, (¢) with the following proportionalities

2

(1) [ 1(1)os? (1) - O(r)sin(t)eos @) | =5 12(0),

(B.20)
io (1)< 1(1)cos(@,t)sin( @)~ O(¢)sin’ (1) =%Q2 (0).

This technique makes it possible to distinguish between the in-phase and

quadrature signal and is commonly referred to as 1Q detection.

For this detection method the receiver’s local oscillator (LO) needs to be
phase-locked to the carrier. This situation is then also referred to as homodyne
reception. From a practical point of view it is quite challenging to phase-lock
two remotely located lasers. Hence, the carrier and the LO are typically free-
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running lasers that oscillate at different frequencies. This so-called heterodyne
detection establishes an intermediate step in the detection process. The data
signal is down-mixed to an intermediate frequency corresponding to the
frequency difference between carrier and LO, and the required phase lock is
subsequently obtained at the intermediate frequency, where it is easier to
achieve. Naturally, this requires a low phase noise of both the carrier and the
LO, as discussed in Section 2.2.2.

90° optical hybrid with balanced photodetectors

In analogy to the IQ modulator described in Section B.l1, where two
independent amplitude modulators are combined with a relative 90° phase
shift, a coherent receiver independently detects the I and the Q component of
the incoming signal. The basic structure of such a receiver is depicted in
Fig. B.5. It consists of a 90° optical hybrid and a pair of balanced
photodetectors. The incoming signal is mixed with an LO on one of the
balanced photodetectors and with a 90° phase shifted version of the LO on the
other balanced photodetector.

90° optical hybrid

Signal E’E .
1al ] B

LO

Fig. B.5: Basic elements of a coherent receiver. The signal is mixed with a local oscillator
(LO) on one balanced photodetector and with a 90° phase shifted version of the LO on a
second balanced photodetector. The two balanced photodetectors generate the currents i
and i, .

Q

The two generated photocurrents 7 and i, can be expressed in terms of the
electric fields

Eg=Ag(t)exp| 27 fst +jos(1)] (B21)
and
Eo=40(t )exp[jZ;rfLot +ipro(t )J (B.22)

of the signal and the LO, respectively. The photocurrents oscillate at the
intermediate frequency fir = f5— fio:
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i(r)= 4S|AS (1) Ao (t)|cos(27zfrFt +o5()—o10(1))

i (1) =4S|4s (1) Ayo (1)[sin (27 fist + s (1)~ o0 (1)) (B.23)

For a DWDM system, the choice of f is very important. It is typically
chosen to be as small as possible for the data channel that is to be received.
That means, the LO frequency lies within the bandwidth of the signal, a
situation that is refered to as intradyne reception [193]. Consider the case of a
DWDM system with three closely spaced channels at the center frequencies
Js; as shown in Fig. B.6(a). All channels have the bandwidth B. In order to
detect the center channel, fio =~ fs, is chosen. Given that the photodetectors
have sufficiently large bandwidth, the spectra of the photocurrents 7 and i,
are schematically depicted in Fig. B.6(b).

Optical spectrum IF spectrum after mixing
frot B 4
B LO IF.2 /i:f”:'zt B

o f

fs 1 fs2 fsa T < %

flo w R

%

* fir2 ‘

Fig. B.6: Spectra before and after mixing process. (a) Optical spectrum of a DWDM signal
with three channels centered at f, ;... £, ; and each spanning a bandwidth B. The frequency
of the local oscillator f is chosen for intradyne detection of the center channel. (b) IF
spectrum after the mixing process. Upper and lower sidebands with bandwidth B appear
symmetrically at /i, = fg;, — fio- If fio is chosen close enough to fg,, the center
channel can be isolated and demodulated using 1Q-detection.

It can be seen that there are spectral components centered at *fj;, each
having the bandwidth B. If the local oscillator frequency was chosen close
enough to the center frequency of the desired DWDM channel, it is possible to
use a low-pass filter to isolate the desired data channel, which can then be
demodulated using IQ detection. This requires an additional local oscillator
that is phase-locked to fir, [193]. Note that also large values for f; can be
chosen if it is possible to filter the desired channel with an optical bandpass
filter before entering the 90° hybrid. However, for narrow guard bands, there
are no optical filters available with steep-enough edges.

In common coherent optical receivers, the two currents 7 and i, are
sampled using fast analog-to-digital converters (ADC) and then processed in
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the digital domain to retrieve the data [194]. This digital signal processing
(DSP) includes also the low-pass filtering and IQ detection. As the full optical
field information is available at the receiver, digital compensation of
transmission impairments is possible [195]. For the experiments discussed in
this thesis, DSP comprises chromatic dispersion compensation, polarization
demultiplexing, brick-wall filtering, estimation of f;., phase estimation and
locking, equalization of the system’s frequency response, symbol detection and
demapping. To this end we use a commercially available coherent receiver, the
Keysight N4391A optical modulation analyzer'®. For this device, high-speed
real-time oscilloscopes are used to capture data sequences containing up to five
million samples. These are stored and processed offline using the
associated software®.

B.4.3 Signal quality metrics

The most fundamental and relevant signal quality metric is the bit-error-ratio
(BER). Irrespective of the type of signal impairment, a low BER represents the
most convincing argument to demonstrate that a system is working. Depending
on the application, the BER requirements are between 10~ and 107", In many
cases such low BER cannot be achieved easily, however, there are forward
error correction (FEC) techniques [138], [139], [179], [196] that can
significantly reduce the BER. This relaxes the system performance
requirements, albeit at the expense of transmitting redundant data. It further
requires an additional processing effort that adds to system complexity, cost,
power consumption and latency. Still the benefits outweigh the drawbacks of
using FEC.

For each FEC technique there is a certain threshold BER value that marks
the limit that can still be corrected to a post-FEC BER of 107!°. The BER
threshold for an FEC with 7 % overhead is 4.5x107 [179], while a more
advanced code works with 20 % overhead and exhibits a BER threshold of
1.5x1072 [139]. Further information on FEC codes and their development
history can be found in [138], [196]. Throughout this thesis we compare our
measured or estimated BER values to these BER threshold values and take the
associated overhead into account in order to distinguish between line rate, i.c.,

19 http://www.keysight.com/en/pd-1593862-pn-N4391A/optical-modulation-

analyzer?cc=DE&lc=ger
20 http://www.keysight.com/en/pd-2405170/stand-alone-software?nid=-
33208.1086878.00&cc=DE&Ic=ger
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the rate at which the transmitter sends the bits, and net data rate, i.e., the rate of
information bits that are being transmitted.

Reliably measuring BER is, however, intricate and can be very time
consuming, particularly if the BER is low. The transmitted data sequence
needs to be known at the receiver to be able to compare the transmitted and the
received bits. In order to have a reliable estimate of the BER that should not
exceed a maximum value BER,,,, relative to the actual BER, a large number of
errors need to be measured. If the measured value should lie in a confidence
interval (BER —BER)/BER =100%, with a probability of 99 %, then at
least 13 errors need to be found [197], [198]. This limits especially coherent
data transmission experiments with offline processing, where only a limited
number of bits can be compared, depending on data rate, ADC sampling rate,
and memory size.

If direct BER measurement is not possible, other signal quality metrics
might be used to evaluate the system performance. Under certain assumptions,
a relation between these metrics and the BER can be established. For this work
we use eye diagrams and the Q-factor metric for the OOK measurements, and
error-vector magnitude (EVM) for measurements using QPSK and 16QAM. A
brief introduction into these metrics and the conversion to BER is given in the
following paragraphs.

For an OOK signal using direct-detection, a convenient quality metric is
to look at the eye diagram. An exemplary one, taken from [198], is depicted in
Fig. B.7. The eye diagram exhibits two horizontal rails that are vertically
offset. The lower rail corresponds to the signal level representing a logical ‘0,
while the upper rail corresponds to the signal level that represents a logical ‘1°.
Transitions between the two levels are also shown. Centered in-between the
transitions is the optimum sampling point for the decision circuit. The blue and
red curves on the right hand side of the eye diagram correspond to histograms
of the two signal levels. They represent the probability density function
wo,l(u) for measuring a voltage u at the sampling point. In many cases of
practical interest, wy (u) can be approximated by a Gaussian distribution with
the mean values u,, and variances 0&1 for the two levels, respectively [198]

2

1
wyq(u)= exp
o (%) \/271'0'&1 203,

(B.24)
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Fig. B.7: Eye diagram taken from [198]. The eye diagram shows a lower rail with average
voltage u, and standard deviation o, corresponding to the signal level that represents a
logical 0’. Likewise, the upper rail with voltage , and standard deviation o, corresponds
to the signal level representing a logical ‘1’. The optimum sampling time is centered
between the transitions amongst the ‘0° and ‘1’ level. The voltage u,, represents the
optimum threshold voltage for the decision circuit. The red and blue histograms on the right
hand side represent the probability density function wy; of the two signal levels.

The Q-factor metric is a measure of the eye opening. It is defined as

S (B.25)
o, +0,

Assuming that the ratio of the occurrence probabilities of transmitted ones
p(It) and zeros p(Ot) is equal to the ratio of the associated standard
deviations and an optimum decision threshold u, along with the Gaussian
probability distribution according to Eq. (B.24), the O-factor can be related to
the BER [198]

1t
BER—lerfc[gj, uy, = %0 1% g, P (1) o (B.26)
2 J2 oo+ 0y p(0t) o

The complementary error-function erfc(z) is defined by
erfc(z)=%J.:Oexp[—(z')2}dz'. (B.27)

To characterize the signal quality of higher-order modulation formats, it is
insightful to look at the measured constellation diagram, which provides
additional information about the sources of signal degradation. If the cloud of
measured symbols is elongated in azimuthal direction, this hints to a dominant
phase noise, while an elongation in radial direction stems from intensity noise.
For the case of dominating additive white Gaussian noise, the overlay of many
measured constellation points forms circular clouds with a size in proportion to
the optical signal-to-noise power ratio (OSNR).
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For quantification purposes, it is common to use the error-vector
magnitude (EVM). The EVM is defined as the root mean square average of the
error vector of all received symbols, normalized either to the maximum field
|E t,m| in the constellation, or to the average field, which is obtained by
summing the powers of all A7 possible symbols. Fig. B.8 shows the definition
of the error vector E., =E, — E,, i.e., the vector from the transmitted symbol
to the received point in the 1Q-plane.

Q

Eerr

m

»

Fig. B.8: Definition of the error vector E in the IQ-plane. The green cross denotes the
transmitted symbol with vector E, and the red dot shows the received vector E, .

The EVM is then given as

(B.28)

where the subscript ‘m’ stands for the normalization to the maximum field in
the constellation. This normalization is used throughout this thesis, sometimes
also without the subscript. According to [114], [115], the BER can be
approximated from the EVM,, as

1
1-M 2

3 1
BER = erfc , (B.29)
Tlog, M \/Z(M -1) (kEVM,, )’

for the case of quadratic constellations, additive white Gaussian noise as the
main source of signal degradation and data-aided reception. In Eq. (B.29), the
factor k accounts for the different normalizations of the EVM and is k=1 for
QPSK and k:\/9/_5 for 16QAM. M is the constellation size, or in other
words, log, M is the number of bits encoded into each symbol.



Appendix C Noise in laser oscillators

Consider a laser oscillator with central frequency f,, amplitude p(t) and
phase ¢(t). If the electric field S(¢) :p(t)cos[Zﬂfst+gp(t)J of this laser is
mixed with two ideal signals that are proportional to cos27zf,t and sin2zf,z,
then a complex phasor S = pcosg + jposing can be obtained. Amplitude p and
phase ¢ are random variables which depend statistically on time 7. For
incoherent light, i.e., for a light emitting diode (LED) or for a laser far below
threshold, the phasor tip executes a two-dimensional random walk at a rate
inversely proportional to the bandwidth of the radiation. Observing § over a
longer period, the statistical location of S follows a joint probability density
function (pdf) WM,( p,(o) in the form of a circular Gaussian “mole-hill” [199]
centered at the origin, see Fig. C.1(a).

(a) W (p.0) (b) Wop (p.0) (©) wy, {(p,0)

psin(p-py)

psing

£COSP

peos(p=-o,,)

Fig. C.1: Statistics of laser oscillators using the joint probability density function (pdf)
Woo ( p,go) of the electric field amplitude p and phase ¢ plotted over the real part pcos¢g
and imaginary part psin¢ of the electric field. (a) Far below threshold, the laser shows the
same behavior as an LED. Amplitude and phase follow a diffusion process and the joint pdf
resembles a Gaussian in each direction (“mole-hill”). The expectation value of the
amplitude is p=0 and the phase is equally distributed within 0<¢@ <2x. (b) Far above
threshold, the joint pdf resembles a ring wall (“mole-run”). The oscillator shows a tendency
to regulate the amplitude to a constant value, while the phase is still subject to a random
drift. (c) Joint pdf of an injection-locked laser, where the phase ¢ is locked to the phase ¢,
of a master laser causing a restoring force for the phase as soon as it deviates from ¢, .
Figures are modified from [C3].

In contrast to that, the joint pdf for coherent light, i.e., laser oscillation far
above threshold, will be a circular “mole-run” centered at the origin, but with
vanishingly small probability at the origin, see Fig. C.1(b). The radial cross-
section is generally Gaussian. The amplitude stabilizes at a constant
expectation value p due to the regenerative property of the oscillator. This can
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be understood as follows: If the amplitude p increases (decreases), then the
inversion of the laser’s gain medium decreases (increases) forcing p back to
p. Conversely, for the phase there is no intrinsic restoring force that is
proportional to the departure of the phasor from a certain phase reference.
Hence the equal distribution of the phase within 0< @ <27 .

It is possible to provide such a restoring force for the phase by injecting
light from an external “master” laser with low phase noise, if the frequency
S of the master laser is close to the free-running laser frequency f,. The
linear superposition of both fields inside the laser cavity generates an
oscillation of the carrier density at | Ju— fy| This periodic change of the gain
mixes with the laser’s native oscillation frequency and therefore pulls the
emission frequency from f, to f,,. The phase difference Ap=¢p-¢,,
between master and slave remains constant once they are locked, hence the
joint pdf of the injection-locked laser resembles a “mole-hill” at a constant
offset from the origin, see Fig. C.1(c). Phase locking is only possible if the
condition |A(0| <m/2 is maintained, which requires sufficiently small
differences | S — ﬂ| of the initial native frequencies [200].

C.1 Linewidth

Random fluctuations of the phase cause a broadening of the spectral width of
the laser line. This can be understood from the fact that the instantaneous
frequency f;,, is the time-derivative of the phase: 27 f;, (¢)=d¢/dt. There
are two main mechanisms that cause phase fluctuations in semiconductor
lasers. Both are connected to spontancous emission. On one hand the
spontaneous emission directly causes a random change of the phase (and
intensity) of the lasing field. On the other hand, there will also be a delayed
phase change due to amplitude-phase coupling in the laser [201]. This can be
understood as follows: The spontaneous emission causes fluctuations of the
laser’s amplitude. This will in turn change the carrier density as the laser
thrives to restore the steady-state amplitude. As the carrier density affects the
refractive index of the active medium, there will be also be a phase change.
The linewidth broadening caused by this amplitude-phase coupling is
quantified by the so-called Henry factor (or linewidth enhancement factor) o,
and amounts to 1+af, [201]. The lineshape is found to be Lorentzian with
linewidth Af that depends on the rate Ry, of spontaneous emission into the
lasing mode, and on the mean photon number N » [117]
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e

N =Ryt — (C.1)
P

C.2 Relative intensity noise

Semiconductor lasers typically feature classical intensity noise, which can be
modeled as a small perturbation 5P(t) to its mean output power P. These
fluctuations are typically caused by amplified spontaneous emission inside the
laser cavity. It is common to quantify the relative intensity noise (RIN) as the
ratio of the variance of the laser power fluctuations 0'123 =5P? and the square
of the mean output power P-. RIN has a one-sided power spectrum RIN( 1)

5P
_or

RIN = [ "RIN(f)d f
P

(C.2)

The RIN can be measured by detecting the light with a photodiode and relating
the mean current with the variance of its fluctuations. As discussed in Section
B.4.1, a photodiode converts optical power P to an electrical current i with
the proportionality constant §. The generated photocurrent will therefore
comprise a _mean part ;=SP and fluctuations with a variance
af =SO'%, =SS5P? . In addition to the fluctuations of the optical signal, shot
noise and thermal noise also contribute to the total variance of the
photocurrent.

We assume that the noise power spectral density S, of the light is
approximately constant over a bandwidth B, , leading to the noise power
Py =SyBy. The (noisy) carrier is detected with a receiver having the
bandwidth B« B, . There are several contributions to the variance of the
photocurrent [117], [202]:

1) Thermal noise, which depends on the temperature 7, and the load

resistance R, of the photodiode located in the front end of an optical
receiver. The Boltzmann constant is denoted by % :

4kyT.B
RL

li|” = (C.3)
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2) Shot noise generated by the carrier as well as the noise”":

lior” =26S(P+Py)B (C.4)

3) Mixing of the carrier and the copolarized part of the noise, i.e., only
half of S, contributes for the case of unpolarized noise:

lion|” =4S%P(Sy/2)B (C.5)

4) Mixing of the noise with itself:

[N [BN - g]b’ (C.6)

For sufficiently large P and P, the contribution from |ic_N|2 is dominating
[117]. In this case RIN can be directly related to the optical carrier-to-noise-
density power ratio (OCNyR) that is defined as the ratio of P and S, .

S ! _257PsyB _ pSy__ 2B
P 7 $2p? P OCNyR

(C.7)

The electrical signal-to-noise power ratio (SNR) is then directly related to the
relative intensity noise

(C.8)

2! Shot noise requires that the photon probability distribution is a Poisson distribution,
which is true for an ideal coherent carrier, but not for the spontaneous emission noise,
where the photon probability follows a Bose-Einstein distribution. However, if the
bandwidth B, of the noise is much larger than the receiver bandwidth B then only few
photons occupy each longitudinal mode of the fiber. In this case the photon probability
distribution can be approximated by a Poisson distribution [202].
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The RIN can be measured using a photodiode, a bias-T and an electrical
spectrum analyzer (ESA) [203]. The photodiode detects the light, and the
generated photocurrent 7, can be measured at the DC-port of the bias-T. At
the same time the ESA measures the power spectral density (PSD) of the
fluctuations of the photocurrent. Assuming a 50 Q termination of the
photodiode we find

_ PSD( f)

RIN(/) I3, -50Q

(C.9)
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Appendix E Glossary

E.1 List of symbols
E.1.1 Greek symbols

a Attenuation coefficient

oy Henry factor

i Propagation constant

,HL@ Taylor-coefficients for the propagation constant

;((") Susceptibility of n-th order

A0 Spacing of primary and secondary comb lines

A¢, Agp  Phase shifts induced by driving and bias voltages for a MZM
oA Cold cavity detuning

Az, Timing jitter of intracavity pulses

& Electric permittivity of vacuum

n Photodiode quantum efficiency

A Wavelength

@ Angular frequency

& Static phase of comb line with index

17 Phase

Pine Phase increments

oy, 0y Standard deviation of voltage representing logical '1' and '0’
o} Phase noise variance

) Correlation coefficient

Cavity round trip time
Tdly Time delay

E.1.2 Latin symbols

A Amplitude

B Bandwidth

B, Optical bandwidth

Brew Resolution bandwidth

B, Reference bandwidth for noise power evaluation
€ Speed of light in vacuum

C, Dispersion coefficient

d Diameter of disc resonator

Dg") Taylor-coefficients for resonance angular frequencies
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E Electric field

e Elementary charge

erfc Complementary error function

f Frequency

o> fn Resonance frequencies

£ Free spectral range

h (h) (Modified) Planck's constant

i Current

I, Laser diode threshold current

k Factor accounting for the EVM normalizations

kg Boltzmann constant

L Length

M Number of symbols or constellation size

N, Number of photons

n, Effective index of a waveguide

Neg Effective group index of a waveguide

P Dielectric polarization induced by an electric field

P 1 or 2 for single polarization or polarization multiplexed signal

p(0¢), p(1¢) Occurrence probability for transmitted ‘0’ and ‘1’
External optical power incident on a photodiode
Power of comb line with index m

Py Noise power

Py, B,  Total chip output power and power in the generated comb lines

0 Quality factor
O.vt» O Extrinsic and intrinsic resonator quality factor

Ju 2o

q Oversampling factor
R, Load resistance
R, Symbol rate
Ry, Rate of spontaneous emission into the lasing mode
N Receiver sensitivity
Sy Noise power spectral density
T Symbol duration
T. Temperature of the electrical receiver circuit
Time
u Voltage
- Effective group velocity

v Phase velocity
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U, Voltage for a m phase difference between the two arms of a
MZM
w Probability density

E.2 Acronyms
16QAM 16-state quadrature amplitude modulation

AC Alternating current

ADC Analog-to-digital converter

AR Anti-reflection

ASE Amplified spontaneous emission

AWG Arbitrary waveform generator

B2B Back-to-back

BER Bit-error ratio

BERT Bit error ratio tester

BPF Band-pass filter

CaF Calcium fluoride

CAGR Compound annual growth rate

CMOS Complementary metal-oxide semiconductor
CwW Continuous wave

DAC Digital-to-analog converter

DC Data center

DC Direct current

DCA Digital communication analyzer

DCI Data center interconnect

DEMUX De-multiplexer

DFB Distributed feedback

DI Delay interferometer

DQPSK Differential quadrature phase shift keying
DSP Digital signal processing

DWDM Dense wavelength division multiplexing
ECL External cavity laser

EDFA Erbium-doped fiber amplifiers

Eq Equalizer

ER Extinction ratio

ESA Electrical spectrum analyzer

EVM Error-vector magnitude
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Glossary

EVM,,

FBG
FEC
FFH
FM
FSR
FWHM
FWM
GSCS
HNLF
HR
HWP

|

InAs
InGaAsP
InP
1Q-Mod
ITLA
ITU
LED
LF

LO
LPCVD
MgF
MLL
MSA
MUX
MZM
NRZ
OCNyR
OCNR
OFDM
OMA
OOK
OSA
OSNR

Error-vector magnitude normalized to the maximum field in the
constellation

Fiber-Bragg grating

Forward error correction

Feed-forward heterodyne

Frequency modulation

Free-spectral range

Full width half maximum

Four-wave mixing

Gain-switched comb source

Highly nonlinear fiber

High-reflectivity

Half-wave plate

Inphase

Indium arsenide

Indium gallium arsenide phosphide
Indium phosphide

In-phase quadrature modulator
Integrable tunable laser assembly
International Telecommunication Union
Light emitting diode

Lensed fiber

Local oscillator

Low-pressure chemical vapor deposition
Magnesium fluoride

Mode-locked laser

Multi-source agreement

Multiplexer

Mach-zehnder modulator
Non-return-to-zero

Optical carrier-to-noise-density power ratio
Optical carrier-to-noise power ratio
Orthogonal frequency-division multiplexing
Optical modulation analyzer

On-off keying

Optical spectrum analyzer

Optical signal-to-noise ratio
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PBS
PC
PD
pdf
PDM
PIC
PID
PM
PoIMUX
PON
PRBS
PSD
Q

Q
QD-MLLD
QPSK
RBW
RF
RFS
RIN
Rx
RZ

SE
SEM
SESAM
SiN
Si0,
SNR
SOH
SPM
SR
SSMF
TBPF
TEC
TLS
Tx
UVTP

Polarization beam splitter
Polarization controller
Photodiode

Probability density function
Polarization-division multiplexing
Photonic integrated circuit
Proportional integral derivative
Power meter

Polarization multiplexing
Passive optical network
Pseudo-random bit sequence
Power spectral density

Quality

Quadrature

Quantum-dash mode-locked laser diode
Quadrature phase shift keying
Resolution bandwidth

Radio frequency

Recirculating frequency shifter
Relative intensity noise
Receiver

Return-to-zero

Spectral Efficiency

Scanning electron microscope
Semiconductor saturable absorption mirror
Silicon nitride

Silicon dioxide

Signal-to-noise power ratio
Silicon-organic hybrid
Self-phase modulation
Suppression ratio

Standard single-mode fibers
Tunable band-pass filter
Thermo-electric cooler
Tunable laser source
Transmitter

Ultraviolet thermal processing
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Glossary

VCSEL
VOA
WDM
WGR
WS
WSS
XPM

Vertical cavity surface emitting lasers
Variable optical attenuator
Wavelength-division multiplexing
Whispering gallery mode
Waveshaper

Wavelength selective switch
Cross-phase modulation
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