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Abstract (German) 

Seit der Erfindung des ARPANET und dem Aufbau eines weltweiten 

Kommunikationsnetzwerks in den späten 1980er Jahren nimmt dessen Nutzung 

unaufhörlich zu. Nach Angaben des IT-Konzerns Cisco steigt der Datenverkehr 

in allen Netzebenen exponentiell an und verdoppelt sich alle drei Jahre. 

Besonders deutlich erkennbar ist dieser Anstieg in jüngster Zeit bei 

Verbindungen, die zwei oder mehr Rechenzentren innerhalb eines 

Ballungsraumes verbinden und Entfernungen von wenigen bis 100 Kilometern 

überbrücken. Um Übertragungsengpässe zu vermeiden, sollten diese 

Verbindungen große Datenraten von einigen Terabit-pro-Sekunde ermöglichen. 

Für Langstreckennetze über Tausende von Kilometern, bei denen die Kosten 

für die Glasfaserinfrastruktur dominieren, wird seit den 1990er Jahren das 

Wellenlängenmultiplexverfahren (engl. wavelength-division multiplexing, 

WDM) mit hunderten von optischen Kanälen eingesetzt. Der Trend zu kürzeren 

Verbindungen, die in weitaus größeren Stückzahlen eingesetzt werden, 

verlagert jedoch den wirtschaftlichen Fokus weg von der Faserinfrastruktur hin 

zu den zugehörigen Transceivern und deren Größe und Kosten. Während die 

photonische Integration bereits kostengünstige kohärente Multi-Terabit/s-

Transceiver im Chipformat durch eine kompakte Realisation von Modulatoren, 

Multiplexern, Detektoren und anderen passiven Komponenten ermöglicht, ist 

die Skalierbarkeit der Kanalzahl sowohl am Sender als auch am Empfänger 

einer WDM-Verbindung noch immer durch den Mangel an geeigneten 

optischen Quellen begrenzt.  

In diesem Zusammenhang erweisen sich optische Frequenzkammquellen als 

besonders attraktive Multi-Wellenlängen-Lichtquellen, die sowohl am Sender 

als auch am Empfänger eine große Anzahl von wohldefinierten Trägern 

bereitstellen können. Im Gegensatz zu den Trägern unabhängiger Laserquellen 

sind die Träger eines Frequenzkamms streng frequenzäquidistant und ihre 

absolute Frequenz ist durch nur zwei Parameter, den Linienabstand, den 

sogenannten freien spektralen Bereich (engl. free spectral range, FSR), und die 

Zentralfrequenz, perfekt bestimmt. Damit wird die Notwendigkeit einer 

individuellen Wellenlängenstabilisierung hinfällig. 
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Unter den verschiedenen Frequenzkammgeneratorkonzepten sind integrierte 

Kammquellen der Schlüssel zu hoch skalierbaren, preiswerten und kompakten 

WDM-Transceivern. Durch diese Kammquellen können Dutzende oder sogar 

Hunderte von schmalbandigen optischen Trägern auf einem Mikrochip 

energieeffizient realisiert werden. 

Das Ziel dieser Arbeit ist es, das Potenzial von integrierten Frequenz-

kammquellen für kohärente, massiv-parallele WDM-Übertragung zu erforschen 

und experimentell zu bestätigen. In diesem Zusammenhang wird eine breit 

angelegte Studie durchgeführt, um den Einfluss der Frequenzkamm-

eigenschaften auf die Leistungsfähigkeit der WDM-Verbindungen zu 

untersuchen und die Anforderungen an den Frequenzkamm zur Maximierung 

der Übertragungskapazität zu bestimmen. Der Fokus liegt dabei auf der 

Charakterisierung von zwei vielversprechenden integrierten Kammquellen und 

deren Einsatz in WDM-Übertragungsexperimenten. Bei der ersten untersuchten 

Kammquelle handelt es sich um eine sogenannte modengekoppelte 

Quantenstrich-Laserdiode (engl. quantum-dash mode-locked laser diode, QD-

MLLD), die eine kleine Grundfläche mit einem einfachen Gleichstrombetrieb 

kombiniert und ein flaches, breitbandiges Kamm-Spektrum bietet. Die zweite 

untersuchte Kammquelle ist ein Kerr-nichtlinearer Siliziumnitrid (SiN)-

Mikroresonator, der mit einem Dauerstrichlaser (engl. continuous wave, CW) 

betrieben. Durch ein Gleichgewicht von Dispersion und Nichtlinearität entsteht 

eine stabile ultrakurze Pulsfolge, ein sogenannter Solitonenzug, der einem 

mehrere Telekommunikationsbänder überspannenden Frequenzkamm 

entspricht. Die Ergebnisse dieser Untersuchungen sind in den internationalen 

Fachzeitschriften Nature und Optics Express [J1]-[J3] sowie in 

Konferenzbeiträgen [C1]-[C3] veröffentlicht worden. 

Kapitel 1 gibt einen kurzen Überblick über die Entwicklung von 

Frequenzkammquellen, von Tischgeräten bis hin zu photonisch integrierten 

Chips. Insbesondere zeigt dieses Kapitel die Vorteile der Verwendung von 

integrierten Kammquellen für die massiv-parallele WDM-Übertragung. Das 

Kapitel endet mit einer Beschreibung der in dieser Arbeit untersuchten 

Kammquellen. 
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Kapitel 2 fasst die wichtigsten Eigenschaften und Limitierungen von 

Frequenzkämmen im Hinblick auf die kohärente Kommunikation zusammen. 

Darüber hinaus beschreibt das Kapitel die Technologie und den Mechanismus 

der Frequenzkamm-Erzeugung in einer QD-MLLD und in einem Kerr-

nichtlinearen Mikroresonator. 

Kapitel 3 untersucht das Potenzial von integrierten Frequenzkämmen als 

Lichtquellen am Sender und am Empfänger für massiv-parallele WDM-

Verbindungen. Die breit angelegte Studie hilft verschiedene Kammgenerator-

typen in Bezug auf ihre Leistungsfähigkeit in Übertragungsnetzwerken zu 

vergleichen. Insbesondere wird unter Berücksichtigung der optischen Leistung 

und des optischen Träger-Rausch-Verhältnisses (engl. optical carrier-to-noise 

ratio, OCNR) des Frequenzkamms ein Ausdruck für die maximal mögliche 

Verbindungsdatenrate, hergeleitet.  

Kapitel 4 widmet sich der Demonstration des Potenzials von QD-MLLD als 

Multi-Wellenlängen-Lichtquellen in massiv-parallelen WDM-Datenüber-

tragungen. Während diese DC-getriebenen Bauelemente kompakt sind und 

einen flachen und breitbandigen Frequenzkamm liefern, wird durch das starke 

Phasenrauschen ihrer Kammlinien die Signalqualität und die Leistungsfähigkeit 

der kohärenten Datenübertragung beeinträchtigt, was ihre Verwendung auf eher 

einfache Modulationsformate wie z.B. OOK oder QPSK beschränkt. Die in 

dieser Arbeit beschriebenen Experimente zeigen, dass das starke 

Phasenrauschen durch eine spezielle digitale Phasen-nachführungstechnik, die 

auf symbolweiser blinder Phasensuche (engl. blind phase search, BPS) beruht, 

überwunden werden kann. Dies ermöglicht die Übertragung eines Datenstroms 

von 11,6 Tbit/s über eine Faserlänge von 75 km durch Verwendung von 

16QAM, was der höchsten Datenrate mit QD-MLLD zum Zeitpunkt der 

Veröffentlichung [J2] entspricht. 

Kapitel 5 erforscht das Potenzial von Kerr-nichtlinearen SiN-Mikroresonatoren 

als Multi-Wellenlängen-Lichtquellen in massiv-parallelen WDM-Datenüber-

tragungen. Durch Antreiben des SiN-Mikroresonators mit einem CW-Laser bei 

richtig gewählter optischer Leistung und Wellenlänge kann ein einzelner 

ultrakurzer Puls, ein sogenanntes dissipatives Kerr-Soliton (DKS), im 

Resonator erzeugt werden. Der resultierende Solitonenzug, der den 
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Mikroresonator verlässt, entspricht einem breitbandigen Frequenzkamm mit 

rauscharmen Kammlinien. Unter Verwendung von DKS-Kämmen konnte ein 

Datenstrom von 55,0 Tbit/s über eine Faserlänge von 75 km übertragen werden, 

was zum Zeitpunkt der Veröffentlichung [J1] der höchsten Datenrate mit einer 

integrierten Frequenzkammquelle entspricht. 

Kapitel 6 fasst die wichtigsten Ergebnisse dieser Arbeit zusammen und gibt 

einen Ausblick auf den Einsatz von Frequenzkammquellen im Chip-Format für 

weitere WDM-Anwendungen.
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Abstract 

Since the establishment of the ARPANET and the foundation of the internet in 

the late 1980s, internet usage has been unceasingly increasing. According to the 

IT conglomerate Cisco, data traffic is increasing exponentially, doubling every 

three years, across all network levels1. Recently, this increase became more pro-

nounced for datacenter interconnects, which link two or more data centers 

across a metropolitan area with typical distances from a few kilometers to 

100 km. To overcome transmission bottlenecks, these links should provide 

multi-terabit per second connectivity. For long-haul networks of hundreds to 

thousands of kilometers, where the cost of the fiber infrastructure dominates, 

wavelength-division multiplexing (WDM) transmission using tens or hundreds 

of channels has been used since the 1990s. However, the trend towards shorter 

links, which are deployed in much larger quantities, is shifting the market con-

cerns from the fiber infrastructure to the size and cost of the associated trans-

ceivers. While high-density photonic integration technology already allows for 

the realization of low-cost chip-scale multi-terabit/s coherent transceivers by 

dense integration of modulators, multiplexers, detectors, and other passive com-

ponents, the scalability of the number of channels both at the transmitter and 

receiver of a WDM link is still limited by the lack of adequate optical sources.  

In this context, optical frequency comb sources emerge as particularly attractive 

multi-wavelength light sources that can provide large numbers of well-defined 

carriers both at the transmitter and receiver side. In contrast to the carriers from 

independent laser sources, the carriers from a frequency comb are strictly equi-

distant in frequency and their absolute frequency is perfectly determined by 

only two parameters: the line spacing, or free spectral range (FSR), and the cen-

ter frequency. This eliminates the need for individual wavelength stabilization. 

Amongst different frequency comb generator concepts, chip-scale comb 

sources are key components for highly scalable WDM transceivers with cheap 

                                           
1 Cisco, “Cisco Visual Networking Index: Forecast and Trends, 2017-2022, (White Paper),” 2019. 
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and compact form factors. These comb sources can provide tens or even hun-

dreds of optical narrow-band lines from a power-efficient micro-chip. 

The goal of this thesis is to explore and experimentally prove the potential of 

chip-scale frequency comb sources for coherent massively-parallel WDM trans-

mission. In this context, a broad study is performed to investigate the influence 

of frequency comb properties on the performance of the WDM link, and to de-

termine the comb requirements for maximizing the transmission capacity. The 

focus is then put on characterizing and testing two highly-promising chip-scale 

comb sources for their use in massively parallel WDM transmission by per-

forming various data transmission experiments. The first comb source investi-

gated is the so-called quantum-dash mode-locked laser diode (QD-MLLD), 

which combines a small footprint with simple operation by a direct current (DC) 

and offers a flat broadband comb spectrum. The second comb source investi-

gated is a microresonator-based Kerr comb generator, consisting of a Kerr-non-

linear silicon nitride (SiN) microresonator driven by a continuous-wave (CW) 

laser. Kerr comb generators can produce a stable ultra-short pulse sequence or 

a soliton train corresponding to a frequency comb spanning several telecommu-

nication bands. The results of these investigations have been published in the 

international journals Nature and Optics Express [J1]-[J3], and in conference 

contributions [C1]-[C3]. 

Chapter 1 motivates the need for coherent WDM systems with chip-scale fre-

quency comb devices as multi-wavelength light sources. The chapter gives an 

overview of how frequency comb technology evolved from macroscopic bench-

top-type devices to chip-scale assemblies. 

Chapter 2 provides the required theoretical background to understand the sys-

tem-level experiments described in this thesis and summarizes the main prop-

erties and limitations of frequency combs with a focus on coherent communi-

cations. The chapter includes a description of the components in a coherent 

WDM communication system and of the associated signal processing. The 

chapter further describes the technology and mechanism of frequency comb 

generation in a QD-MLLD and in a Kerr-nonlinear microresonator. 
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Chapter 3 investigates the potential of chip-scale frequency comb sources as 

multi-wavelength light sources at the transmitter and as multi-wavelength local 

oscillators (LO) at the receiver of massively-parallel WDM links. This broad 

study helps to compare different comb generator types in terms of their achiev-

able transmission performance. In particular, by considering the optical power 

and the optical carrier-to-noise ratio (OCNR) of the frequency comb, an expres-

sion is obtained for the maximum data rate the link can transmit.  

Chapter 4 is dedicated to demonstrate the potential of QD-MLLD as multi-

wavelength light sources for coherent WDM data transmission. While these 

DC-driven devices are compact and provide a flat and broadband frequency 

comb, the strong phase noise of the comb lines has limited their use to rather 

simple modulation formats such as OOK or QPSK. The experiments described 

in this chapter show that the strong phase noise is overcome by a dedicated 

digital phase-tracking technique that relies on symbol-wise blind phase search. 

This allows transmitting an 11.55 Tbit/s data stream over a fiber length of 75 km 

using 16QAM, corresponding to the highest data rate with these devices at the 

time of the publication. 

Chapter 5 explores the potential of microresonator-based Kerr comb generators 

as multiwavelength light sources for coherent WDM data transmission. By 

pumping a SiN microresonator with a CW-laser set at the required power and 

wavelength, a single ultra-short pulse, termed dissipative Kerr soliton (DKS), is 

generated in the cavity. The resulting soliton train that leaves the microresonator 

corresponds to a broadband frequency comb with low-noise comb lines. Using 

DKS combs, a 55 Tbit/s data stream is transmitted over a fiber length of 75 km, 

corresponding to the highest data rate with any chip-scale frequency comb 

source at the time of the publication. 

Chapter 6 summarizes the main results of this thesis and gives an outlook on 

the use of chip-scale frequency comb sources for further WDM applications.  





 

xiii 

 Achievements of the present work  

This thesis investigates the potential of chip-scale frequency comb sources as 

multi-wavelength sources for massively-parallel WDM transmission. This 

study helps to compare different frequency comb sources and to benchmark 

them with respect to the achievable transmission performance. On the experi-

mental side, the focus is put on two comb generator concepts that are of partic-

ular interest, the quantum-dash mode-locked laser diode (QD-MLLD) and the 

Kerr comb generator, which consists of a Kerr-nonlinear microresonator driven 

by a continuous-wave (CW) laser. With a series of transmission experiments, 

the potential of these two devices is demonstrated. In the following, the main 

achievements presented in this work are highlighted. 

Formulation of a holistic model that allows estimating the transmission 

performance of comb-based WDM systems: This model can be used to esti-

mate the transmission performance of comb-based WDM systems under the in-

fluence of optical carrier-to-noise ratio (OCNR) limitations and line-to-line 

power variations [J3]. Two distinctively different regimes are identified, where 

the transmission performance is either limited by the comb source or by the link 

itself. The model also considers the impact of the OCNR of the local oscillator 

(LO) comb.  

First demonstration of 16QAM WDM transmission using a DC-driven QD-

MLLD without the use of any hardware-based phase-noise reduction 

scheme: For the first time, the tones of the frequency comb generated in a QD-

MLLD are used to transmit 16QAM signals at 38 GBd without the need for 

additional hardware for phase-noise reduction. The impact of the large phase 

noise of the comb lines is reduced at the receiver side by a dedicated digital 

symbol-wise blind phase search algorithm. A line rate of 11.55 Tbit/s is meas-

ured using 38 lines of the frequency comb. 

First demonstration of WDM data transmission using the comb lines of a 

dissipative Kerr soliton (DKS) from a Kerr comb generator: The tones of a 

DKS frequency comb generated from a SiN microresonator driven by a CW-
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laser, are used for the first time to demonstrate coherent massively parallel 

WDM data transmission at line rates of 37.2 Tbit/s through 75 km of a single-

mode fiber [J1]. 

Highest data rate achieved with chip-scale frequency comb sources: Two 

interleaved DKS combs are used to transmit a data stream of 55.0 Tbit/s on a 

total of 179 individual optical carriers that span the entire telecommunication C 

and L bands. At the time of the publication, this represented the largest fre-

quency span in a WDM link that was covered by a chip-scale frequency comb, 

and the highest data rate achieved with any chip-scale comb source. 

 

 

Equation Chapter (Next) Section 1 

 

  



 

1 

1 Introduction 

The internet of things (IoT) is a term coined in the late 90s, targeting at “inte-

grating and automating everything from home appliances to entire factories”. 

Due to the huge leap in electronic and photonic integration technology wit-

nessed over the last decades, the concept of IoT has evolved from a hypothetical 

idea to a reality. Already in 2017, the number of devices connected to the inter-

net has surpassed that of humans on Earth [1]. A vast majority of devices, some 

of which are not as simple to recognize as smartphones and TVs, are now con-

tributing to the fast growth of IoT. Some examples are smart meters for tracking 

energy consumption, cameras for video surveillance, and healthcare monitoring 

wearables. 

In order to provide storage, communication, and transmission to the data gen-

erated by all the devices connected to the internet, service providers such as 

Google and Facebook are deploying hyper-scale data centers in large numbers 

around the world. Figure 1.1(a) shows the increase of the worldwide number of 

hyper-scale data centers over the last years, with a compound annual growth 

rate (CAGR) of 13% and a growth saturation not yet in sight [2]. Similarly, 

Figure 1.1(a), shows the traffic that flows from data center to data center which 

is projected to increase with a CAGR of 33 %, reaching 2.8 zettabyte/year in 

2021.2 This increase is particularly pronounced for high-capacity point-to-point 

interconnects with typical lengths of less than 100 km, [3],[4]. Despite the in-

crease in demand for such short-reach systems, they are currently limited to 

relatively low data rates of at most a few hundreds of Gbit/s, when compared to 

long reach links already transmitting tens of Tbit/s over thousands of kilometers 

[5]. 

For short-reach systems, low-cost solutions are desired. Typically architectures 

based on direct-detection four-level pulse amplitude modulation (PAM-4) or 

discrete multi-tone modulation, or even low-cost coherent detection techniques 

are employed [3]. These architectures are, however, characterized by their low 

                                           
2 One zettabyte (ZB) corresponds to 1021 bytes.  
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data rate per optical fiber. Figure 1.1(b) shows an example of a buried fiber in-

terconnect comprising tens of fiber conduits, each containing more than a thou-

sand individual fibers connecting two facilities on a data-center campus. Now-

adays, each of these fibers is still used to transmit data on a single carrier with 

typical data rates of a few hundreds of Gbit/s [6]. High data rates are only 

achieved using spatially separated channels in thousands of single-mode fibers 

(SMF), see Figure 1.1(c). It is, thus foreseeable that this concept of simple spa-

tial parallelization will soon reach its scalability limits.  

The capacity of each single-mode fiber can be increased by multiple orders of 

magnitude by spectral parallelization of data streams in each fiber using wave-

length-division multiplexing (WDM) and high spectral efficiency coding. The 

following section motivates the need for highly parallel WDM systems in com-

bination with spectrally efficient coherent modulation formats and introduces 

chip-scale frequency comb devices as the ideal multi-wavelength light sources 

for such WDM links. In Section 1.2, a short overview is given on how frequency 

comb technology evolved from macroscopic benchtop-type devices to chip-

scale assemblies, denoted as chip-scale frequency comb sources in this thesis. 

Figure 1.1: Growth of inter datacenter traffic. (a) Growth of the number of hyperscale data cen-

ters and growth of datacenter to datacenter traffic in zettabyte (ZB) per year [2]. (b) Buried fiber 

conduit containing tens of fiber bundles connecting two buildings on a datacenter campus. (c) 

Fiber cable comprising more than 1000 individual single-mode fibers (SMF). Figure adapted 

from Ch.2 in [B1]. 
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The section also reviews different types of frequency comb generators for their 

application in WDM transmission. This section is adapted from a book chapter 

[B1] that was published with equal contribution from the author of this thesis 

and Juned N. Kemal. 

1.1 Need for coherent massively-parallel WDM 
with chip-scale frequency comb generators 

High-speed optical fiber communication systems rely on wavelength-division 

multiplexing (WDM) schemes. While these schemes have been used since the 

1990s for long-haul links over distances of thousands of kilometers [6], WDM 

is now becoming even more important also for shorter links ranging from few 

kilometers up to 100 km [7]. In combination with high spectral efficient coher-

ent modulation formats, the capacity of each single-mode fiber can be increased 

to several tens of Tbit/s.  

These short links are deployed in larger quantities and are much more sensitive 

to the cost and size of the optical transmitter and receiver [6]. Therefore, com-

pact and cost-efficient optical transceivers are key for future WDM intercon-

nects. In this context, optical frequency comb generators may play a key role as 

compact and robust multi-wavelength light sources that can provide large num-

bers of well-defined optical carriers. Among the various comb generator con-

cepts, chip-scale frequency comb generators would enable cost-efficient mass 

production. 

A particularly important advantage of frequency combs is the fact that comb 

lines are inherently equidistant in frequency, hence relaxing the requirements 

for inter-channel guard bands [38] and avoiding frequency control of individual 

lines as needed in conventional schemes that combine arrays of independent 

DFB lasers. These advantages do not apply only to the WDM transmitter, but 

also to the receiver, where an array of discrete local oscillators may be replaced 

by a single comb generator. Figure 1.2 depicts the basic architecture for a WDM 

communication system using either frequency combs or arrays of individually 

stabilized lasers at the receiver and at the transmitter. In the scheme shown in 
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Fig. 1.2(a), data are encoded on each carrier, derived from individually stabi-

lized lasers, by means of in-phase/quadrature (IQ) modulators. The data chan-

nels are then multiplexed and transmitted through an optical fiber. At the re-

ceiver, the channels are demultiplexed and coherently detected using LO 

carriers, which are also derived from individually stabilized lasers. Fundamen-

tals of coherent data transmission and reception are described in Chapter 2. In 

Fig. 1.2(b), the lasers arrays at the transmitter and receiver are replaced by a 

pair of frequency comb generators.  

Using an LO comb further facilitates joint digital signal processing of the WDM 

channels, which may reduce receiver complexity and increase phase noise tol-

erance [41]. Moreover, parallel coherent reception with frequency-locked LO 

tones might even allow to reconstruct the time-domain waveform of the overall 

Figure 1.2: Scheme depicting the principle of WDM communications. (a) Conventional scheme 

for WDM communications using independent CW lasers as carriers at the transmitter and as LO 

at the receiver. The wavelength of each laser is individually stabilized with a thermo-electric 

cooler (TEC), each carrier is then modulated with an in-phase/quadrature (IQ) modulator and 

multiplexed to an optical fiber. At the receiver, the data stream is demultiplexed to the various 

channels and coherently received by using individual laser carriers as LO. (b) Comb-based 

scheme for WDM commuications.The laser banks at the transmitter and receiver are replaced by 

a pair of frequency comb generators (FCG). The frequency combs are used either as a multi-

wavelength carrier at the transmitter or as a multi-wavelength local oscillator at the receiver by 

demultiplexing their tones. MUX: wavelength multiplexer. DEMUX: wavelength demultiplexer. 
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WDM signal and thus permit compensation of impairments caused by optical 

nonlinearities of the transmission fiber [42]. These advantages make chip-scale 

frequency combs sources promising candidates for next-generation optical in-

terconnects.

1.2 Evolution of optical frequency comb 
generators and their applications 

Optical frequency combs became a topic of extensive research in the late 1990s 

after their successful use for measuring directly and accurately optical frequen-

cies [8], culminating with the Nobel prize in Physics in 2005 for developing 

such a precision spectroscopy technique based on optical frequency combs [9]. 

This technique replaced previous absolute frequency measurements performed 

with complex RF-to-optical harmonic frequency chains built at, e.g., the 

Physikalisch-Technische Bundesanstalt (PTB) in Germany or the National In-

stitute of Standards and Technology (NIST) in the USA [10]. The novel ap-

proach made use of an octave-spanning comb, whereby the frequency value of 

the comb line at the right edge of the spectrum, ff , is at least twice the value of 

the comb line at the left edge, if , i.e., f i2f f . If this condition is fulfilled, a 

so-called 2−f f  self-referencing scheme can be used, in combination with 

measurements of the comb FSR, for stabilizing the frequency position of all of 

the tones of the frequency comb. This frequency stabilization allows the comb 

to be used as a frequency ruler to measure other optical frequencies. 

Frequency combs have been conventionally generated with mode-locked 

femtosecond lasers using, e.g., Ti:sapphire or erbium-doped silica fibers as gain 

media, or with fiber-based electro-optic modulators, often in combination with 

highly nonlinear fibers. While these types of frequency comb generators offer 

high optical power and broadband comb spectra, they are technically complex, 

power-hungry, and not amenable to chip-scale integration, preventing low-cost 

mass production. Equally important, the lengthy gain media in mode-locked la-

sers limits the FSR of the corresponding frequency combs to rather low values 

of few hundreds of MHz, far away from the tens of GHz that are needed for 

WDM applications. Figure 1.3(a) shows an example of a state-of-the-art fiber-
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based frequency comb generator commercialized by Menlo Systems.3 In this 

device, the optical setup is integrated into a 19-inch 3 rack-unit frame.4 

With the advent of integrated photonics technology, developing chip-scale fre-

quency comb sources has been the focus of many research groups. Several types 

of frequency comb generators have been fabricated over the last years featuring 

low power consumption and small size. In this thesis, two highly-promising 

types of chip-scale comb sources are investigated, the QD-MLLD and the Kerr 

comb generator, which consists of a Kerr-nonlinear silicon nitride (SiN) 

                                           
3 https://www.menlosystems.com/products/optical-frequency-combs/smartcomb/  
4 A rack unit (RU) is a unit of measure defined as 1 3⁄4 inches (44.45 mm). It is typically used as a measurement 

of the overall height of 19-inch rack frames, as well as the height of equipment that mounts in these frames and 

is expressed as multiples of rack units. 

Figure 1.3. Size comparison of frequency comb generators. (a) Bench-top type frequency comb 

geneator from Menlo Systems. The fiber-based setup is integrated into a 19-inch 3 rack-unit 

frame. (b) Image of a QD-MLLD mounted on a dielectric plate and contacted by a gold wire 

bond. (c) Image taken from a SiN chip, containing 16 microring resonators, lying on to of a one-

cent coin. Each of the microresonators can be used as Kerr comb generator by driving them with 

a pump laser with properly chosen wavelength and optical power. 

https://www.menlosystems.com/products/optical-frequency-combs/smartcomb/
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microresonator driven by a continuous-wave (CW) laser. Figure 1.3(b) shows a 

QD-MLLD mounted on a dielectric plate and contacted by a gold wire bond, 

while Fig. 1.3(c) depicts an image of a millimeter-sized SiN chip containing 16 

microresonators. Each microresonator can be used as a Kerr comb generator by 

driving them with a pump laser with properly adjusted wavelength and optical 

power [11]. In contrast to the benchtop-type comb generator of Fig. 1.3(a), these 

two chip-scale comb sources are characterized by their low footprint and by an 

FSR of the corresponding frequency comb of tens of GHz, compliant to the 

International Telecommunication Union (ITU) standard for WDM transmis-

sion.5  

In the literature, other types of chip-scale comb sources have been investigated 

for their use as multi-wavelength light sources for WDM links. The basic setups 

for generating the corresponding frequency combs are depicted in Fig. 1.4(a)-

(c) and are described in the following. 

A frequency comb can be generated by a periodic modulation of a continuous-

wave laser carrier using high-speed electro-optic modulators (EO mod.) that is 

driven by a sinusoidal RF signal [12], see Fig. 1.4(a). The limitation of this ap-

proach comes from the narrow bandwidth of the frequency comb at the output 

of the modulator. Although the bandwidth can be increased by cascading mul-

tiple EO mod., it still remains comparatively low [13]. A frequency comb can 

also be generated by gain switching of a semiconductor laser diode, labeled 

slave laser, that is injection-locked by a continuous wave (CW) master laser 

[14]–[17], see Fig. 1.4(b). The bandwidth of the frequency comb from the gain-

switched laser diode (GSLD) is limited to a few hundred gigahertz. Frequency 

combs with a larger bandwidth can be obtained by spectrally broadening a seed 

frequency comb through third-order nonlinear processes such as self-phase 

modulation (SPM) and cross-phase modulation (XPM), see Fig. 1.4(c). This has 

been shown, e.g., using highly nonlinear waveguides (HNW) made of alumi-

num-gallium-arsenide-on-insulator (AlGaAsOI) [18]. Note that in [18] the seed 

frequency comb is based on a benchtop type pulsed fiber laser. Thus, to obtain 

                                           
5 Carrier spacing grids ranging from 12.5 GHz  to 100 GHz and integer multiples thereof are specified by the 

International Telecommunication Union (ITU) recommendation G.694.1 for dense WDM. 
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a fully integrated frequency comb generator, the source would also need to be 

on a chip.  

Broadband frequency combs can be directly obtained from mode locked-laser 

diodes (MLLD). In particular, MLLD with quantum-dash (QD) gain material 

have been shown to generate frequency combs with bandwidths of more than 

2 THz [19], see Fig. 1.4(d). An even broader frequency comb can be obtained 

by pumping a Kerr nonlinear microresonator with a sufficiently large power 

from a CW laser [21], [22], see Fig. 1.4(e). Among the various Kerr comb states, 

the so-called single dissipative Kerr solitons (DKS) are of particular interest for 

WDM applications. DKS combs are formed by an ultra-short soliton pulse cir-

culating the microresonator, leading to broadband combs with particularly 

Figure 1.4: Basic setup for chip-scale frequency comb sources used in Tbit/s data transmission 

experiments. (a) Schematic setup of frequency comb generation using an electro-optic modulator 

(EO mod.). A frequency comb is generated by modulating a carrier emitted by a continuous-

wave laser using an EO mod. that is driven by a sinusoidal RF signal. (b) Schematic setup of 

frequency comb generation by gain switching. In a gain-switched laser diode (GSLD), a fre-

quency comb is generated by driving a slave laser by a sinusoidal signal from an RF oscillator. 

Injection locking a master laser to the slave laser improves the noise properties of the frequency 

comb. (c) Schematic setup of frequency comb broadening with Kerr-nonlinear waveguides. Spec-

tral broadening of a seed frequency comb through nonlinear processes in a highly-nonlinear 

waveguide (HNW) leads to a broadband frequency comb. (d) Concept of frequency comb gen-

eration using a mode-locked laser diode (MLLD) with quantum-dash (QD) material as the active 

medium. An optical frequency comb can be generated by a QD-MLLD by simply driving the 

device with a direct current. (e) Microresonator-based Kerr comb generator. Coupling CW laser 

light with proper wavelength and sufficient optical power into a Kerr-nonlinear microresonator 

generates a frequency comb through four-wave mixing processes. 
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smooth spectral envelopes. Despite the required pump laser, chip-scale assem-

blies generating DKS combs have been already demonstrated in the literature 

[23], [24]. 

Surrounded by a green dashed contour in Fig. 1.4 are the two frequency comb 

sources investigated in this thesis, the QD-MLLD and the Kerr comb generator. 

The main properties of these frequency comb sources are described in Sec-

tions 2.3 and 2.4, respectively. The transmission demonstrations with these fre-

quency combs are detailed in Chapters 4 and 5, respectively.  

 

Equation Chapter (Next) Section 1 
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2 Theoretical background 

This chapter provides the required background to better understand the investi-

gations and experimental demonstrations described in this thesis. Section 2.1 

introduces the fundamental concepts of optical communication systems and the 

associated signal processing. The section focuses on high-capacity links based 

on coherent WDM systems, relevant to the experimental demonstrations of this 

thesis. Section 2.2 describes the relevant properties of frequency combs for co-

herent data transmission. This section is edited from a book chapter [B1] that 

was published with equal contribution from the author of this thesis and Juned 

N. Kemal. Section 2.3 and Section 2.4 discuss the theory and technology of the 

two chip-scale comb sources investigated in this thesis, namely a QD-MLLD 

and a Kerr comb generator, respectively. These sections introduce the mecha-

nism behind frequency generation in QD-MLLD and Kerr comb generators and 

describe the properties of their output frequency combs. Regarding Kerr comb 

generators, special emphasis is laid on so-called dissipative Kerr solitons 

(DKS), which can be obtained from a SiN microresonator. 

2.1 Coherent data transmission setups and signal 
processing 

The building blocks of the coherent optical communication system used for the 

experimental demonstrations in this thesis are depicted in Figure 2.1. This sys-

tem relies on transmitting spectrally-efficient K-ary quadrature amplitude mod-

ulation (QAM) signals through a fiber link consisting of fiber section and opti-

cal amplifiers.  

At the transmitter, a digital binary signal is first mapped into K symbols and 

shaped for spectrally efficient transmission by means of digital signal pro-

cessing (DSP). Next, the signal is converted to the analog domain by a digital-

to-analog converter (DAC) and encoded onto one or more optical carriers using 

electro-optic (EO) in-phase/quadrature (IQ) modulators.  
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Once in the optical domain, the signal is amplified by the so-called post-ampli-

fier and launched into the first optical fiber section. The signal can then be trans-

mitted across hundreds to thousands of kilometers by 1−M  additional fiber 

sections. In-line amplifiers are used to compensate for the fiber losses of the 

respective fiber sections. 

The spacing between amplifiers is directly related to the achievable optical sig-

nal-to-noise ratio (OSNR).6 As the fiber length between amplifiers is increased, 

the OSNR decreases. This decrease results from using lumped amplifiers, such 

as the erbium-doped fiber amplifier (EDFA), and leads to the engineering 

tradeoff that shorter spans provide higher OSNR while longer spans lead to the 

use of fewer amplifiers and lower cost [25]. In practice, amplifier spacings in 

the range of 50 to 90 km are used [26]. In this thesis, a fiber span of 75 km is 

used. 

At the receiver, the signal is boosted by a pre-amplifier and coherently detected. 

Different coherent receiver schemes can be employed to detect the signal and 

recover the data. In this thesis, an intradyne detection scheme is employed, con-

sisting of a 90° optical hybrid (OH), balanced photodetectors (BPD), and ana-

log-to-digital converters (ADC). In the last step, digital signal processing (DSP) 

is necessary to correct for impairments suffered by the signal through the system 

and to recover the transmitted binary signal.  

                                           
6 The OSNR is defined as the ratio of the signal power to the amplified spontaneous emission (ASE) noise 

power within a reference bandwidth Bref = 12.5 GHz, corresponding to a reference wavelength span of 0.1 nm 

at a center wavelength of 1.55 µm 

Figure 2.1: Main blocks of the coherent communications system used in this thesis for the trans-

mission experiments.  
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2.1.1 Signal encoding and shaping 

The electric field of an optical carrier with angular frequency c , phase ( )c t , 

and amplitude ( )cE t  can be expressed as  

 ( ) ( ) ( )( )cos  = +c c cE t E t t t . (2.1) 

In coherent communications, data can be encoded onto the optical carrier by 

modulating its phase and amplitude with the phase ( ) t  and amplitude ( )A t  of 

a baseband complex signal ( )A t ,7 given by  

 ( ) ( ) ( )j
e


=
t

A t A t . (2.2) 

Considering an optical carrier with no phase noise, ( ) =c ct , and no amplitude 

noise, ( ) =c cE t E , and further considering without loss of generality that 0 =c

and 1=cE , i.e., ( ) ( )cos = cE t t , the modulated optical carrier ( )mE t  can be 

expressed as the time-harmonic wave  

 ( ) ( ) ( )( )m ccos  = +E t A t t t . (2.3) 

Alternatively, rather than using the amplitude and phase representation of the 

complex baseband signal ( )A t , ( )mE t  can be represented by the real and im-

aginary parts of the baseband signal ( )A t , also known as in-phase ( )IA t  and 

quadrature ( )QA t  components,  

 ( ) ( )  ( ) ( )( )Re cos = =IA t A t A t t , (2.4) 

 ( ) ( )  ( ) ( )( )Im sin = =QA t A t A t t . (2.5) 

By applying the compound angle formula to Eq. (2.3) and using Eqs. (2.4) and 

(2.5), the modulated carrier can be expressed as 

 
( ) ( ) ( )( ) ( ) ( ) ( )( ) ( )

( ) ( ) ( ) ( )

m c c

c c

cos cos sin sin

cos sin

   

 

= −

= −I Q

E t A t t t A t t t

A t t A t t
. (2.6) 

Thus, complex baseband signals ( )A t , can be transmitted by mixing ( )IA t with 

the carrier ( )cos ct  and ( )QA t with the carrier ( )sin − ct . This is the concept 

                                           
7 In this thesis, the underscore “_” indicates a complex quantity.  
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behind quadrature amplitude modulation (QAM).8 The mixing and combining 

expressed in Eq. (2.6) can be achieved with the so-called in-phase/quadrature 

(IQ) modulator, which is described in the next section.  

Each of the possible ( ) t  and ( )A t , or ( )IA t and ( )QA t , pairs represents a 

symbol that is typically visualized in the complex plane, leading to a so-called 

constellation diagram. Figure 2.2(a) depicts the constellation diagram, where 

the real and imaginary axis is expressed by ( )IA t  and ( )QA t . The group of K 

different symbols used to transmit the data constitute the symbol alphabet and 

are associated with a given modulation format. Figure 2.2(b) depicts the con-

stellation diagrams for the modulation formats which are relevant for this thesis, 

namely quadrature phase-shift keying (QPSK), 16-state quadrature amplitude 

modulation (16QAM), and 32-state QAM (32QAM). Each symbol of a given 

modulation format represents 2log K bits. To map bits to symbols, two-dimen-

sional Gray coding is used. This mapping scheme minimizes the number of bit 

errors by having adjacent symbols that differ by only a single bit, while diagonal 

adjacent symbols differ by 2 bits [27]. For QPSK and 16QAM, Figure 2.2(b) 

also displays the corresponding Gray coding.  

                                           
8 In a QAM signal, two carriers shifted in phase by 2  (90°), are modulated and combined. As a result of their 

90° phase difference, they are in quadrature which gives rise to the name. 

Figure 2.2: Complex representation of coherent modulation formats. (a) Representation of the 

( )IA t ( )QA tcomplex electric field by and  components in the complex plane. (b) Constellation 

diagram of quadrature phase-shift keying (QPSK), 16-state quadrature amplitude modulation 

(16QAM), and 32-state (QAM). 
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In this thesis, pseudorandom binary sequences (PRBS) are used to emulate a 

continuous random sequence of bits. The PRBS exhibits the same statistical be-

havior as a truly random sequence. 

The number of encoded bits per symbol will determine the spectral efficiency 

of the communication system. For example, 32QAM is spectrally more efficient 

than QPSK. However, for WDM systems, the channel bandwidth also impacts 

the spectral efficiency. Traditionally, signals with rectangular time-domain 

pulse shapes were used. In the frequency domain, these signals correspond to a 

sinc-shaped spectrum with sidelobes, and a main lobe bandwidth that is twice 

the symbol rate S S1=R T , where ST  denotes the duration of a symbol. To avoid 

inter-channel interference in WDM systems, relatively wide guard bands are 

needed to be kept between channels, thereby considerably reducing the spectral 

efficiency. For a given symbol rate, the spectral separation of the channels can 

be minimized by shaping the time-domain pulses. To this end, raised-cosine 

(RC) pulse shapes are often chosen. In the frequency domain, the RC filter is 

described according to [28] 

( )

( )

( ) ( ) ( )

( )

S

S S S

S

S

1
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2
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 (2.7) 

In Eq. (2.7),   is the roll-off factor, where 0 1  . The roll-off factor is a 

measure of the occupied spectral bandwidth beyond the Nyquist bandwidth of 

S 2B . For 0 = , the spectrum is rectangular and leads to high spectral effi-

ciency. However, low   values lead to an increase of the peak to average power 

ratio (PAPR), which is the ratio of the instantaneous power to the mean power, 

and a decrease of the signal quality in real transmission systems [29]. In con-

trast, high   values lead to a broader spectrum but make the received signal 

more tolerant to timing recovery errors. In practice, a value of   is chosen for 

each transmission system to balance these two effects. In this thesis,   values 
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of 0.05 and 0.1 are chosen, leading to excess bandwidths of 5% and 10%, re-

spectively. 

2.1.2 In-phase/quadrature (IQ) modulator 

The complex baseband signal ( )A t  can be encoded onto an optical carrier fol-

lowing Eq. (2.6). The real ( )IA t  and imaginary ( )QA t  components of ( )A t  are 

encoded onto two copies of an optical carrier which are de-phased by 90° and 

then combined together. This is accomplished by an in-phase/quadrature (IQ) 

modulator which is described in the following.  

An IQ modulator consists of two Mach-Zehnder modulator (MZM) structures. 

An MZM is an interferometer used to change the intensity of the light by mod-

ifying, or shifting, the phase of the light propagating through the MZM arms. 

The phase of the light propagating in each arm of the MZM is manipulated 

through the Pockels effect. The Pockels effect is a second-order nonlinear effect 

in which an electric signal changes the refractive index of the material compos-

ing the MZM. Typically, lithium niobite (LiNbO3) is chosen as second-order 

nonlinear material to generate the electro-optic effect. 

Figure 2.3(a) depicts the structure of the IQ modulator. The signal ( )IA t  drives 

the upper MZM, MZM I , and the signal ( )QA t  drives the lower MZM, MZM .Q  

For MZM I , the phase of the carrier propagating through the upper arm is 

shifted by ( ),1I t  while the phase shift for the carrier propagating through the 

lower arm is ( ),2 .I t  Similarly, the phase shifts are ( ),1Q t  and ( ),2Q t  for 

MZM .Q  Each of the MZM is operated in a push-pull configuration, i.e., the 

phase shifts ( ),1I t  and ( ),2I t  introduced in each arm of the MZM I  are equal 

but have different signs, i.e, ( ) ( ),1 ,2 = −I It t , likewise ( ) ( ),1 ,2 = −Q Qt t  for 

MZM .Q  Under these conditions, the MZM behaves as a pure amplitude modu-

lator. For MZM I , the amplitude and power transfer function can be written as  

 
( ) ( )2 2

,DC ,DC
, ,

cos cos
 

   
   

= + = +      
   

I I
I I I I

I I

A t A t
T T

U U
. (2.8) 



2.1  Coherent data transmission setups and signal processing  

17 

In these relations, ,DCI  is a phase shift applied to adjust the operation point of 

MZM I , and ,IU  is the so-called half-wave voltage of the MZM and is a prop-

erty of the modulator indicating the required voltage to achieve a phase differ-

ence of   between the upper and the lower arm. Equivalent relations can be 

expressed for MZMQ . In coherent communication systems, the phase ,DCI  is 

chosen such that the output power is null when there is no driving signal, 

( ) 0=IA t . This operation point of the MZM is called the null point and leads to 

a suppression of the undesired optical carrier. Figure 2.3(b) shows the amplitude 

and power transfer function of MZM I  as a function of ,DCI  for ( ) 0=IA t . 

The null point is located where 
2

0=IT .  

In addition to the null point, the MZM is typically operated within the linear 

regime, i.e., with drive signal ( ) ,I IA t U . In the linear regime of the MZM, 

the output optical field from MZM I  can simply be expressed as 

 ( )
( )

( )
,

= I
I

I

A t
E t E t

U
. (2.9) 

Figure 2.3: In-phase/quadrature (IQ) modulator. (a) Scheme of an IQ modulator consisting of 

MZMI ( )IA t MZMQtwo nested MZM. The upper MZM, , is driven by  and the lower MZM, ,  

( )QA tby . Both MZM are driven in push-pull configuration, i.e. the phase shifts introduced in 

( ) ( ),1 ,2 = −I It t ( ) ( ),1 ,2 = −Q Qt t ,I DCeach arm of the MZM fulfill  and . Phase shifts  and 

,Q DC . are applied to one of the arms of each MZM to adjust the operation point to the null 

DC 2 = MZMQtransmission point. In addition, a phase shift  is applied to the output from  to 

MZMI MZMQplace the output signals from  and  into quadrature. (b) Amplitude and power 

MZMI ,I DCtransfer function of as a function of the phase shift . The blue shaded area indicates 

the linear regime of operation of the MZM, which is centered at the null transmission point. 
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Thus, the output field ( )IE t  is proportional to the signal ( )IA t . A similar ex-

pression is obtained for the output of MZMQ  

 ( )
( )

( )
,

=
Q

Q
Q

A t
E t E t

U
. (2.10) 

Note that Eqs. (2.9) and (2.10) neglect amplitude factors from the couplers. 

Typically, both upper and lower MZM are nominally identical and it is reason-

able to consider , ,  = =I QU U U . In this thesis, the amplitude of ( )IA t  and 

( )QA t  is usually kept at approximately 0.2 U   

The lower arm of the IQ modulator applies a phase shift DC  to the output 

( )QE t  of MZMQ . The phase shift is chosen as DC 2 =  such that the signals 

in the upper and lower arm of the IQ modulator are placed in quadrature. The 

output of the IQ modulator can then be expressed as 

 ( ) ( ) ( ) ( ) ( )( )m cos sin



 = −I c Q cE t A t t A t t

U
. (2.11) 

The difference between Eq. (2.6) and Eq. (2.11) is due to the proportionality 

factors.  

2.1.3 Wavelength-division multiplexing (WDM) and polari-
zation-division multiplexing (PDM) 

For relatively low data rate transmissions of, e.g., 200 Gbit/s, it is sufficient to 

use a single optical carrier. For example, 16QAM signals with a symbol rate of 

50 GBd lead to 200 Gbit/s. In addition, polarization-division multiplexing 

(PDM) can double the transmitted data rate by making use of both independent 

polarizations of the optical field. However, to reach Tbit/s data rates, it is prac-

tically impossible to use a single optical carrier. This restriction originates from 

the limited bandwidth of the state-of-the-art DAC and IQ modulators. Thus, to 

reach Tbit/s data rates, an additional multiplexing technique is implemented, 

namely wavelength-division multiplexing (WDM). In WDM, data is encoded 

onto multiple optical carriers using independent IQ modulators. A multiplexer 

(Mux) combines all channels into a single fiber, thereby enabling Tbit/s 
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communications. Other multiplexing techniques, such as spatial division multi-

plexing (SDM) can also be implemented to further scale the data rates. How-

ever, this requires the use of specialized fibers and complex multiplexing and 

demultiplexing setups. In this thesis, we consider only propagation through sin-

gle-mode fibers. 

For each wavelength carrier, PDM is typically implemented with a dual-polar-

ization (DP) IQ modulator. In the DP IQ modulator, the incoming carrier is first 

power split into two copies, which are then sent through independent IQ modu-

lators and finally combined into different orthogonal polarizations with, e.g., a 

polarization beam combiner (PBC), see Fig. 2.4(a). In the case of using a fre-

quency comb source to generate the multi-wavelength carriers, a demultiplexer 

(Demux) is required to separate the carriers prior to modulation. The signals 

after the DP IQ modulator are combined using a channel multiplexer (Mux). 

The number of DP IQ modulators will thus scale linearly with the channel count. 

In this thesis, due to the limited number of IQ modulators, PDM is emulated 

with a single IQ modulator by employing the split-and-combine method. In this 

technique, the data signal is split, decorrelated in time and combined with 

Figure 2.4: Frequency comb based WDM and PDM schemes. (a) Conventional comb-based 

WDM and PDM implementation. A demultiplexer (Demux) separates the carriers before modu-

lation. An optical coupler splits the signal into two copies, and two IQ modulators (IQ mod) are 

used to encode independent data onto each carrier. A polarization beam combiner (PBC) joins 

the two signals with different orthogonal polarizations. Lastly, a multiplexer (Mux) combines the 

signals from each dual-polarization (DP) modulator stage. (b) Laboratory emulation of the con-

ventional comb-based WDM and PDM. A Demux separates the comb carriers into two groups, 

referred to as “odd” and “even” channels according to their respective comb indices. These two 

groups of carriers are encoded with independent data. For each IQ modulator, PDM is emulated 

employing the split-and-combine method. In this technique, the data signal is split, decorrelated 

in time using an optical delay line (ODL), and combined with different polarizations using a 

PBC. 
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different polarizations. In addition, WDM is emulated by separating the optical 

carriers into two groups using a demultiplexer. These two groups of carriers, 

which are referred to as “odd” and “even” channels according to their respective 

integer indices, are encoded with independent data streams, see Fig. 2.4(b). In 

this way, neighboring channels will carry independent data such that the impact 

of cross-talk between neighboring channels can be realistically investigated.  

After the Mux, the WDM channels are transmitted through an SSMF with rela-

tively low optical power levels per channel to operate the optical fiber below 

the threshold for nonlinear impairments [30]. Nonlinear effects, such as cross-

phase modulation (XPM) and self-phase modulation (SPM), would lead to det-

rimental interactions of different WDM channels thereby limiting the achieva-

ble OSNR and the associated bit error ratio (BER). In the next section, the im-

pact of nonlinearities on the OSNR is examined, and a technique to overcome 

the impact of nonlinearities using a frequency comb is discussed. 

2.1.4 Transmission link 

A major element of coherent optical communication systems is the transmission 

medium, the optical fiber. For metro, regional and long-haul communications, 

standard single-mode fiber (SSMF) is the type of fiber recommended by the 

International Telecommunication Union (ITU).9 Silica-based SSMF are widely 

available and offer low attenuation as compared to other fibers such as multi-

mode fibers. This section discusses the maximum capacity that can be transmit-

ted through a link affected by linear and nonlinear impairments, and describes 

the most important linear properties of an SSMF when transmitting a WDM 

signal, namely, attenuation, chromatic dispersion, and polarization mode dis-

persion. 

2.1.4.1 Linear and nonlinear Shannon capacity 

The Shannon capacity of a transmission link expresses the data rate that can be 

achieved with arbitrarily low BER and arbitrarily complex modulation format. 

From Shannon’s theory, for a link that adds white Gaussian noise, i.e., additive 

                                           
9 https://www.itu.int/rec/T-REC-G.652/en  

https://www.itu.int/rec/T-REC-G.652/en
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noise, the capacity C of a channel with limited bandwidth, B, is given by the 

relation [31] 

 ( )2log 1 SNR= +C B . (2.12) 

In this relation, the signal-to-noise ratio (SNR) is the signal average power di-

vided by the noise average power in the signal bandwidth B. For a dual-polari-

zation signal, the SNR is related to the OSNR by the relation 

 s

ref

OSNR SNR=
R

B
, (2.13) 

where sR  is the symbol rate of the channel and ref 12.5 GHz=B  is the reference 

bandwidth. From Eq. (2.12), the capacity or spectral efficiency (SE), SE =C B

, measured in bit/s/Hz, can be arbitrarily increased by increasing the signal 

power for a fixed noise power. However, optical fibers exhibit Kerr nonlinearity. 

As a result, increasing the optical power of the signal will ultimately lead to 

strong nonlinearities and a reduction of the SNR [32]. The magnitude of the 

nonlinear distortion will determine the maximum achievable capacity under 

nonlinear impairment, also known as nonlinear Shannon capacity. The impact 

of nonlinearities on the signal can be numerically calculated by solving the non-

linear Schrödinger equation as the light propagates through the fiber. This dif-

ferential equation is commonly solved using the split-step Fourier method [30]. 

Considering parameters such as the nonlinear coefficient of the fiber, the dis-

persion, and the number of WDM channels, the maximum achievable capacity 

or SE can be calculated for each propagation distance. In Ref. [32], the authors 

use this technique to evaluate the SE after transmission for various link dis-

tances and compare it to the linear Shannon SE from Eq. (2.12). The results of 

their analysis are displayed in Fig. 2.5, taken from [32].  

For links affected only by additive noise Eq. (2.12) holds and the channel ca-

pacity increases with the launch optical power due to an increase of the SNR. 

In contrast, for a link affected by nonlinearities, at high optical powers the im-

pact of nonlinear distortions will overcome the SNR capacity gain leading to a 

decrease of the channel capacity with the SNR. Thus, the channel capacity will 

feature a maximum at a finite optical power or SNR [32], see Fig. 2.5.  
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Figure 2.5 displays how under nonlinear impairments the maximum SE that can 

be achieved in a WDM link is reduced by approximately 1 bit/s/Hz when dou-

bling the link distance. For example, the maximum SE for a link of 500 km is 

approximately 9 bit/s/Hz, while for a distance of 2000 km, the SE is reduced to 

approximately 7 bit/s/Hz. In addition, the SNR at which the channel capacity is 

maximized decreases with the link distance due to the larger accumulation of 

nonlinear distortions. 

Nonlinear impairments in a WDM system represent the main limitation for in-

creasing the link capacity. However, there are several approaches to mitigate 

nonlinear effects [33], [34]. These techniques rely on the precise knowledge of 

the carrier spacing and the relative phase between carriers. Frequency combs, 

thus, inherently fulfill this requirement. In Ref. [34], the authors demonstrate 

the cancellation of nonlinear impairments with the use of a frequency comb 

source at the transmitter. In this approach, the time-domain waveform of the 

overall WDM signal is reconstructed in the first step. The signal is then digitally 

back-propagated through the fiber simulating the nonlinear effects of the link 

with the inverse-signed physical properties. 

Figure 2.5: Numerical investigation of the channel spectral efficiency (SE) as a function of the 

signal-to-noise ratio (SNR) for different link distances under the influence of fiber nonlinearities. 

The straight line, labeled “Shannon” is derived from the Shannon channel capacity, Eq. (2.12), 

which only considers additive noise. Figure adapted from [32]. 
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2.1.4.2 Losses, chromatic dispersion, and polarization mode dispersion  

Optical signals propagating through a fiber will suffer attenuation, chromatic 

dispersion, and polarization mode dispersion. If the optical power from the sig-

nal is kept below the threshold for Kerr nonlinearities, nonlinear effects can be 

disregarded.  

Optical attenuation is caused by different loss mechanisms in the fiber, namely, 

absorption, radiative loss, and scattering. Optical losses are typically expressed 

in decibels per kilometer (dB/km) employing the fiber-loss parameter α,  

 
( )
( )10

01
10log

 
=  

 

P

L P L
, (2.14) 

Where ( )0P  is the optical power at the input of the optical fiber, ( )P L  is the 

optical power at the output of the fiber, and L is the length of the fiber. For 

SSMF, which are used in this thesis, typical attenuation values are approxi-

mately 0.18 dB/km at the wavelength of 1550 nm [35].  

Chromatic dispersion in optical fibers is caused by the wavelength dependence 

of the effective group refractive index of the fiber. The effective group index 

determines the group velocity or the velocity with which the envelope of a pulse 

propagates in a medium. Different frequency components of the signals will 

propagate at different velocities, leading to intersymbol interference at the re-

ceiver. Chromatic dispersion in optical fibers is typically expressed in picosec-

onds per nanometer per kilometer (ps/nm/km) through the dispersion parameter 

C ,  

 
( )2

2

2






= −

c
C , (2.15) 

where ( )2
  is the second derivative of the propagation constant leading to group 

velocity dispersion (GVD), c is the speed of light, and λ is the center wavelength 

of the channel. For SSMF, the dispersion parameter is typically 18 ps/nm/km 

[35]. For a propagation distance of 75 km using a symbol rate of 50 GBd, and 

assuming an RC spectrum with a 50 GHz separation, the delay between the 

highest and lowest frequency component of the channel would be 
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approximately 0.5 ns, causing intersymbol interference. Due to the linear nature 

of chromatic dispersion, the intersymbol interference is typically compensated 

digitally at the receiver. 

Polarization mode dispersion (PMD) in optical fibers is mainly caused by the 

slight ellipticity of real fiber cores. This asymmetry breaks the degeneracy of 

orthogonally polarized modes and leads to different group velocities for these 

two modes, commonly referred to as slow and fast mode with group delays 

g,slowt  and g,fastt , respectively. The delay difference is then g g,slow g,fastt t t = − . 

Having the same probability of coupling from one mode to the other one, the 

coupling is described by the binomial distribution. After a transmission length 

L with n 1 coupling points, the signal width is proportional to L , see Eq. 

(19) in [36]. The broadening of the signal   is thus proportional to L  with 

the PMD parameter D being the proportionality factor,  

  = D L . (2.16) 

The PMD parameter D is typically expressed in picoseconds per square root of 

kilometer ( ps / km ). For SSMF, the dispersion parameter is lower than 

0.04 ps / km [35]. For short link distances, it can be neglected.  

2.1.5 Optical receiver front-end and ADC 

After the transmission link, the optical power of the WDM signal is boosted by 

a pre-amplifier and the signal is then sent through a demultiplexer which routes 

each of the WDM channels to different outputs. Each channel is then sent to a 

dual-polarization coherent intradyne receiver, see Fig. 2.6. The receiver consists 

of a polarization beam splitter (BPS) and a 90° optical hybrid (OH) together 

with four BPDs. The PBS separates the signal sE  into two orthogonal polari-

zations, i.e., s ,XE and s ,YE . Each polarized signal is sent to a dedicated 90°OH 

where they are split in power by a 3-dB coupler, with a 50:50 power ratio. In 

addition, an LO signal LOE  is input into each of the 90°OH, where it is also 

split in power. A similar description follows for both polarizations, thus, in the 

following the subscripts “X” and “Y” are not considered. In the 90°OH, the 

signal sE  is superimposed with the LO LOE  using an optical 2x2 coupler and 
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the other copy of the signal s E  is superimposed with a 90° phase-shifted copy 

of the LO LOE , leading to four outputs. Provided that the superimposed signal 

and LO share the same polarization, the electric fields at the four outputs can be 

expressed as 

 

( ) ( ) ( )( )

( ) ( ) ( )( )

( ) ( ) ( )( )
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. (2.17) 

The four signals are then sent in pairs to two BPD. The photocurrent at the 

output of the BPDs can be expressed as 

 
( ) ( ) ( ) ( ) ( ) 

( ) ( ) ( ) ( ) ( ) 
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Q

i t E t E t E t E t

i t E t E t E t E t

. (2.18) 

Figure 2.6: Dual-polarization coherent intradyne receiver. A polarization beam splitter (PBS) 

sE s ,XE s ,YEseparates the signal  into two orthogonal polarizations, i.e., and . Each polarized 

s ,XEsignal is sent to a dedicated 90°OH where they are split in power. An LO  is input into each 

90°OH and also split in power. In each 90°OH, the signal is superimposed with the LO using a 

2x2 coupler and the other copy of the signal is superimposed with a 90° phase-shifted copy of 

the LO with a 2x2 coupler. The four outputs of each 90° OH are sent in pair to two BPD. 
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These photocurrents are related to the real and imaginary part of the complex 

signal  

 ( ) ( ) ( ) ( ) ( )*
s LOj  = + I Qi t i t i t E t E t . (2.19) 

Considering ( ) ( ) ( )( )j

s e
 +

= ct t
E t A t and ( ) LOj

LO e


=
t

E t , i.e., neglecting phase 

and amplitude noise of the carrier and the LO, the complex photocurrent from 

Eq. (2.19) can be written as 

 ( ) ( ) ( )( )IFj
e

 +
=

t t
i t A t . (2.20) 

In Eq. (2.20) IF LO  = −c  is the intermediate frequency (IF) at which the 

complex photocurrent oscillates. In an intradyne receiver, the frequency offset 

between the frequency of the carrier and that of the LO is kept below the band-

width B of the signal, i.e., IF  B . Note that in practice, the phase of the LO 

is not known and the in-phase and quadrature components in Eq. (2.19) are not 

the same as those from Eq. (2.3).  

Next, the photocurrents ( ) ( ) ( )j = +I Qi t i t i t  are sent to a 50-ohm-terminated 

ADC, where they are sampled and digitized. The digital signals are then further 

processed using dedicated DSP algorithms for reconstructing the original digital 

signal and recovering the associated data, see the next section. 

2.1.6 Digital signal processing algorithms 

The basic DSP algorithms used to demodulate and recover the original digital 

signal are illustrated in Fig. 2.7. The signal digitized by the ADC consists of a 

discrete number of samples. In general, these samples do not coincide with the 

center of the transmitted symbol slots. In addition, the DAC, which generates 

the symbols, and the ADC, which records the symbols, may have different clock 

frequencies. Thus, a timing recovery algorithm is implemented to retrieve the 

symbols. In this thesis, timing recovery is based on the Godard algorithm [37], 

[38]. This algorithm requires resampling the signal to two samples per symbol.  

After recovering the symbols, a multiple-input multiple-output (MIMO) equal-

izer is used to both demultiplex the two orthogonal polarizations of the signal 
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and to compensate for linear transmission impairments [39], such as chromatic 

dispersion and polarization mode dispersion. This equalizer is based on the con-

stant-modulus algorithm (CMA). Due to the intermediate frequency, or carrier 

frequency offset IF 0   for an intradyne receiver, the symbols obtained from 

the CMA equalizer will suffer from a linear phase increase in time with a slope 

of IF . This translates into a fast phase rotation in the complex plane. To decode 

the signal, the rapidly increasing phase needs to be determined and compen-

sated. In this thesis, the Viterbi-Viterbi algorithm is implemented to recover the 

carrier frequency offset. For K-ary phase-shift-keying (K-PSK), the frequency 

offset can be effectively recovered by taking the symbols to the power of K. In 

general, the received K-PSK symbol can be written as 

 
LOj j


 −+

=
ck

KE Ee . (2.21) 

with k being an odd integer from 1 to K, and E being the symbol modulus. Tak-

ing the symbol to the power of K results in 

 LOj  −= − cKK KE E e . (2.22) 

The phase modulation is removed, and only the phase LO −c  caused by the fre-

quency offset between the carrier and the LO remains. The frequency offset is 

compensated by fitting a linear curve to the unwrapped LO −c  as a function of 

time and by subtracting the fitted curve from the measured phase offset. In the 

case of 16QAM signaling, the 4th-power scheme can be adapted by the so-

called QPSK-partitioning [40].  

Once the carrier frequency offset is compensated, carrier phase noise compen-

sation is carried out by a digital phase-tracking technique. In this thesis, two 

Figure 2.7: Digital signal processing (DSP) steps undergone by the detected signal to retrieve 

the original digital signal. After demodulation, the bit error ratio (BER) and the error vector 

magnitude (EVM) metrics are used to quantify the signal quality. MIMO: multiple-input multi-

ple-output. CMA: constant modulus algorithm. 
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different digital phase-tracking techniques are employed. For the transmission 

experiments with Kerr comb generators, Chapter 5, the conventional “block-

wise” phase recovery is employed. For the transmission experiments with quan-

tum-dash (QD) mode-locked laser diodes (MLLD), Chapter 4, the digital phase-

tracking relies on a “symbol-wise” blind phase search technique. This technique 

is key to enable 16QAM transmission with QD-MLLD devices. These tech-

niques are explained thoroughly in Section 4.4.2 and are therefore not discussed 

further in this section.  

These techniques for phase noise compensation are affected by so-called phase 

cycle-slips. Phase slips happen when the phase noise of either the carrier or the 

LO line changes considerably over a short period, typically of the order of the 

symbol duration. In this case, phase compensation algorithms may reconstruct 

the symbol in the wrong quadrant of the constellation diagram. When phase 

slips occur, the following symbols will be wrongly reconstructed. Thus, to reli-

ably track the phase over long symbol sequences, either advanced FEC schemes 

[41] or pilot symbols [42] should be considered. When using pilot symbols, a 

sequence of several know symbols is added in a periodic manner such that it 

can be observed if any cycle slip has occurred during signal reconstruction and 

therefore compensate it. These techniques lead to a slightly lower net data rate 

but prevent the loss of all symbols after a cycle slip.  

Finally, hard decision decoding is performed to associate the recovered symbols 

to bits by associating them to the closest constellation symbol in the complex 

plane. The recovered symbols are then compared to the transmitted symbol with 

the use of different signal quality metrics such as the BER and the error vector 

magnitude (EVM), which are discussed in the following section. 

2.1.7 Quality metrics for K-ary QAM signals 

To quantify the performance of a coherent data transmission, the most relevant 

metric is the bit error ratio (BER). The BER is the number of erroneously de-

coded bits divided by the total number of bits transmitted. In coherent optical 

communications, several BER thresholds are defined. These thresholds are re-

lated to the so-called forward error correction (FEC) scheme. Forward error cor-

rection is a technique used in telecommunications to detect erroneous bits and 
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to correct them by using some amount of redundancy in the transmitted infor-

mation. For a given FEC scheme, these BER thresholds define the maximum 

BER of the raw data channel that can still be corrected to a BER of less than 

10−15, which is considered error-free [43].  

In the literature, the BER threshold values commonly considered are approxi-

mately 4.5 × 10-3 and 1.5 × 10-2 and we adopt these thresholds in this thesis as 

well. A system performing with a BER lower than 1.5 × 10-2 would require an 

FEC scheme with 20% overhead, while a system with a BER lower than 

4.5 × 10-3 would require an FEC scheme with an overhead of only 7% [43]. 

While a low BER is an indication of good signal quality, it also indicates that 

the capacity of the transmission system is not fully exploited. For example, a 

higher modulation format or a higher symbol rate could be used. Therefore, a 

communications system is typically designed to maximize throughput while 

keeping the resulting BER below the targeted threshold.  

To directly measure the BER, a known data sequence has to be transmitted. For 

very low BER values, it is thus necessary to take extremely long recordings. To 

measure a statically reliable BER reaching a confidence level of 99 % within a 

confidence interval of 100 %, at least 13 erroneous bits have to be found in each 

recording [44]. In this case, to reliably measure a BER = 10−11 of a 50 GBd 

16QAM signal, a recording length of 6.5s is necessary. For the transmission 

experiments performed in this thesis, the limited memory of the ADC constrains 

the length of the recorded waveforms. In this situation, other metrics such as the 

error vector magnitude (EVM), are typically used.  

When transmitting K-ary QAM signals, the received symbol is typically repre-

sented by a complex phasor, which can be represented by a vector in the com-

plex plane. Due to noise, the symbol in the complex plane will deviate from that 

corresponding to the ideal transmitted symbol, see Fig. 2.8. The vector between 

these two complex values is named error vector. The EVM is computed by tak-

ing the root mean square of each error vector errE  for N randomly transmitted 

symbols [44], 
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The EVM is normalized by normE , which is either the vector length maxE  of 

the ideal symbol with the largest amplitude, leading to EVMmax, or to the 

average amplitude avgE  of all K possible symbols, leading to EVMavg, where,  
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The BER can be estimated from the EVM under certain conditions, namely, the 

system errors are mainly due to optical additive white Gaussian noise (AWGN), 

the reception is data-aided, i.e., the transmitted data is known – for measurement 

purposes -, and quadratic-QAM signal constellations with K symbols are con-

sidered, such as QPSK and 16QAM. Under these assumptions, if the EVM is 

known, the BER can be approximated by [44]  
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For large OSNR values, the avgEVM  can be approximated as [12]  

 2
avgOSNR=EVM− . (2.27) 

Figure 2.8: Error vector magnitude (EVM), illustrated in the complex plane of the received IQ 

errEsignals. The EVM is a signal quality metric that quantifies the deviation  of a measured 

idealEsymbol from its ideal position in the constellation diagram . 
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Combining Eq. (2.26) and Eq. (2.27) it is possible to either estimate the achiev-

able BER for a given OSNR, or determine the required OSNR for a specific 

BER, e.g. for a BER value of 4.5 × 10-3. For QPSK, 4=K , and 16 QAM, 

16=K , the BER as a function of the OSNR is given as 
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. (2.28) 

From Eq. (2.28) it is possible to determine the required OSNR to achieve a given 

BER. In a transmission experiment, additional signal impairments such as elec-

tronic noise or nonlinear effects will increase this required OSNR by the so-

called OSNR penalty. The OSNR penalty is a measure of the performance of 

the transmission system. For example, it can be used to compare the perfor-

mance of a frequency comb based WDM system with a WDM system based on 

individual lasers, see Fig. 5.2(f). In Appendix B.4, Fig. B4., the setup for meas-

uring the OSNR penalty is presented and further details are included. 

2.2 Optical frequency combs 

A frequency comb is a spectrum of phase-coherent, evenly-spaced, narrow-

band lines [45]. The frequency position f  of all the comb lines is completely 

specified by only two parameters, the free spectral range (FSR) or comb line 

spacing rf , and the center frequency cf ,  

 c r = +f f f , (2.29) 

where ν is an integer, see Fig. 2.9. In the time domain, a frequency comb corre-

sponds to a periodic signal that usually consists of a sequence of well-defined 

equidistant pulses with repetition frequency rf . In the following, the most rel-

evant metrics for optical frequency combs in coherent WDM communications 

are described and are indicated in Fig. 2.9. This information is extracted from a 

book chapter [B1] that was published with equal contribution from the author 

of this thesis and Juned N. Kemal. 
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➢ Free spectral range. The FSR or line spacing, rf , should be compliant 

with the bandwidth of state-of-the-art transmitters, i.e., a few tens of gi-

gahertz, and it should adhere to the pertinent industry standards such as 

those defined by the international telecommunication union (ITU). 

➢ Number of lines and bandwidth. In WDM, data are encoded on each of 

the comb tones, thus the data rate increases with the number of available 

lines. Ideally, a frequency comb should have a bandwidth BWf , defined 

by the full width at half maximum (FWHM) of the spectral envelope of 

the frequency comb, covering the conventional (C) and long (L) telecom-

munication bands, from approximately 1520 nm to 1620 nm. This fre-

quency range is typically used for optical communications due to the low 

loss of silica-based SSMF at these wavelengths, see Fig. 2.10(a). State-

of-the-art SSMF show loss coefficients as low as 0.2 dB/km, i.e., after 

100 km the light will be attenuated by 20 dB. These losses can be brought 

to as low as 0.14 dB/km lower by using pure-silica-core fiber (PSCF) 

[46], [47], which are already commercially available [48]. A PSCF has a 

pure core and a doped cladding, typically with fluorine, to reduce the re-

fractive index. In contrast, an SSMF has a pure cladding and a doped 

core, typically with germanium, to increase the refractive index. Other 

telecommunications bands, such as the S-band and U-band, have also 

been used for WDM data transmission [49], [50]. In these systems, thu-

lium-doped fiber amplifiers (TDFA) or Raman amplifiers are used to am-

plify the signals for long links. Figure 2.10(b) depicts a frequency comb 

Figure 2.9: Sketch of the spectrum of an optical frequency comb indicating its relevant parame-

rf cf rfters: free spectral range (FSR), ; center frequency, , determined by  and the frequency 

0f BWfoffset, ; frequency comb bandwidth, ; optical carrier-to-noise ratio (OCNR) and optical 

flinewidth, . 
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generated from a Kerr-nonlinear SiN microresonator covering more than 

the telecommunications C- and L-band.  

➢ Comb-line power. Comb line power is one of the most relevant param-

eters for WDM systems. For low comb line powers, an optical amplifier 

is required prior to modulation, which will directly impact the achievable 

OSNR and therefore the maximum data rate and link distance. Therefore, 

higher comb line power is desired. Section 3 provides an analysis of the 

impact of the comb-line power on the OSNR per channel. In particular, 

for chip-scale frequency combs, the total comb power is limited, such that 

in many cases of practical interest, the devices are subject to a trade-off 

between the number of lines the power per comb line.  

➢ Optical phase noise and intrinsic linewidth. The optical phase noise 

dictates the linewidth,  f , of the individual optical carriers. Typically, 

discrimination between long-term and short-term phase noise is made. 

The short-term phase noise is characterized by the spectrally white part 

Figure 2.10: Bandwidth for coherent WDM optical communications. (a) Fiber loss coefficient 

of standard single-mode fiber (SSMF), red, and of pure-silica-core fiber (PSCF), blue [46], [47]. 

The lowest fiber loss occurs at the telecommunications C- and L- bands, where the bandwidth of  

erbium-doped fiber amplifiers (EDFA) are located. S-band and U-band are used in some WDM 

communication systems [49], [50], and for these systems, thulium-doped fiber amplifiers 

(TDFA) or Raman amplifiers need to be used. (b) Spectrum of a frequency comb generated in a 

Kerr comb generator, covering more than the telecommunication C- and L-band. 



2  Theoretical background 

34 

of the frequency-noise power spectral density [51]. Following the Wie-

ner–Khintchine theorem, the laser line shape is obtained from the Fourier 

transform of the autocorrelation function of the laser light field. In the 

case of white frequency noise, the line shape can be analytically derived 

and corresponds to a Lorentzian function whose full width at half maxi-

mum (FWHM) is referred to as the intrinsic linewidth. The long-term 

phase noise typically leads to a Gaussian line shape [52]. In coherent 

WDM communications, the impact of long-term phase noise can be typ-

ically accounted for by digital phase tracking such that usually, only the 

intrinsic linewidth is relevant for transmission performance. The impact 

of phase noise depends on the symbol duration and the modulation format 

– the shorter the symbol duration, the lower the impact of phase noise for 

a given intrinsic linewidth. In addition, the more complex the modulation 

format is, the lower its tolerance with respect to phase noise [6], [53]. A 

detailed analysis of the measurement and impact of phase noise in coher-

ent WDM systems is given in Section 4.3. 

➢ Relative intensity noise (RIN). Besides phase noise, any laser also fea-

tures amplitude or intensity noise. Unlike phase noise, which follows a 

random walk process with a variance that increases monotonically with 

time, amplitude fluctuations are bounded to a finite variance due to the 

inherent nonlinear amplitude control of the laser oscillator. The intensity 

noise can be modeled by considering a small perturbation ( ) I t  of the 

mean intensity I . The intensity noise is generally expressed in terms of 

the relative intensity noise (RIN), which is the ratio of the variance of the 

laser intensity or power fluctuations 
2 I  and the square of the mean in-

tensity signal 
2I , 

 
2

2
RIN


=

I

I
. (2.30) 

For coherent communications, the RIN of the LO dominates, since the 

LO tones are much stronger than the signal. A balanced receiver is typi-

cally used, which removes this component. However, the mixing of the 

carrier RIN with the LO RIN remains. In the case of using a single pho-

todetector, the RIN of the carrier does not have to be considered as long 
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as the LO tone has at least 20 dB more power than the incoming signal 

[54]. Typically, mode-partition noise that results from the distribution of 

the saturated gain into different longitudinal modes leads to individual 

modes having a RIN level much higher than that of the total comb power. 

In short, a power increase in one mode is compensated by a power de-

crease in other modes. 

➢ Optical carrier-to-noise ratio (OCNR). The OCNR relates the comb 

line power to the power of the optical background noise centered at the 

comb line frequency derived from the amplified stimulated emission 

(ASE) of the amplifier or the gain media. The ASE noise is typically 

measured with a reference bandwidth of 0.1 nm. A more detailed analysis 

of the impact of the comb line power and OCNR is given in Section 3.  

➢ RF linewidth. The radio-frequency (RF) linewidth is an indication of the 

coherence of the frequency comb. The narrower the RF linewidth, the 

higher the coherence between the comb lines. In a frequency comb, the 

phase noise of the various lines is strongly correlated, therefore the RF 

linewidth is smaller than the optical linewidth. The RF linewidth is not 

of critical importance for coherent communications, since the phase noise 

of each comb line is individually compensated at the receiver. However, 

a low RF linewidth value could result in an improvement of the perfor-

mance of the digital signal processing (DSP) necessary for demodulating 

the signal. For example, a low RF linewidth facilitates the use of joint 

carrier phase recovery, which reduces DSP complexity [55]. . In addition, 

digital backpropagation techniques for the cancellation of fiber nonline-

arities work better for a small RF linewidth [34]. 

In the following Sections 2.3 and 2.4, the properties of the two frequency comb 

sources investigated in this thesis, namely a QD-MLLD and a microresonator-

based Kerr comb generator, and their mechanism for frequency comb genera-

tion are detailed.
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2.3 Frequency comb generation in QD-MLLD 

Quantum-dash (QD) mode-locked laser diodes (MLLD) are compact low-cost 

frequency comb generators featuring low RF linewidth and high repetition rates. 

QD-MLLDs have been used mainly in the field of optical communications [56], 

[57]. In general, mode-locking of a laser diode requires an active medium with 

an inhomogeneously broadened gain spectrum which allows different longitu-

dinal modes to oscillate simultaneously in the laser cavity, in combination with 

an additional mechanism that establishes a fixed phase relationship between the 

longitudinal modes [6].  

In QD-MLLD, quantum-dash, or elongated-dot, nanostructures grown with mo-

lecular beam epitaxy (MBE) are used as the active medium [19]. Lasers with 

QD-based gain medium stand out due to their low threshold current densities 

and low-intensity noise [58]. The shape distribution of the QD leads to an inho-

mogeneously broadened gain spectrum [59], i.e. many longitudinal modes are 

excited simultaneously.  

These devices can be operated by a simple direct current and provide a relatively 

flat comb spectrum that may span a 3 dB-bandwidth of more than 1 THz [20]. 

These features make QD-based MLLD highly attractive for WDM optical com-

munications. QD-MLLD devices emitting at the telecommunication C-band 

wavelength of 1.55 μm were first reported using Fabry Perot (FP) cavities based 

on a single gain section, i.e., without the need of a saturable absorber typically 

used in other MLLD-type devices [60]. In single-section QD-MLLD devices, a 

frequency comb is generated through four-wave mixing, possibly in combina-

tion with cross-gain modulation as a passive mode-locking mechanism [19], 

[61].  

This thesis explores and experimentally proves the potential of QD-MLLD for 

coherent WDM transmission. The following Section 2.3.1 describes the prop-

erties of the QD-MLLD and the associated frequency comb which are relevant 

for coherent communications. In particular, the optical phase noise of the indi-

vidual comb lines has been so far the limiting factor preventing the use of spec-

trally efficient modulation formats. In this context, Section 2.3.2 describes dif-

ferent approaches that have been considered in the literature to either reduce the 
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optical phase noise or to minimize its impact on the performance of coherent 

optical communication systems.  

2.3.1 Frequency comb properties  

In a QD-MLLD, the line spacing of the frequency comb or FSR, dictated by the 

round-trip time of the cavity, can reach tens of GHz, which is compatible with 

ITU standards for WDM applications, see Section 2.2. So far, QD-MLLD de-

vices have been realized with repetition rates ranging from 10 GHz [62], [63] 

to more than 300 GHz [64].  

For WDM applications, it is important to be able to adjust the FSR and the cen-

tral frequency of the frequency comb. In a QD-MLLD, this can be achieved by 

properly adjusting the temperature and the pump current applied to the device. 

While the FSR remains practically constant for different current values, the ra-

dio frequency beat signal, or RF linewidth, changes considerably as a function 

of the injection current, see Fig. 2.11(a).  

Measuring the RF linewidth for different injection current values is a method to 

determine favorable operation regimes of the QD-MLLD. The RF linewidth can 

be measured by detecting the self-beating of the comb tones at an RF frequency 

equal to the FSR, rf , using a photodiode (PD) with a bandwidth larger than rf

and an electrical spectrum analyzer (ESA). 

Depending on the injection current, the RF linewidth is either broad, if the phase 

of the comb lines are weakly correlated, or narrow, if the phase values of the 

comb lines are strongly correlated. The beat spectrum may feature multiple 

peaks around the FSR frequency, if two or more frequency combs with slightly 

different FSR are co-existing within the cavity [65]. In this case, no RF lin-

ewidth can be associated. For best performance, the QD-MLLD should be op-

erated at a current where the beat spectrum features only one peak and where 

the RF linewidth associated to this peak is narrow. Even when the current is 

optimized, the RIN of the individual comb lines is still relatively high when 

compared, e.g., to the RIN measured from high-quality external-cavity lasers 

(ECL). This is attributed to mode partition noise [66],[67], see Section 2.2. In 
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Chapter 4, Section 4.2 further details of the impact of the injection current on 

the bandwidth and optical output power of the frequency comb are discussed.  

In addition, QD-MLLD suffer from both amplitude and phase noise. However, 

well above the laser threshold, the amplitude fluctuations are relatively small 

because of the inherent nonlinear amplitude control of the laser oscillator. In 

contrast to this, there is no mechanism to control the phase of the laser, which 

follows a diffusion process, or random walk, described by an instationary 

Gaussian process [68]. In QD-MLLD frequency combs, the intrinsic linewidth 

of individual comb lines can reach values of the order of a few MHz. These high 

linewidth values have required the use of either hardware or software techniques 

to enable data transmission with high-spectral efficient modulation formats. The 

following section details the techniques used so far for minimizing the impact 

of phase noise 

2.3.2 Phase noise reduction techniques 

The optical phase noise of individual comb lines from a QD-MLLD leads to 

linewidths values typically of the order of several MHz. Different techniques 

have been considered to either reduce the phase noise ( ) t  of the individual 

lines of the frequency comb or to minimize the impact of the phase noise of the 

recovered signal [69]–[72]. The most relevant techniques are detailed below. 

Feed-forward heterodyne scheme 

For feed-forward phase-noise compensation, the center comb line with phase 

noise ( )0 t is mixed with a low-noise local oscillator (LO) in a heterodyne re-

ceiver. The resulting electrical signal is thus proportional to ( )( )IF 0cos  +t t , 

where IF  is the intermediate frequency between the center comb line and the 

LO. Next, the phase noise ( )0 t  is encoded on each of the comb lines by send-

ing the frequency comb through a Mach-Zehnder modulator (MZM) biased at 

zero transmission and driven by the electrical signal from the heterodyne re-

ceiver. Operating the MZM in the linear regime, two sidebands will be gener-

ated for each comb line; the lower modulation sidebands will have the term 

( )0 t  compensated, while the upper modulation sidebands will feature en-

hanced phase noise [69]. This scheme allows reducing the phase noise and thus 
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the linewidth of the central lines, while the comb lines with increasing line index 

ν will still present large phase noise. A direct drawback of this approach is the 

system complexity. Besides, the upper sidebands need to be suppressed to allow 

for maximum bandwidth usage. This technique was employed to demonstrate 

an overall net data rate of 0.97 Tbit/s with QPSK signals at 18 GBd. 

Self-homodyne detection 

In this scheme, the frequency comb of the QD-MLLD is split in power such that 

a portion is used to transmit the signal and the rest is used as LO tones [70]. 

Both LO comb and modulated signals are transmitted through the same single-

mode fiber using polarization multiplexing, thereby limiting the signal to just 

one polarization. Using this technique, an aggregate data rate of 1.56 Tbit/s was 

achieved. A drawback of this scheme is the reduced spectral efficiency since 

one polarization is used for transmitting the LO tones. In addition, the LO tones 

will experience the different impairments caused by the transmission link.  

Phase-noise reduction by resonant optical feedback 

In this scheme, an external optical cavity is used to re-inject a small fraction of 

the emitted light into the MLLD, thereby considerably reducing the phase noise 

of the comb lines [71]–[73]. Simultaneous coherent feedback for all lines shows 

to preserve the flat and broadband spectral envelope of the original frequency 

comb. Thanks to a strong reduction of the linewidth of individual comb lines, 

using this technique, a net data rate of 11.22 Tbit/s was demonstrated using 

32QAM symbols at 20 GBd. This scheme, however, requires to match the group 

delay to an integer multiple of the cavity round-trip time, which can only be 

achieved by a careful alignment of the external cavity if realized by discrete 

optical components. This limits the practical viability of the approach.  

Dedicated schemes for digital phase-noise compensation 

The aforementioned techniques for phase noise compensation either require ad-

ditional hardware or greatly reduce the transmission performance. This raises 

the question of whether phase noise could simply be compensated by dedicated 

digital techniques. As will be shown in more detail in Chapter 4, this approach 

is indeed possible by using a dedicated blind phase search technique. Chapter 4 

shows that coherent transmission with QD-MLLD becomes also possible by 



2  Theoretical background 

40 

using a dedicated digital phase tracking technique that can handle the strong 

phase noise fluctuations of the QD-MLLD comb lines. With this method, a net 

data rate of 10.68 Tbit/s was demonstrated using 16QAM symbols at 38 GBd. 

The transmission performance is on par with that of using resonant optical feed-

back [72], and corresponds to the highest data rate achieved without any hard-

ware-based phase-noise reduction schemes.

2.4 Frequency comb generation with Kerr-
nonlinear microresonators 

Kerr frequency comb generation in nonlinear microresonators has become a 

field of research of its own, initiated after a seminal paper by Del’Haye et al. 

[68]. This publication reported on the first experimental demonstration of a fre-

quency comb which is generated from a high-Q microcavity driven by a CW-

laser. Kerr comb generators offer a wide variety of FSR values. ranging from a 

few GHz to beyond THz. In addition, they are particularly compact devices, 

making them suitable for a variety of applications.  

The following Section 2.4.1 describes the mechanism behind frequency comb 

formation in Kerr-nonlinear microresonators, with emphasis on soliton genera-

tion, while Section 2.4.2 describes the properties and fabrication techniques of 

SiN microresonators, which is the most widely used microresonator platform 

for Kerr comb generation. 

2.4.1 Kerr comb formation: From Turing patterns to solitons 

Kerr frequency combs are generated by coupling a strong CW laser into a 

high- Q Kerr nonlinear microresonator that features anomalous group velocity 

dispersion (GVD). Under appropriate pumping conditions, i.e., sufficient opti-

cal power and precise offset of the pump wavelength relative to the pumped 

cavity resonance, a multitude of spectral lines can be generated by modulation 

instability and subsequent cascaded four-wave mixing [74]. 

In general, GVD in a microresonator leads to a non-equidistant separation be-

tween the resonances. For anomalous GVD, the FSR increases with frequency, 
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as depicted by the blue trace in Fig. 2.11. In a Kerr nonlinear microresonator, 

the non-equidistant spacing of the resonances is compensated by Kerr nonline-

arities. The pump induces self-phase modulation (SPM) for the pumped reso-

nance as well as cross-phase modulation (XPM) for the other resonances, which 

leads to a shift of the resonances. The „hot“ resonances of a pumped cavity 

hence deviate from the „cold“ resonances of the unpumped cavity. The cavity 

will also heat up when resonantly pumped, leading to an additional thermal shift 

of the entire resonance spectrum. As a result, XPM and SPM shift the resonance 

towards lower frequencies, compensating for the detuning of the sidebands in-

duced by the dispersion.  

 

Figure. 2.11. Transmission profile of a microresonator with anomalous GVD, for which the FSR 

increases with frequency. Dashed gray lines represent a regular grid, that corresponds to the po-

sition of the resonances in absence of GVD.  

Different techniques for Kerr comb generation have been experimentally shown 

in the literature. These involved either tuning the wavelength of the CW pump-

laser [74] or using a fixed wavelength while shifting the resonance frequency, 

e.g., by temperature tuning through the optical pump power [75] or through inte-

grated microheaters [76], [77], or by electro-optic tuning [78][79]. In the majority 

of experiments involving Kerr comb generation, the method of choice is to tune 

the wavelength of a CW laser at a fixed pump power. In this thesis, wavelength 

tuning is the technique employed for Kerr comb generation, see Section 5.2 and 

Appendix B.2 for details of the experimental setup for Kerr comb generation.  

The resonance shift due to thermal and nonlinear optical effects should lead to 

a configuration in which small perturbations of the spectral spacing between the 

pump wave and the pumped resonance will be compensated. This can only be 

achieved when the pump wavelength (frequency) is slightly smaller (higher) 

than the hot resonance wavelength (frequency), also referred to as a blue-
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detuned pump. In case of an instantaneous reduction of the spacing between the 

pump and the resonance, e.g., due to a thermal fluctuation, thermal and nonlinear 

effects push the resonance away from the pump, i.e., towards higher wavelengths, 

and therefore counteract the perturbation. Similarly, in case of an instantaneous 

increase of the spacing between the pump and the resonance, thermal and non-

linear effects will pull the resonance back towards the pump. This mechanism is 

known as thermal and Kerr locking of the microresonator to the pump wave-

length. For a red-detuned pump, thermal and nonlinear effects will lead to an 

increase of small perturbations – this configuration is hence not stable. 

When tuning the laser wavelength with respect to the position of the hot reso-

nance, the Kerr comb will evolve through several stages. Adjusting the detuning 

allows to access each of these stages. Figure 2.12(a) shows different Kerr comb 

stages accessed by increasing the laser wavelength and sweeping it from the 

left-side (blue-detuned) of the pumped resonance to the right (red-detuned) side. 

This leads to a gradual increase of the intracavity power. In each state, the sys-

tem is stable due to thermal and Kerr locking. Figure 2.12(b) depicts the power 

spectrum for each of these states. 

Once the intracavity power reaches the threshold for parametric oscillations, mod-

ulation instability enables the generation of sidebands when the parametric gain 

from four-wave mixing overcomes the cavity decay-rate [80]. Cascaded non-de-

generate four-wave mixing (FWM) from the initial sidebands leads to the for-

mation of a primary frequency comb, which in the time domain corresponds to 

periodic temporal patterns named Turing patterns, see state A in Fig. 2.12(a) and 

(b). These periodic waveforms are stationary solutions of the Lugiato-Lefever 

equation [81]. Turing patterns have already been used in many applications, e.g., 

in optical communications [82], however, the strong line to line power variations 

do not allow them to be used for massively parallel WDM communications.  

Reducing further the detuning of the pump laser from the hot resonance leads 

to a further increase of the intracavity power. This results in the generation of 

frequency combs from the comb lines of the primary frequency comb and even-

tually gives rise to multiple comb lines oscillating in the same microresonator’s 

resonance. This results in a frequency comb with no coherence, known as cha-

otic state or noisy Kerr comb, see state B in Fig. 2.12 (a) and (b). 
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Increasing the wavelength of the pump laser further from the blue-detuned to 

the red-detuned regime leads the system to enter a bistability regime, where 

Figure 2.12: Kerr comb generation by tuning the pump wavelength through the hot resonance 

from an initial blue detuning side to the red detuning side. (a) Evolution of the intracavity 

power as the wavelength of the pump laser is scanned from the blue to the red side of the hot 

cavity resonance, and intracavity waveform snapshots at various stages. Turing patterns (A) are 

generated through four-wave mixing (FWM) when the intracavity power reaches the threshold 

for parametric oscillation. Tuning the wavelength close to the hot resonance from the blue de-

tuned side leads to the formation of a chaotic state (B), where multiple comb lines oscillate in 

the same resonance. Increasing the wavelength from the blue-detuned to the red-detuned re-

gime causes the system to enter a bistable regime where multiple- or single-soliton states (C,D) 

can be stabilized. At higher red-detuning values, the multi-soliton state can collapse into a sin-

gle-soliton state (D). (b) Power spectra and associated intracavity waveform of the various Kerr 

comb stages depicted in panel (a). 
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solitons can be stabilized, i.e., thermal and Kerr locking of the microresonator 

to the pump wavelength also holds. In this bistable regime, a single or multiple 

localized pulses that circulate the cavity coexist with a CW background [83]. 

These pulses are called dissipative Kerr solitons (DKS), see states C and D in 

Fig.2.12(a) and (b). The term soliton refers to a pulse that keeps its shape while 

propagating inside a Kerr nonlinear medium with losses and dispersion. The 

term dissipative refers to the fact that these pulses can only exist while the mi-

croresonator is pumped. At higher red-detuning values, the multi-soliton state 

can collapse into a single-soliton state, featuring a particularly smooth optical 

spectrum, see state D in Fig. 2.12(b). Solitons are often represented as pulses 

with sech amplitude profile. 

The stability of solitons, or dissipative Kerr solitons, emerges from a double 

balance between second-order cavity dispersion and Kerr nonlinearities, as well 

as between the cavity losses and parametric gain from the coupling of the pump 

laser into the cavity [21]. Among these states, single-solitons are of particular 

interest for WDM communications as they provide a smooth and broadband 

spectrum with small power variations between comb lines. 

To avoid large thermal shifts of the resonances when tuning from the blue side 

to the red side of the hot cavity, a high-speed wavelength tuning procedure is 

required, such that the thermal state of the cavity before tuning and after landing 

into the existence range of the soliton is practically the same [21].  

Note that the soliton pulses cannot develop from noise fluctuations by simply 

setting the pump wavelength at the detuning corresponding to soliton existence. 

The transition from the blue- to the red-detuned regime is necessary to generate 

the pulse seeds from the chaotic states which will then evolve into soliton pulses 

when the pump wavelength crosses the effective zero-detuning region.  

Recently, soliton states have been also observed in microresonators with normal 

GVD [84]. These states are known as dark pulses, as opposed to the bright 

pulses generated in microresonators with anomalous GVD. These pulses can be 

excited through locally anomalous GVD caused by the interaction of different 

mode families, so-called avoided mode crossings. In contrast to bright solitons, 

the excitation of dark pulses follows a deterministic pathway, avoiding a chaotic 
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state. In addition, dark solitons have a higher conversion efficiency from the 

pump wave to the frequency comb than their bright counterparts, which is typ-

ically associated with a smaller effective detuning of the pump with respect to 

the hot resonance [85], [86]. However, these states feature a wider pulse, lead-

ing to a narrower spectrum. Dark solitons have been already used in optical 

communication applications [85]. 

2.4.2 Dissipative Kerr solitons in SiN microresonators 

Dissipative Kerr solitons have been generated for different material platforms 

[87]. So far, the most advanced platforms where solitons have been generated 

are CMOS-compatible materials such as silicon [88] and silicon nitride (SiN) 

[75]. Silicon nitride is the mainstream material of choice for fabricating micro-

resonators where solitons can be generated. At telecommunication wavelengths 

of 1.5 µm, SiN does not suffer from two-photon absorption and the resulting 

free-carrier absorption which affects silicon waveguides. In addition, SiN fea-

tures low optical insertion loss.  

There are two established fabrication processes for SiN microresonators, 

namely subtractive and Damascene [6]. In the subtractive process, the SiN 

waveguides are etched using a patterned mask layer. In the Damascene process, 

which takes its name from the art of damascene used for centuries in the fabri-

cation of jewelry [89], the process order is inverted and the SiN is deposited 

onto a pre-patterned substrate [6]. While the subtractive process is the most con-

venient because of its simplicity, the photonic Damascene process allows the 

fabrication of thick waveguides with smoother sidewalls leading to average Q-

factors above 107 [90]. Recently, combining the photonic Damascene process 

with a novel reflow process has led to Q-factor values in excess of 107 [91].  

The massively parallel WDM transmission detailed in Section 5 makes use of 

SiN microresonators fabricated with the photonic Damascene process. These 

microresonators have also been used over the last years for other major appli-

cations [6], such as ultrafast distance measurements [92], dual-comb spectros-

copy, and low-noise microwave generation. 

Equation Chapter (Next) Section 1  
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3 Performance of chip-scale optical 
frequency comb generators in 
coherent WDM communications 

This chapter investigates the potential of using chip-scale comb sources as a 

multi-wavelength source at the transmitter (Tx) and as a multi-wavelength local 

oscillator (LO) at the receiver of coherent WDM links. The derived holistic 

model allows estimating the transmission performance of comb-based WDM 

systems. Additional information on the underlying models can be found in Ap-

pendix A. The content of this chapter is taken from a paper that was published 

in Optics Express [J3]. In order to fit the structure and layout of this document, 

the content of the paper has been adapted accordingly. 

The concept of the holistic model was developed by the author of this thesis 

together with J. N. Kemal and C. Koos. The model described in Section 3,2 was 

derived by the author with the support of J.N. Kemal and C. Koos. The study of 

the impact of line-to-line power variations on the achievable capacity was per-

formed by the authors with the support of S. Randel. The manuscript was writ-

ten by the author with the support of W. Freude, T. J. Kippenberg, S. Randel, 

and C. Koos.  
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Optical frequency combs have the potential to become key building blocks of 

wavelength-division multiplexing (WDM) communication systems. The 

strictly equidistant narrow-band spectral lines of a frequency comb can serve 

either as carriers for parallel WDM transmission or as local-oscillator (LO) 

tones for parallel coherent reception. When it comes to highly scalable WDM 

transceivers with compact form factor, chip-sale comb sources are of particular 

interest, and recent experiments have demonstrated the viability of such devices 

for high-speed communications with line rates of tens of Tbit/s. However, the 

output power of chip-scale comb sources is generally lower than that of their 

conventional discrete-element counterparts, thus requiring additional amplifiers 

and impairing the optical signal-to-noise ratio (OSNR). In this paper, we inves-

tigate the influence of the power and optical carrier-to-noise ratio (OCNR) of 

the comb lines on the performance of the WDM link. We identify two distinc-

tively different regimes, where the transmission performance is either limited 

by the comb source or by the link and the associated in-line amplifiers. We fur-

ther investigate the impact of line-to-line power variations on the achievable 

OSNR and link capacity using a soliton Kerr frequency comb as a particularly 

interesting example. We believe that our findings will help to compare different 

comb generator types and to benchmark them with respect to the achievable 

transmission performance.

3.1 Introduction 

Frequency comb generators (FCG) have emerged as light sources for wave-

length-division multiplexing (WDM) communications [16], [17], [82], [85], 

[93]–[98].A frequency comb consists of a multitude of inherently equidistant 

spectral lines, hence relaxing the requirements for inter-channel guard bands 

and avoiding individual frequency control of each line as needed in conven-

tional schemes that use arrays of independent lasers. This advantage also applies 

to the WDM receiver, where an array of discrete local oscillators (LO) might be 



3.1  Introduction 

 

49 

replaced by a single FCG [17], [96], [98]. Using an LO comb for parallel co-

herent reception of WDM signals further facilitates joint digital signal pro-

cessing of the channels and can thus reduce receiver complexity and increase 

phase-noise tolerance [55], [78], [99]. Moreover, parallel coherent reception 

with frequency-locked LO tones might even allow to reconstruct the time-do-

main waveform of the overall WDM signal and thus permit compensation of 

impairments caused by optical nonlinearities of the transmission fiber [34]. 

Among the various FCG concepts, chip-scale devices are of particular interest 

[12], [16], [103], [20], [82], [85], [96], [97], [100]–[102]. Combined with ad-

vanced photonic integrated circuits for modulation, multiplexing, routing, and 

reception of data signals, chip-scale FCG offer a path towards highly scalable, 

compact and energy-efficient WDM transceivers that can offer multi-terabit 

transmission capacities per fiber. However, chip-scale FCG are also subject to 

specific limitations when compared to arrays of individual tunable lasers [104] 

or to discrete-element comb generators that rely, e.g., on highly nonlinear opti-

cal fibers [93]–[95]. In particular, the tones of a chip-scale FCG usually feature 

comparatively low optical power, in some cases combined with limited optical 

carrier-to-noise ratio (OCNR). For large line counts, optical amplifiers are then 

needed to boost the optical power prior to modulation, which might further de-

crease the OCNR. In addition, comb lines generated by chip-scale devices may 

exhibit pronounced spectral power variations and thus often require spectral 

flattening, which can lead to further degradation of the optical signal-to-noise 

ratio (OSNR). However, while these aspects can lead to severe performance 

limitations, a quantitative analysis of the impact of OCNR limitations and line-

to-line power variations on the transmission performance of comb-based WDM 

transceivers is still lacking. 

In this paper, we formulate a model that allows to estimate the transmission 

performance of comb-based WDM systems under the influence of OCNR lim-

itations and line-to-line power variations. Our model builds upon previous stud-

ies of WDM systems in general [105] and of comb-based WDM transmission 

[78] and extends them to quantify the OSNR at the receiver of the WDM link 

for different comb-source parameters and transmission distances. We identify 

two distinctively different operation regimes for such links: For low line powers 
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or low OCNR levels, the transmission performance is limited by the comb 

source and the associated amplifiers, whereas the in-line amplifiers along the 

link turn out to be the main limitation for high line powers and high OCNR. We 

further investigate the impact of line-to-line power variations on the perfor-

mance of the WDM link. To this end, we use a soliton Kerr frequency comb 

generator as an example of a comb source that offers a large number of narrow-

band tones [106]. We also analyze the achievable capacity as a function of the 

link distance for a soliton Kerr frequency comb. For metropolitan-area links of 

up to 400 km, our model predicts capacities of around 80 Tbit/s. We believe 

that our findings will help to broadly compare and benchmark different chip-

scale comb generator concepts with respect to achievable transmission perfor-

mance in a given use case.  

This paper is structured as follows: In Section 3.2, we introduce the model of 

the comb-based transmission link that represents the base of our investigation. 

Section 3.3 describes the results of this investigation and formulates require-

ments with respect to comb-line power and OCNR that should be fulfilled by 

chip-scale comb generators to ensure link-limited transmission. Section 3.4 is 

dedicated to investigating the impact of spectral flattening. 

3.2 OSNR limitations in a comb-based WDM 
system 

In comb-based WDM systems, one of the main aspects leading to limited trans-

mission performance is the fact that the overall output power of the comb source 

is limited and that spectral splitting of the comb lines leads to additional optical 

loss. This may lead to low powers per line, which often requires additional am-

plifiers to boost the power prior to modulation, thereby decreasing the OCNR 

of the lines entering the modulator array. In the following, we analyze these 

effects and quantify their impact on the overall transmission performance.  

The performance of a WDM link is often described by the OSNR measured at 

the receiver input. The OSNR is defined as the ratio of the signal power to the 

amplified spontaneous emission (ASE) noise power within a reference 
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bandwidth Bref = 12.5 GHz, corresponding to a reference wavelength span of 

0.1 nm at a center wavelength of 1.55 µm. The OSNR can be translated into the 

signal-to-noise ratio (SNR) that refers to the actual bandwidth of a specific sig-

nal [32]. For a coherent system limited by ASE noise,  

 ref

s

2
SNR OSNR=

B

pR
, (3.1) 

where sR  is the symbol rate, 1=p  for a single polarization signal and 2=p  

for a polarization-multiplexed signal [32]. In the following, we will consider 

polarization-multiplexed signals. 

In a comb-based WDM system, the OSNR of a WDM channel will depend on 

the comb line power lineP  and the OCNR of the comb line, lineOCNR . In anal-

ogy to the OSNR, the OCNR relates the comb line power to the power of the 

background noise, measured again within a reference bandwidth refB  centered 

at the comb line frequency. The sum of the noise power in both polarizations at 

the output of the FCG is given by  

 line
noise 0 ref

lineOCNR
= =

P
P N B . (3.2) 

Here, 0N  is the noise spectral power density. Thus, lineP  and lineOCNR  impact 

the OSNR of a WDM channel and can limit the achievable spectral efficiency 

for a given reach. Note that we disregard the impact of the optical linewidth in 

our analysis. The linewidth of the individual comb lines is not altered by the 

link and it only becomes relevant after the channel is coherently detected. At 

the receiver, the channels are analyzed individually and the linewidth may be 

treated as the property of an individual carrier tone rather than as a frequency 

comb property. The associated limitations have been discussed in the literature 

for different modulation formats and can be readily applied to frequency-comb 

transmission [53], [99]. 

For a quantitative analysis, consider the WDM link depicted in Fig. 3.1 consist-

ing of a WDM transmitter, a link with M fiber spans, and a WDM receiver [78]. 

Note that the comb line powers lineP  of most chip-scale FCG are usually much 

weaker than the power levels emitted by state-of-the-art continuous-wave laser  
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Figure 3.1. Schematic of a comb-based WDM transmission and reception system. The tones of 

a chip-scale frequency comb generator (FCG) are first amplified by an optical amplifier (Comb 

amp.) before data are encoded on each line in the WDM modulation unit (WDM mod.), which 

comprises a WDM demultiplexer (DEMUX), an array of dual-polarization I/Q modulators 

(Mod.), and a WDM multiplexer (MUX). The polarization multiplexed WDM signal is then 

boosted by an optical amplifier (Post-amp.) and transmitted through the fiber link consisting of 

at least one span. Each of the 1−M  additional spans contains an in-line amplifier (In-line amp.) 

which compensates the loss of the corresponding fiber section. The data from each WDM channel 

are recovered at the WDM receiver, which contains a pre-amplifier (Pre-amp.) and a WDM de-

modulation unit (WDM demod.). The WDM demodulation unit uses a multitude of LO tones 

derived from a second FCG. 

diodes used in conventional WDM systems. For practical transmission systems, 

it is therefore necessary to amplify the comb lines prior to modulation by  

sending them through a dedicated optical amplifier with gain 0 1G . Data are 

encoded onto the various carriers by a WDM modulation unit comprising a 

WDM demultiplexer (DEMUX), an array of dual-polarization in-phase/quadra-

ture (I/Q) modulators, and a WDM multiplexer (MUX). The power transmis-

sion factor of the WDM modulation unit is denoted as 0 1g  and accounts for 

the insertion losses of the multiplexer and the demultiplexer as well as for the 

insertion and modulation losses of the I/Q modulators. In our analysis we con-

sider the bandwidth of the WDM DEMUX filter to be equal to the line spacing 
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of the frequency comb. It can, however, be advantageous to reduce the filter 

bandwidth in order to suppress unwanted additive noise between the carriers. 

Note that the modulator will act as a polarizer and thus only the noise co-polar-

ized with the laser carrier is considered. The signal and noise power at the output 

of the WDM modulation unit are given by 

 (0) (0) 0
0 0 line 0 0 ref 0 0 refsignal noise

amplified ASE noise of 
OFC noise comb amplifier

, [ ( 1) ]
2

= = + −
g

P g G P P G N B F h f G B  . (3.3) 

In these relations, 0F  is the noise figure of the comb amplifier, and hf  is the 

photon energy [105]. For simplicity, we consider a frequency comb with equal 

power lineP  for each spectral line, in Section 3.4, we investigate the impact of 

line-to-line power variations. Note that in our analysis, the noise is considered 

to be stationary, i.e., we do not account for any modulation of the noise contri-

butions of the comb source and the comb amplifier. In the typically used link-

limited regime, the effect of modulated noise can be disregarded since the sta-

tionary ASE noise added in the link dominates. In the source-limited regime, 

neglecting the amplitude modulation of the noise might lead to a slight overes-

timation of the performance.  

The polarization-multiplexed WDM signal is then boosted by a post-amplifier 

with gain 1G  and launched into the first fiber section, which attenuates the 

power by 1 1g , 

 
(1) (0) (1) (0)

1 1 1 1 1 1 refsignal signal noise noise, [ ( 1) ]= = + −P g G P P g G P F h f G B . (3.4) 

The first fiber span may be followed by 1−M  additional fiber sections, each 

attenuating the power by 1mg  and by the same number of additional in-line 

amplifiers with gain mG .  

These in-line amplifiers are used to compensate the loss of the respective fiber 

section such that 1=m mG g , 2...=m M . Setting =mG G , and =mF F for 

2... ,=m M and =mg g for 1... ,=m M  the signal power and the noise power after 

the transmission link are given as 

 ( ) ( )( ) (1) ( ) (1)
refsignal signal noise noise, 1 1= = + − −

M M
P P P P g M Fh f G B . (3.5) 



3. Performance of chip-scale comb sources in coherent WDM communications 

 

54 

The data from each WDM channel are recovered at the WDM receiver, which 

contains an optical pre-amplifier with gain RxG  and noise figure RxF  and a 

WDM demodulation unit. The WDM demodulation unit uses a multitude of LO 

tones derived from a second FCG to recover the transmitted data with an array 

of IQ detectors. The signal power and the noise power at the output of the pre-

amplifier are given by 

 
(Rx) ( ) (Rx) ( )

Rx Rx Rx Rx refsignal signal noise noise, ( 1)= = + −
M M

P G P P G P F h f G B . (3.6) 

To obtain the OSNR for a single WDM channel, the ratio of the received signal 

power and the noise power in the reference bandwidth refB  needs to be calcu-

lated,  

 

(Rx)
signal

(Rx)
noise

OSNR .=
P

P
 (3.7) 

Introducing Eqs. (3.3) to (3.6) into Eq. (3.7) for a given line power lineP  and 

lineOCNR  the OSNR per channel can be expressed as  

.

( )

( )

0 0 line 0 1
0 0 line ref 0 0

line 1

amplifier noiseampl. FCG noise

1

Rx
Rx

1 Rx 1

amplifier noise

1
OSNR 1

2OCNR 2

1 1
1 .

−

  −
= + − + + 



− −
− + 



g G P g G
g G P hfB G F F

G

G G
M F F

G G gG

 (3.8) 

Note that for a high number of spans, i.e., M 1, the noise of the receiver pre-

amplifier does not play a role any more, since the noise background is domi-

nated by the noise contribution from the various amplifiers along the link.  

In Section 3.3, we apply Eq. (3.8) to a comb-based WDM system to derive the 

OSNR as a function of the line power lineP  and the number M of fiber spans, 

see Fig. 3.2. In this analysis, we assume a spectrally flat comb where all tones 

have the same power. In addition, the gain 1G  of the post-amplifier is assumed 

to be the same as the gain G  of the in-line amplifiers, and the gain 0G  of the 
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comb amplifier is adjusted such that a launch power into each fiber section of 

fiber 0 dBm=P is reached after the post-amplifier. This launch power is com-

monly used in 32 GBd WDM links for keeping the nonlinear impairments low 

while maintaining high OSNR levels [107], [108]. In Section 3.4, we expand 

this consideration and analyze the more practical case where lineP  varies from 

line to line. In this case, the resulting OSNR will depend on the comb line. As 

an example of a chip-scale FCG with large line count, we investigate a soliton 

Kerr comb generated in an integrated optical microresonator [85], [96], [106] 

and consider the OSNR variations from line to line as a function of lineP  and 

lineOCNR , see Fig. 3.3. In this analysis, we set the 0G such that a fixed output 

power of 25 dBm is obtained, and we adjust 1G  such that fiber 0 dBm.=P

3.3 OSNR limitations considering frequency 
combs with flat spectra 

In this section, we make use of Eq. (3.8) to estimate the OSNR as a function of 

lineP  and lineOCNR  for different numbers M of fiber spans, see Fig. 3.2. The 

various parameters used for this study are specified in Table 3.1. For the WDM 

modulation unit, an overall insertion loss of 25 dB is assumed, comprising 

3.5 dB of insertion loss each for the WDM demultiplexer and the multiplexer 

[109], 13 dB of loss for the dual-polarization IQ modulators [110], and an ad-

ditional 5 dB of modulation loss, which are assumed to be independent of the 

modulation format for simplicity. Note that the results shown in Fig. 3.2 do not 

change significantly when varying these losses by a few dB while compensating 

the variation by an adjustment of the gain 0G  of the comb amplifier. The fiber 

spans are assumed to feature a power loss of 15 dB each, corresponding to 

75 km of single-mode fiber with a propagation loss of 0.2 dB/km. The power 

loss of each span is exactly compensated by the 15 dB gain of the corresponding 

in-line amplifier such that a signal launch power of fiber 0 dBm=P per channel 

is maintained for all spans. For simplicity, the gain and the noise figure of the 

receiver pre-amplifier is assumed to be identical to that of the in-line amplifiers, 

leading to a signal power of 0 dBm per wavelength channel at the input of the 

receiver DEMUX. Figure 3.2(a) shows the OSNR as a function of lineP  for var-

ious span counts M. The lineOCNR  of the comb lines is assumed to be infinite, 
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i.e., the FCG itself does not introduce any practically relevant additive noise 

background. This can, e.g., be accomplished by soliton Kerr comb generators, 

see Fig. 3.3, where most of the comb lines do not contain relevant additive noise 

background. For low line powers lineP , Fig. 3.2(a) shows that the noise level at 

the receiver is dominated by the contribution of the comb amplifier. As a con-

sequence, the OSNR increases in proportion to lineP  and is essentially independ-

ent of the span count M. In this regime, transmission performance is limited by 

the comb source and its associated amplifier (“source-limited”). For high comb 

line powers lineP , in contrast, the noise level at the receiver is dominated by the 

contributions of the various amplifiers along the link (“link-limited”). In this 

regime, the OSNR is essentially independent of lineP  and decreases with each 

additional span. For a given number of spans, the transition between both re-

gimes is indicated by black circles in Fig. 3.2(a), indicating the points where the 

OSNR has decreased by 1 dB in comparison to its limit at high line power line.P

When using frequency combs in WDM systems, operation in the link-limited 

regime is preferred. Depending on the number of spans, this requires a minimum 

comb line power between approximately – 25 dBm and – 15 dBm. Note that, in 

principle, the gain 1G  of the post amplifier could be decreased while increasing 

the gain 0G  of the comb amplifier. For source-limited transmission, the overall 

impact would be small since the OSNR is mainly dictated by the comparatively 

low line power lineP  that enters the comb amplifier. For link-limited transmis-

sion over a small number of spans, the OSNR can be slightly improved by de-

creasing the gain 1G  and increasing the gain 0G  while maintaining power levels 

of about 10 dBm per line at the output of the comb amplifier. In our analysis, 

we assume equal noise figures of 5 dB for all optical amplifiers. This is a real-

istic assumption since gain values of the amplifiers do not differ considerably, 

even when considering additional measures for spectral flattening, see Table 3.2 

in Section 3.4.  

Figure 3.2(a) can be used as a guide for estimating the performance require-

ments for comb sources in WDM applications. As a reference, the plot indicates 

the minimum OSNR required for transmission of a net data rate of 400 Gbit/s 

or 600 Gbit/s per WDM channel using 16QAM or 64QAM as a modulation for-

mat, respectively. In both cases, advanced forward-error correction (FEC) 

schemes with 11 % overhead and a BER threshold of 21.2 10−  [111] are  
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Figure 3.2. Influence of the comb-line power lineP  and of its carrier-to-noise ratio lineOCNR  on 

the achievable optical signal-to-noise ratio OSNR at the WDM receivers for different values M 

of 75 km-long spans with 0.2 dB/km loss, see Table 1 for the model parameters used. (a) OSNR 

as a function of lineP  in the limit of a high lineOCNR . The plot reveals two regimes: For source-

limited transmission at low line powers, the OSNR is dominated by the contribution of the comb 

amplifier, whereas the contributions of the various amplifiers along the link dominates for link-

limited transmission at high line powers. The transition between both regimes is indicated by 

black circles which mark the points where the OSNR has decreased by 1 dB in comparison to its 

limit at high comb line powers. The dotted horizontal lines indicate the minimum OSNR required 

for transmission of a net data rate of 400 Gbit/s using 16QAM and of 600 Gbit/s using 64QAM 

as a modulation format [111]. (b) OSNR at the WDM receiver as a function of lineOCNR  for 

comb line powers lineP  that correspond to the transition points marked by circles in (a). For low 

lineOCNR , OSNR is dominated by the noise of the comb source, and the transmission perfor-

mance is source-limited. For high lineOCNR , the OSNR is independent of the lineOCNR and the 

transmission performance is link-limited. The dotted horizontal lines indicate again the minimum 

OSNR required for transmission of a net data rate of 400 Gbit/s using 16QAM and of 600 Gbit/s 

using 64QAM as a modulation format, assuming an ideal LO comb with infinite lineOCNR . In 

case of a real LO comb with finite lineOCNR , the OSNR requirements for a given BER become 

more stringent when approaching the link-limited regime, see dashed lines, which were derived 

from Eq. (3.9).  

 

assumed, requiring a symbol rate of 56 GBd to provide the specified net data 

rates. Note that we do not account for the format-dependent modulation losses, 

but assume an overall insertion loss of the modulator of 25 dB both for 16QAM 

and 64QAM. This loss includes both the optical insertion loss of the device and 

the modulation loss.  
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Table 3.1. Model parameters used for generating Fig. 3.2(a) and 3.2(b) from Eq. (3.8). The 

fiber attenuation mg , amplifier gain mG , and noise figures mF  are assumed to be the same 

for all M fiber links denoted by subscript 1=m M . For the spectral flattening considered 

in Section 3.4, we adjust the power transmission factor 0g  of the WDM modulation unit or 

the gain 0G  individually for each channel, and we choose the gain 1G  of the post-amplifier 

to maintain a constant power per channel of 0 dBm at the input of the first fiber span. Spe-

cifically, for the variable-gain scenario, 0g is varied such that 0 lineg P  is constant across all 

comb lines, whereas for the variable-gain scenario, 0G  is varied from channel to channel 

such that 0 lineG P  is constant.  

Variable Description Value 

refB  
Reference bandwidth for OSNR and 

OCNR calculation 
12.5 GHz 

( )
fiberignal =

m
m sG P P  

Signal power per WDM channel at the 

input of each fiber span 
1 mW 0 dBm 

0g  
Power transmission factor of WDM 

modulation unit 
3.2 × 10 −3 −25 dB 

0G  Power gain factor of comb amplifier ( )fiber line 0 1P P g G  

0F  Noise figure of comb amplifier 3.2 5 dB 

1G  Power gain factor of post-amplifier 32 15 dB 

1F  Noise figurer of post-amplifier 3.2 5 dB 

=mg g  
Power transmission factor of fiber 

section 
3.2 × 10 −2 −15 dB 

1−= =mG G g  
Power gain factor of post- and inline-

amplifier 
32 15 dB 

=mF F  
Noise figure of post- and inline- 

amplifiers 
3.2 5 dB 

RxG  Power gain factor of pre-amplifier 32 15 dB 

RxF  Noise figure of pre-amplifier 3.2 5 dB 

For many practically relevant comb sources, the lineOCNR  is finite, which also 

impairs the transmission performance. Figure 3.2(b) shows the OSNR at the re-

ceiver as a function of lineOCNR  for various span counts M. In this plot, the 

comb line power is the minimum value required for link-limited transmission, 

as indicated by the corresponding transition points in Fig. 3.2(a). For low 

lineOCNR , the noise level at the receiver is dominated by the amplified noise 

background of the comb source, and the lineOCNR  and OSNR are essentially 

identical. In this case, the link performance is again source-limited. For high 

lineOCNR , the OSNR is dictated by the accumulated ASE noise of the post-

amplifier and the in-line amplifiers and is thus independent of the lineOCNR . 
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In this regime, the transmission performance is link-limited. Depending on the 

number of spans, the minimum lineOCNR  values needed for link-limited trans-

mission range between approximately 25 dB and 35 dB. The transition between 

both regimes is marked by black squares in Fig. 3.2(b), indicating the points 

where the OSNR has decreased by 1 dB in comparison to its respective limit at 

high lineOCNR . 

Note that finite OCNR can also become relevant at the receiver in case a fre-

quency comb is used as multi-wavelength LO. In a simplified consideration, we 

may assume that the transmitter and the receiver rely on comb sources with 

identical OCNR. In this case, the OCNR of the LO comb is always higher than 

the OSNR of the received signal, which is affected by the ASE noise of the post-

amplifier at the transmitter, the pre-amplifier at the receiver and the inline am-

plifiers along the link. In the link-limited transmission regime, the noise accu-

mulated along the link dominates, and the noise of the LO comb can hence be 

neglected. The only case for which the impact of LO noise becomes important 

is the source-limited transmission regime, i.e., the left-hand part of Fig. 3.2(b). 

In this region, the LO comb noise additionally impairs the reception, thereby 

increasing the OSNR of the data signal that is required for a given BER. This is 

indicated by the dashed lines for the 400 Gbit/s 16QAM signal and for the 

600 Gbit/s 64QAM signal. Neglecting noise-noise beating in the coherent re-

ceiver and defining OCNR  as the OSNR required for a given BER in case of 

an ideal noise-less LO comb (dotted line in Fig. 3.2(b)), the OSNR in case of a 

non-ideal LO-comb with finite lineOCNR  can be expressed as  

 

1

line

1 1
OSNR .

OSNR OCNR

−



 
= − 
 

 (3.9) 

Note that the underlying BER can only be achieved for lineOCNR > OSNR  

and that the achievable OSNR is always worse than the lineOCNR  of the trans-

mitter comb, i.e., lineOSNR OCNR  if the transmitter and the receiver rely on 

comb generators with identical.
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3.4 OSNR limitations considering frequency 
combs with line-to-line power variations 

Chip-scale comb sources, relying on different comb generation approaches, 

have been used in a variety of WDM transmission experiments covering a wide 

range of data rates, channel counts, and line spacings [12], [16], [101]–[103], 

[17], [20], [82], [85], [96]–[98], [100]. In these WDM transmission experi-

ments, the line to line variations of lineP  and lineOCNR  lead to a channel-de-

pendent OSNR. In the following, we will analyze the impact of line-to-line 

power variations on the transmission performance of the WDM link for differ-

ent transmission distances. To this end, we consider a Kerr frequency comb 

generated in a silicon nitride (SiN) microresonator [106] as an illustrative ex-

ample. Kerr frequency combs are generated by pumping a high-Q microresona-

tor with a strong CW laser, see Fig. 3.3(a). Under appropriate pumping condi-

tions, cascaded four-wave mixing leads to the formation of a multitude of 

spectral lines. As a technically attractive example, we consider so-called single-

Kerr-soliton states, which rely on a double balance of parametric gain and cavity 

loss as well as second order dispersion and nonlinearity and which consist of a 

single ultra-short pulse circulating in the micro-resonator [105] This leads to 

broadband frequency combs providing tens or even hundreds of high-quality 

tones for massively parallel WDM transmission [96]. Note that single-soliton 

Kerr combs are considered for illustrative purposes only and that other comb 

sources or other comb states in Kerr-nonlinear microresonators can also be used 

for WDM transmission. As an example, Turing rolls and dark solitons can 

achieve high power conversion efficiencies and have been used in WDM trans-

mission [82], [85]. However, the number of comb lines is rather limited and the 

line-to-line power variations may be strong. Solitons generated in microresona-

tors with higher-order dispersion, such as quartic solitons [112] may provide 

frequency combs with broad and smooth spectra and might thus lend themselves 

to massively parallel WDM transmission.  

An example of a measured single-soliton Kerr comb spectrum is shown in 

Fig. 3.3(b), which is measured after equalizing the residual pump power with a 

notch filter (not shown in Fig. 3.3). This spectrum comprises around 110 
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carriers spaced by approximately 100 GHz within the telecommunication C and 

L band (1530 nm … 1610 nm). The line powers range from – 11 dBm near the 

center to – 20 dBm at the edges of the telecommunication window, and the 

OCNR values range from 48 dB to 40 dB, which would safely permit link-lim-

ited transmission in realistic WDM systems, see Fig. 3.2. While the on-chip 

pump power used to generate the comb in the originally experiment was ap-

proximately 29 dBm, recent advances in fabrication technology and system de-

sign have shown the possibility to significantly reduce the required pump power 

for soliton generation and increase the power conversion efficiency, e.g., by 

increasing the quality factor of the microresonator [113] or incorporating the 

microresonator into the cavity of the pump laser [76]. Using Eq. (3.8) with the 

lineP  and lineOCNR  values measured from the carriers of the soliton frequency 

comb and with the model parameters from Table 3.1 and Table 3.2, we calculate 

the optical signal-to-noise ratio OSNR , =1…L, for each individual channel 

as a function of the link distance, see Fig. 3.3(c)-3.3(e). For this analysis, we 

assume an output power of 25 dBm provided by the comb amplifier, which cor-

responds to a power of approximately 5 dBm per line at the input of the WDM 

modulation unit. The gain of the post-amplifier is set such that a power per line 

of 0 dBm is launched into each fiber span.  

We investigate three different WDM transmission scenarios, refer to Table 3.2 

for the gain 0G  and 1G  of the comb amplifier and the post-amplifier for each of 

these scenarios as well as for the corresponding power transmission factor 0g  of 

the WDM modulation unit. In the first scenario, the comb lines are not equalized 

in power (“No equalization”), and all amplifiers are assumed to have a spectrally 

flat gain. Note that this scenario is typically not implemented in practical WDM 

transmission systems, and it is used here as a reference. In our analysis we assume 

the power fiber 0 dBm=P  to be the average signal power per WDM channel at the 

input of each fiber span. The individual per-channel launch powers vary from 

– 7 dBm to 3 dBm. In the second scenario, the power per line is equalized at the 

first amplifier stage of Fig. 3.1 by using, e.g., a wavelength-dependent gain 0G  

such that the comb lines at the edge of the telecommunication windows are am-

plified more than those at the center to reach a spectrally uniform per-channel 

launch power of 0 dBm into the first fiber span. This can be achieved, e.g., by 

adapting the gain profile of the optical amplifiers to the spectral variations of the 
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Figure 3.3. Single-soliton Kerr frequency combs and impact of line-to-line lineP  and lineOCNR  

variations on the OSNR. (a) Kerr comb generation: A high-Q Kerr nonlinear microresonator is 

pumped by a CW laser. Under appropriate conditions, cascaded degenerate and non-degenerate 

four-wave mixing leads to formation of new spectral lines. For single-soliton states, the superpo-

sition of the phase-locked optical tones forms an ultra-short soliton pulse circulating in the cavity. 

This leads to a comb spectrum with a broadband envelope. (b) Spectrum of a single-soliton Kerr 

frequency comb generated in a SiN microresonator [96]. The comb offers 110 carriers in the 

telecommunication C and L band (1530 nm … 1625 nm), spaced by approximately 100 GHz. In 

the center of the spectrum, the comb line power amounts to – 11 dBm, and the OCNR is approx-

imately 48 dB. Towards the wings of the comb, both line power and OCNR decrease. (c-e) OSNR 

as a function of the link distance and the comb line index, , (c) without equalizing the power 

per line (“No equalization”); (d) for equalizing the power per line by using a spectrally variable 

gain in first amplifier stage of Fig. 3.1 (“Variable gain”); (e) for equalizing the power per line by 

introducing individual power attenuations for each channel (“Variable loss”) at the WDM mod-

ulation unit from Fig. 3.1. 

frequency comb. For simplicity, we assume the noise figure of all amplifiers to 

be wavelength-independent. We refer to this scheme as variable-gain equaliza-

tion (“Variable gain”). In the third scenario, the power per line is equalized at 

the WDM modulator stage of Fig. 3.1 by considering a channel dependent 

power transmission 0g . This can, e.g., be accomplished by using optical atten-

uators or by adjusting the drive voltages of the IQ modulators, such that the 

channels at the center of the comb spectrum experience a higher attenuation. In 

this scenario, we assume again amplifiers with spectrally flat gain and noise 
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figure. The gain 1G  of the post-amplifier is increased such that fiber 0 dBm,=P

We refer to this scheme as variable-loss equalization (“Variable loss”). 

Table 3.2. Model parameters for each WDM transmission scenario in Fig. 3.3 and Fig. 3.4. 

The gain 0G  of the comb amplifier is adjusted to reach a fixed output power of 25 dBm fed 

into the WDM modulation unit, while the gain 1G  of the post-amplifier is adjusted to obtain 

a power per channel of 0 dBm at the input of the first fiber span. The quantity 0g  denotes the 

power transmission of the WDM modulation unit and of the associated variable attenuators 

used for spectral flattening. 

 No equalization Variable gain Variable attenuation 

0g  –25 dB –25 dB –35 dB … –25 dB 

0G  19 dB 16 dB … 26 dB 19 dB 

1G  21 dB 21 dB 27 dB 

If no power equalization to the comb lines is performed, strong channel-to-chan-

nel OSNR variations can be observed for all transmission distances, see 

Fig. 3.3(c) “No equalization”. Note that these channel-dependent OSNR varia-

tions do not decrease with propagation distance since the amplifier noise term 

in Eq. (3.8) dominates the noise power in the denominator such that the differ-

ence in lineP  at the output of the frequency comb will determine the OSNR . If 

the comb line powers are equalized at the first amplification stage, see 

Fig. 3.3(d) “Variable gain”, all channels will exhibit the same OSNR  for large 

transmission distances. This can be understood by the fact that, at large dis-

tances, the accumulated ASE noise from the in-line amplifiers will dominate the 

noise power in all channels such that the initial OSNR differences become ir-

relevant. The same is true if the comb line powers are equalized at the WDM 

modulation stage, see Fig. 3.3(e) “Variable attenuation” – also here the accu-

mulated ASE noise will dominate the noise power with increasing distance. In 

addition, the initial attenuation of the center channels will decrease the associ-

ated OSNR for short transmission distances, but this difference disappears for 

longer links as the accumulated ASE noise of the in-line amplifiers dominates. 

As a consequence, the performance of the second and the third transmission 

scenario converge with increasing transmission distance.  

To quantitatively compare the transmission performance of the three different 

schemes, we estimate the maximum capacity for a given reach [114], 
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1

log 1 SNR
=

= +
L

rC f , (3.10) 

where rf  is the comb line spacing, L is the number of comb lines, and SNR  is 

obtained from the OSNR  through Eq. (3.1) with a bandwidth = rB f . Equa-

tion (3.9) considers the maximum capacity for each channel which can be the-

oretically achieved by using an arbitrarily complex modulation format [114]. 

The link capacity according to Eq. (3.10) for 100 GHz=rf and L = 110, as well 

as the spectral efficiency, ( )SE = rC L f are indicated as solid lines in Fig. 3.4. 

The line spacing was chosen to maximize the per-channel symbol rate while 

still being compatible with the bandwidth of available signal generators [115] 

and IQ modulators [116].  

For Metro links, both the scheme without equalization (“No equalization”) and 

the scheme with spectrally variable gain (“Variable gain”) lead to a higher ca-

pacity than the scheme based on spectrally variable attenuation (“Variable at-

tenuation”), offering link capacities of around 80 Tbit/s. For longer reach, the 

capacity decreases, and the differences between the three schemes become neg-

ligible. Note that our consideration does not account for the impact of fiber non-

linearity, which might lead to further limitations at longer transmission dis-

tances [30]. 

Another scenario of practical interest is the case where all modulators of the 

various WDM channels are operated with the same modulation format and same 

FEC overhead is applied to all channels. The maximum capacity is then dictated 

by the channel with the lowest SNR, minSNR , leading to  

 ( )2 minlog 1 SNR= +rC L f , (3.11) 

The results of this consideration are indicated as dashed lines in Fig. 3.4. For 

metro links, the variable-gain scheme provides the highest minSNR  and thus 

the highest capacity and spectral efficiency. For longer links, the performance of 

carriers of a soliton Kerr frequency the variable-gain scheme approaches that of 

the variable-attenuation scheme. The capacity is then the same as the one ob-

tained from Eq. (3.10). As a comparison, Fig. 3.4 also shows the case of using 

individual lasers instead of the comb. For this analysis, we have assumed a fixed 
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Figure 3.4. Total capacity and spectral efficiency of a WDM transmission link using individual 

lasers (black line) single-soliton Kerr frequency combs with 110=L comb lines and a comb line 

spacing 100 GHz=rf (colored traces). Blue traces: No equalization done (“No equalization”). 

Red traces: Flattening of the frequency by spectrally variable gain in the first amplifying stage 

(“Variable gain”). Green trace: Flattening of the frequency comb by spectrally variable attenua-

tion in the WDM modulation unit (“Variable attenuation”). Black trace: Individual lasers each 

with 13 dBm of optical power and 60 dB of OCNR. Solid lines: The capacity is optimized indi-

vidually for each channel. Dashed lines: The per-channel capacity is derived from the smallest 

SNR, minSNR  in the WDM link. 

power per line of 13 dBm fed directly into the modulator along with an OCNR 

of 60 dB. For short transmission distances, the performance of the comb-based 

scheme is source limited due to the low power per line. The analysis also shows 

that the spectral flatness and the gain flattening technique have a direct impact 

on the achievable capacity. For longer reach, all schemes with flat spectra ap-

proach the same link-limited performance.  

Regarding technical realizations of chip-scale WDM transceivers, it should be 

noted that integration of high-power comb amplifiers might represent a chal-

lenge, in particular when it comes to massively parallel transmission with tens 

of even hundreds of comb lines [96], [97]. For the example of an input power 

of approximately 3 mW per line measured at the input of the modulator, a high-

power semiconductor optical amplifier (SOA) with a saturation output power 

of 23 dBm [117] could be used to handle approximately 70 lines. For bigger 

line counts or higher powers per line, the tones have to be amplified in separate 

groups or fiber amplifiers have to be used. For Kerr combs, another challenge 

might arise from the fact that the residual pump after the resonator may be much 
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stronger than the other comb tones. Suppressing the pump leads to additional 

energy loss. Note, however, that in all of these cases, the power consumption of 

the comb generator and the comb amplifier is shared by all comb lines such that 

the power consumption per line still remains reasonable [96].

3.5 Summary 

We have investigated the influence of the comb line power and optical carrier-

to-noise ratio (OCNR) on the optical signal-to-noise ratio (OSNR) for comb-

based WDM transmission systems. We identify two regimes of operation de-

pending on whether the transmission performance is limited by the comb source 

(“source-limited”) or by the link and the associated in-line amplifiers (“link-

limited”). Our analysis indicates that, depending on the number of spans, mini-

mum comb line powers between –25 dBm and –15 dBm and minimum 

lineOCNR  values between 25 dB and 35 dB are needed for link-limited trans-

mission. In addition, we investigated the impact of line-to-line power variations 

on the achievable OSNR and the overall link capacity for WDM system that 

relies on single-soliton Kerr frequency combs as a particularly interesting ex-

ample. We find that OSNR levels of around 30 dB for Metro links lead to ca-

pacities of around 80 Tbit/s. We believe that our findings will help to broadly 

compare different comb generator types and to benchmark them with respect to 

the achievable transmission performance.  

[end of paper [J3]]  Equation Chapter (Next) Section 1 
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4 DC-driven quantum-dash mode-
locked laser diode for Tbit/s WDM 
transmission 

This chapter details the data transmission experiments performed with a DC-

driven quantum-dash (QD) mode-locked laser diode (MLLD) as a multi-wave-

length light source at the transmitter. The content of this chapter is taken from 

a paper that has been published in Optics Express [J2]. In order to fit the struc-

ture and layout of this document, it was adapted accordingly.  

The idea of the experiment was developed by P. Marin-Palomo and C. Koos. P. 

Marin-Palomo developed and implemented the experimental setups with the 

support of J. N. Kemal, P. Trocha, and S. Wolf. K. Merghem, and F. Lelarge 

developed and fabricated the QD-MLLDs for comb generation, under the super-

vision of A. Ramdane. The DSP required for the analysis of the received wave-

forms was performed by the author of this dissertation with the support of S. 

Randel. The manuscript was written by the author with the support of W. 

Freude, S. Randel, and C. Koos. 
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Chip-scale frequency comb generators have the potential to become key build-

ing blocks of compact wavelength-division multiplexing (WDM) transceivers 

in future metropolitan or campus-area networks. Among the various comb gen-

erator concepts, quantum-dash (QD) mode-locked laser diodes (MLLD) stand 

out as a particularly promising option, combining small footprint with simple 

operation by a DC current and offering flat broadband comb spectra. However, 

the data transmission performance achieved with QD-MLLD was so far limited 

by strong phase noise of the individual comb tones, restricting experiments to 

rather simple modulation formats such as quadrature phase shift keying (QPSK) 

or requiring hardware-based compensation schemes. Here we demonstrate that 

these limitations can be overcome by digital symbol-wise blind phase search 

(BPS) techniques, avoiding any hardware-based phase-noise compensation. We 

demonstrate 16QAM dual-polarization WDM transmission on 38 channels at 

an aggregate net data rate of 10.68 Tbit/s over 75 km of standard single-mode 

fiber. To the best of our knowledge, this corresponds to the highest data rate 

achieved through a DC-driven chip-scale comb generator without any hard-

ware-based phase-noise reduction schemes.

4.1 Introduction 

With the explosive growth of data rates across all network levels [2], wave-

length-division multiplexing (WDM) schemes are becoming increasingly im-

portant for short transmission links that connect, e.g., data centers across met-

ropolitan or campus-area networks. In this context, optical frequency combs 

have emerged as particularly attractive light sources, providing a multitude of 

narrowband optical carriers at precisely defined frequencies that may replace 

tens or even hundreds of actively stabilized laser diodes [78], [82], [85], [93]–

[97]. Among the various comb generator concepts, chip-scale devices are of 

special interest, in particular when it comes to short-distance WDM links, for 
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which compactness and cost-efficient scalability to high channel counts is of 

utmost importance. 

Over the previous years, a variety of chip-scale comb generators have been 

shown to enable high-speed WDM transmission at Tbit/s data rates. The highest 

performance was achieved by exploiting Kerr nonlinearities in integrated opti-

cal waveguides, either for spectral broadening of initially narrowband fre-

quency combs [97] or for Kerr comb generation in high-Q microresonators [82], 

[85], [96]. While these approaches allow to generate hundreds of spectral lines 

distributed over bandwidths of 10 THz or more, the underlying setups are rather 

complex, require high pump power levels along with delicate operation proce-

dures, and still comprise discrete components such as fiber amplifiers or exter-

nal light sources. Other approaches to chip-scale comb generators rely on gain 

switching of injection-locked DFB lasers [14], [16], [17], which may be inte-

grated into chip-scale packages with all peripheral components but suffer from 

the rather small bandwidth of the overall comb, which typically spans less than 

500 GHz [14].  

These limitations may be overcome by so-called single-section quantum-dash 

(QD) mode-locked laser-diodes (MLLD) [19], [61], [122]–[125], [69], [70], 

[101], [102], [118]–[121] These devices combine an inhomogeneously broad-

ened gain spectrum of the QD material with passive mode-locking through four-

wave mixing and self-induced carrier density modulation [19], [61], [118] and 

allow for generation of broadband flat frequency combs without requiring a sat-

urable absorber. QD-MLLD can be operated by a simple DC current while pro-

ducing combs that can comprise 50 carriers or more, spaced by tens of GHz and 

distributed over a spectral range of more than 2 THz. However, the devices suf-

fer from large optical linewidth of the individual tones, which strongly impairs 

transmission of signals that rely on advanced modulation formats [101], [119]–

[122]. As a consequence, data transmission demonstrations with QD-MLLD 

have so far relied on intensity modulation of the optical carriers using, e.g., on-

off-keying (OOK) [119] or electrical orthogonal frequency division multiplex-

ing (OFDM) signals [120], were limited to rather simple modulation phase for-

mats such as quadrature phase-shift keying (QPSK) [101], [121], [122], or 
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required dedicated hardware schemes for reducing the optical linewidth of the 

comb tones [69], [70], [102], [123]. 

In this work, we show that the phase-noise limitations of QD-MLLD-based 

WDM transmission schemes can be overcome by a continuous feed-forward 

algorithm based on symbol-wise blind phase search (BPS) [53] without the need 

for any additional optical hardware. Expanding on our earlier demonstrations 

[121], our concept allows for data transmission using 16-state quadrature am-

plitude modulation (16QAM), even in the presence of strong phase noise of the 

QD-MLLD tones. The viability of our concept is demonstrated in a series of 

transmission experiments. In a first experiment, we transmit 52 channels over 

75 km of standard single-mode fiber (SSMF) using QPSK as a modulation for-

mat at a symbol rate of 40 GBd. By exploiting polarization-division multiplex-

ing (PDM), we achieve an aggregate line rate (net data rate) of 8.32 Tbit/s 

(7.83 Tbit/s). In a second experiment, we use 38 carriers to transmit PDM-

16QAM signals at a symbol rate of 38 GBd over 75 km of SSMF, leading to an 

aggregate line rate (net data rate) of 11.55 Tbit/s (10.68 Tbit/s). To the best of 

our knowledge, this is the highest data rate achieved by a DC-driven chip-scale 

comb generator that does not require any hardware-based phase-noise reduction 

schemes. Our investigation is supported by an in-depth analysis of the phase-

noise characteristics of the QD-MLLD, revealing a strong increase of the FM-

noise spectrum at low frequencies as the main problem that has prevented 

16QAM transmission so far. Our results combined with the robustness and the 

ease of operating QD-MLLD show the great potential of such devices as light 

sources for highly scalable WDM transceivers.

4.2 Quantum-dash mode-locked laser diodes 

The frequency comb sources used in our data transmission experiments consist 

of InAs/InGaAsP quantum-dash (QD) structures, which are grown by molecular 

beam epitaxy (MBE) on InP substrates [126]. The active region consists of six 

stacked layers of InAs QD, embedded into InGaAsP barriers, see Fig. 4.1(a). 

The InGaAsP composition is designed to have a bandgap corresponding to a 

photon energy g = 1.17 µm, and the emission wavelength of the device used in 
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our experiments is approximately 1.55 µm. Details of the dash-in-a-barrier de-

sign can be found in [19]. The thickness of the barrier between the QD layers 

amounts to 40 nm, and the structure is terminated by 80-nm-thick separate con-

finement heterostructure (SCH) layers of InGaAsP towards the top and bottom 

InP regions. Electrons are injected into the SCH layer from the n-side, corre-

sponding to the bottom contact in Fig. 4.1(a), and are then trapped in the QD, 

emitting photons with a wavelength of approximately 1.55 µm. The photons are 

guided in a buried ridge waveguide of 1.5 µm width [19]. Cleaved facets act as 

broadband front and backside mirrors, thereby forming a Fabry-Perot (FP) laser 

cavity with a total length of 980 µm, corresponding to a free spectral range 

(FSR) of approximately 42 GHz. Due to the inhomogeneously broadened gain 

originating from the shape distribution of the QD, multiple longitudinal modes 

can coexist in the laser cavity. According to [126], mode-locking in QD-MLLD 

does not require a saturable absorber, but relies on mutual sideband injection 

due to four-wave mixing and self-induced carrier density modulation at the FSR 

frequency – similar to actively mode locked laser diodes, but induced by the 

signal generated from the beating among the laser cavity modes rather than by 

an external radio frequency (RF) source. This leads to a comb of equally spaced 

spectral lines with strongly correlated phases [127], thereby forming a periodic 

output signal with a period corresponding to the cavity round-trip time. The 

strong phase correlation of neighboring modes leads to a narrow RF beat note 

measured at the FSR frequency when detecting the periodic output signal with 

a high-speed photodetector. 

To identify favorable parameters for operating the QD-MLLD in transmission 

experiments, we performed a thorough characterization of the devices using the 

setup shown in Fig. 4.1(b). The light emitted by the DC-driven QD-MLLD is 

collected by a lensed single-mode fiber (LF), which features an anti-reflection 

coating to avoid distortions by optical back-reflection into the laser cavity. The 

collected light is sent to an optical spectrum analyzer (OSA) and to a photodiode 

(PD), which is connected to an electrical spectrum analyzer (ESA) for extract-

ing the RF beat note at the FSR frequency. In our experiment, we swept the 

pump current and recorded the fiber-coupled output power of the device along 

with the linewidth of the RF beat note and the optical spectrum, from which we 

extract the optical carrier-to-noise power ratio (OCNR) and the number of lines 
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within a 3-dB bandwidth of the comb, see Fig. 4.1(c) – 4.1(d). Figure 4.1(c) 

shows the full width half maximum (FWHM) linewidth of the RF beat note at 

the FSR frequency and the number of comb lines within the 3-dB bandwidth of 

the comb as a function of the injection current. The linewidth of the RF beat 

note decreases with higher injection current and reaches a constant value of ap-

proximately 10 kHz at high currents. Note that this decrease of the RF linewidth 

with injection current has been described in the literature [127], [128] and is 

attributed to the fact that mode-locking in the QD-MLLD relies on nonlinear 

interaction of the various modes, e.g., through four-wave mixing and carrier 

density modulation [126]. This interaction increases for higher optical power 

levels, i.e., higher injection currents, which leads to a decreased RF linewidth. 

Figure 4.1(d) shows the fiber-coupled output power and the average OCNR. 

The OCNR values are first determined individually for each comb line based 

on the optical spectrum of the frequency comb. As a reference bandwidth for 

specifying the OCNR, we choose 12.5 GHz, which corresponds to a wavelength 

span of 0.1 nm at a center wavelength of 1550 nm. Within the 3 dB-bandwidth 

of the comb, the OCNR of the lines exhibit only small variations of approxi-

mately ± 1 dB. The plot in Fig. 4.1(d) shows the mean OCNR averaged over all 

lines within the 3-dB bandwidth of the comb. The average OCNR increases with 

injection current and reaches an essentially constant level of approximately 

40 dB above 300 mA. 

From Fig. 4.1(c) and Fig. 4.1(d), we find that the output power, the number of 

lines and the OCNR monotonically increase with injection current, while the 

linewidth of the RF beat note decreases. For the transmission experiment, the 

injection current is hence chosen as high as possible without exceeding the cur-

rent limit of the diode. As a favorable operation regime, we identify the range 

between 300 mA and 420 mA, which is shaded in red in Fig. 4.1(c) and 

Fig. 4.1(d). We repeated the measurement for other temperatures between 20 

and 25 °C, observing a similar trend. Figure 4.1(e) shows the resulting fre-

quency comb spectrum for an injection current of 390 mA at a stabilized tem-

perature of 21.2 ºC. Throughout the subsequent experiments, the injection cur-

rent and operation temperature of the laser are kept constant to avoid drift of the 

center frequency of the generated combs. The accuracy of this stabilization  
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Figure 4.1. Frequency-comb generation in quantum-dash mode-locked laser diodes (QD-

MLLD). (a) Top view and cross-section schematic of a QD-MLLD consisting of a ridge wave-

guide of 1.5 μm width and 980 µm length. The active region comprises six stacked layers of InAs 

QD separated by 40 nm-thick InGaAsP barriers, see transmission-electron microscope (TEM) 

image in the Inset [19]. Carriers are injected into the active region through 80-nm-thick separate 

confinement heterostructure (SCH) layers of InGaAsP, designed to have a bandgap correspond-

ing to a photon energy g = 1.17 µm. The emission wavelength of the devices used in our exper-

iments is approximately 1.55 µm. (b) Setup for frequency comb characterization. The QD-

MLLD is driven by a DC current. LF: Lensed fiber. OI: Optical isolator. PD: Photodiode. ESA: 

Electrical spectrum analyzer. OSA: Optical spectrum analyzer. (c) Number of lines within the 3-

dB bandwidth of the comb (blue) and FWHM of the RF beat note (“RF linewidth”, red) at the 

FSR frequency of 42 GHz as a function of injection current. (d) Optical output power (green) 

and average OCNR (black) of the comb lines as a function of injection current. Shaded region: 

Range of favorable operating currents for low RF linewidth, high output power and OCNR, and 

large number of lines. (e) QD-MLLD frequency comb spectrum for an injection current of 

390 mA at a stabilized temperature of 21.2 °C. 

 

amounts to ± 0.1 K for the operating temperature and to ± 0.1 mA for the injec-

tion current. For coherent communications, the carriers used to transmit data 

need to have high OCNR and narrow optical linewidths, or, equivalently, low 

phase noise. The recorded OCNR level would in principle safely allow for 
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transmission of 16QAM signals at symbol rates of 50 GBd or more [129]. How-

ever, the individual comb tones exhibit strong phase noise, which inhibits the 

use of advanced modulation formats with high spectral efficiency. In the case 

of strong phase noise, there is a high probability that the induced phase change 

causes a wrong recovery of the symbol, thus dramatically increasing the bit-

error ratio (BER), even at high OCNR. In the next section, we present a more 

detailed analysis of the phase noise for individual carriers of the QD-MLLD, 

whilst Section 4.4 contains an analysis of the impact of phase noise on the meas-

ured BER for QPSK and 16QAM signaling. 

4.3 Phase noise characteristics of QD-MLLD 

The optical tones of the QD-MLLD are broadened by several effects [130]. Fun-

damentally, laser linewidth broadening is caused by the coupling of spontane-

ous emission into the oscillating mode, leading to spectrally white frequency 

noise. Other effects such as flicker and random-walk frequency noise contribute 

to linewidth broadening, too, and occur at longer time scales [51], [52], i.e., 

lower frequencies. Influences of temperature fluctuations and mechanical vibra-

tions happen on an even larger time scale and are disregarded. In the following, 

we differentiate between short-term and long-term phase noise, leading to a 

short-term and a long-term linewidth of the comb tone. Short-term phase fluc-

tuations are characterized by a white frequency-noise spectrum and lead to a 

Lorentzian laser line shape with a FWHM L f , while long-term phase fluctu-

ations lead to a Gaussian spectrum with FWHM G f  [51]. For the devices used 

in our measurements, the long-term linewidth is observed when considering the 

frequency fluctuations for observation times 0 1 µs, whereas the short-term 

linewidth is obtained for observation times 0 1 µs, see Section 4.3.1 for a 

more detailed discussion.  

For measuring the short-term and long-term optical linewidths of the individual 

comb lines, we follow two different heterodyne approaches, which are illus-

trated in Fig. 4.2(a), Setup I and Setup II. In Setup I, the QD-MLLD output is 

superimposed with the output of a highly stable tunable local-oscillator laser 

(LO I) and then sent to a photodetector connected to an ESA for recording the 
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beat-note spectrum and the long-term linewidth. In Setup II, we use a second 

tunable local oscillator laser (LO II) along with a coherent receiver and high-

speed analog-to-digital converter (ADC). The ADC is used to record the RF 

beat note, from which the intrinsic Lorentzian, i.e., short-term linewidths are 

extracted by offline processing of the signals [51], see Section 4.3.2. Both LO I 

and LO II are external-cavity lasers (ECL, Keysight N7714A) with a specified 

linewidth below 100 kHz, i.e., the LO linewidths are much smaller than the ex-

pected linewidth of the comb lines. This is verified by connecting LO I to In-

put II (Inp II) of Setup II, and LO II to Input I (Inp I) of Setup I and by observ-

ing that in both cases the resulting linewidths of the beat notes are much smaller 

than those obtained from the QD-MLLD tones, see Fig. 4.2(b). Note that these 

measurements can only reveal the relative phase fluctuations of LO II with re-

spect to LO I, which can be considered as an upper boundary of the phase noise 

of each of the sources. In the following sections, we detail a quantitative phase-

noise model, Section 4.3.1, and use it to extract the QD-MLLD phase-noise 

characteristics from the measurements obtained from Setup I and Setup II, Sec-

tions 4.3.2 and 4.3.3. 

4.3.1 Phase-noise and linewidth model 

In the following, we give a short overview on the model used for quantitatively 

describing the phase noise of the MLLD tones. More details of the underlying 

theoretical background and a derivation of the mathematical relationships can 

be found in [131]. The complete statistical characteristics of the phase noise or, 

equivalently, the frequency noise of a laser oscillator can be obtained from the 

so-called FM-noise spectrum 
instfS , i.e., the power-spectral-density function of 

the instantaneous optical frequency fluctuations ( )instf t , which can be modeled 

by [132], [133]  

 ( )
inst

1 2
L 1 2

− −= + +fS f S S f S f  (4.1) 

This power spectral density is composed of spectrally constant white frequency 

noise 0
LS f , flicker frequency noise 1

1
−S f , and random-walk frequency noise 

2
2

−S f . In these relations, the quantities LS , 1S  and 2S  are constant coefficients 

quantifying the various frequency noise contributions.  
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Figure 4.2. Linewidth measurement and phase-noise characterization for selected comb lines of 

the QD-MLLD. (a) Experimental setups: In Setup I, the QD-MLLD output is superimposed with 

the output of a narrowband local oscillator laser (LO I) and detected by a single photodiode (PD) 

and an electrical spectrum analyzer (ESA) to extract the long-term linewidth G f . In Setup II, a 

second LO laser (LO II) is used along with a coherent receiver and a high-speed analog-to-digital 

converter (ADC) for measuring the temporal phase-noise characteristics, from which we extract 

the FM-noise spectrum that reveals the intrinsic Lorentzian linewidth L. f  LF: Lensed fiber. OI: 

Optical isolator. PC: Polarization controller. LO I, LO II: Tunable external cavity lasers (ECL). 

OH: Optical hybrid. BPD: Balanced photodiodes. Inp I, Inp II: Auxiliary inputs for verification 

of the LO laser linewidths. (b) Long-term and short-term optical linewidths of the different comb 

lines. The long-term linewidths were recorded with an effective ESA observation time of 

0,ESA 150 μs  . (c) Power spectra 
instfS  of instantaneous frequency fluctuations (FM noise) 

along with model fits according to Eq. (4.1). The length of the recorded time-domain beat signal 

is 125 µs. The data were obtained by testing a QD-MLLD tone with Setup II (QD-MLLD, blue) 

or by connecting LO I to Inp II of Setup II (LO I/II, red). In both cases, the wavelength of the 

tested tone was 1547.3 nm. Note that the second measurement can only reveal the relative phase 

fluctuations of LO II with respect to LO I, which can be considered as an upper boundary of the 

phase noise of each of the sources. Since the linewidth of LO I is much smaller than that of the 

QD-MLLD tone, the phase fluctuations in the first measurement can be attributed to the QD-

MLLD tone. (d) Phase-noise variance 2
  as a function of measurement time τ, both for LO I and 

for the QD-MLLD tone. (e) Power spectra as a function of the frequency offset from the carrier 

for LO I and for the QD-MLLD tone (resolution bandwidth 400kHz). =f  
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The FM-noise spectrum can be separated into two areas that influence the meas-

ured line shape in distinctively different ways, depending on the observation 

time. For long observation times, the measured linewidth will be dictated by 

FM-noise components at low Fourier frequencies, where flicker and random-

walk frequency noise dominates. Specifically, the resulting line can be approx-

imated by a Gaussian if the line shape is dominated by frequency noise at Fou-

rier frequencies f smaller than a frequency highf  defined by [131]  

 ( ) ( )
inst

2
high high8 ln 2 / .=fS f f  (4.2) 

 

The spectral power of the frequency noise beyond this point does usually not 

influence the center part of the line shape [131]. Towards smaller Fourier fre-

quencies, the lowest frequency lowf  that can be considered in a given measure-

ment is dictated by the observation time 0 low1 . = f  For high low5f f , a good 

approximation of the long-term FWHM linewidth is then [131]  

  
1/2

G 8ln(2) , =f A  (4.3) 

where the parameter A corresponds to the spectral power of the frequency noise 

between lowf and highf ,  

 ( )
high

inst
low

d= 
f

ff
A S f f  (4.4) 

Note that in the presence of flicker or random-walk frequency noise, A increases 

with decreasing lower frequency limit lowf , i.e., the measured long-term lin-

ewidth increases with increasing measurement duration 0 low1 = f . 

In contrast to that, the observed line shape is Lorentzian if the observation time 

is chosen short enough, i.e., if the lower frequency limit lowf  is high enough to 

exclude the impact of flicker and random-walk frequency noise. The relevant 

part of the FM- noise spectrum can then be considered white, and the intrinsic 

Lorentzian linewidth L f  is directly proportional to the constant spectral power 

density LS  of the frequency noise [51],  

 L L. =f S  (4.5) 
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Note that in this case, the measured linewidth is independent of the exact obser-

vation time 0 .  

These considerations allow us to give a more precise definition of the terms 

“long-term linewidth” and “short-term linewidth” introduced earlier. The long-

term linewidth G f  is observed for observation times 0 low =1 high/ f  (usu-

ally 0 low5  ), where highf  is obtained from Eq. (4.2). For 0 low , the 

short-term linewidth, i.e., the intrinsic Lorentzian linewidth L f  is found. 

Measuring the FM-noise spectrum of the QD-MLLD tones and fitting Eq. (4.1) 

to the measurement allows us to obtain both the intrinsic linewidth L f , see 

Section 4.3.2, the long-term linewidth G f , see Section 4.3.3, and the parame-

ter low 1µs  , which corresponds to the observation time that roughly marks 

the transition between the two regimes. Alternatively, the long-term linewidth 

G f  can be extracted by means of an ESA that records the beat-note spectrum 

of the comb tone with the tone emitted by LO I, see Section 4.3.3.  

The results of the linewidth measurements are shown in Fig. 4.2(b) with short-

term linewidths L f  ranging from approximately 1.5 MHz at the center of the 

frequency comb to 4 MHz at the edges, and long-term linewidths G f  ranging 

from 7 MHz at the center to 12 MHz at the edges. The increase of the linewidths 

towards the edges of the comb spectrum is related to the timing jitter of the 

periodic signal generated by the QD-MLLD [118]. The long-term linewidths in 

the comb center are in good agreement with the values found in [118]. 

4.3.2 Short-term linewidth from measured FM-noise spectrum 

The intrinsic Lorentzian linewidth L f  for each line of the frequency comb is 

obtained from the FM-noise spectrum 
instfS  using Eqs. (4.1) and (4.5). To meas-

ure 
instfS , we first recover the in-phase (I) and quadrature (Q) component of the 

electric field of individual comb carriers with a coherent receiver [51], [134], 

[135] using Setup II of Fig. 4.2(a). In these measurements, LO II is tuned to 

generate an I and a Q beat signal with the respective comb line at an intermedi-

ate frequency of approximately 1 GHz. This choice of intermediate frequency 

guarantees that the beat note with an FWHM of the order of a few tens of MHz 

does not extend to negative frequencies, thereby avoiding impairment by spec-

tral foldback. The time-dependent phase differences between the LO tone and 
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the comb tone are derived from the I and the Q signals, and the frequency offset 

is removed by fitting the time-dependent increase of the phase with a linear 

function. The time-dependent random phase fluctuations ( ) t  are then obtained 

from the difference of the measurement data and the linear fit. To extract the 

associated instantaneous frequency fluctuation ( )instf t , we compute the time-

derivative of the measured phases, 

 ( )
( ) ( ) ( )s

inst
s

d
2 ,

d

  




 + −
= 

t t
f t

t

t
 (4.6) 

where s 12.5 ps =  denotes the sampling period of our ADC (Keysight, DSO-X 

93204A). The length of the recorded time-domain beat signal is 125 µs. The 

FM-noise spectrum 
instfS  is obtained by computing the autocorrelation function 

of ( )instf t and by taking its Fourier transform [51], see Fig. 4.2(c), blue trace. 

As a reference, we also record the relative phase fluctuations of LO I with re-

spect to LO II, see Fig. 4.2(c), red trace. The relative phase fluctuations of LO I 

and LO II are significantly smaller than the phase fluctuations observed in the 

QD-MLLD measurement, and we can conclude that the linewidth of the LO 

does not deteriorate our measurements.  

To extract the model parameters LS , 1S  and 2S  of Eq. (4.1) from our measure-

ments, we perform a parameter fit of the model prediction to the measured data. 

The fitting procedure comprises several steps: For smoothing the measured FM- 

noise spectrum, we used a moving-average filter for which the length increases 

with frequency. We start from a filter length of 1 tap, i.e., no averaging, at Fou-

rier frequencies of up to 70 kHz and then increase the filter length exponentially 

to 800 taps at a Fourier frequency of 100 MHz. This approach was necessary to 

maintain the strong increase of the FM-noise spectrum towards low frequencies 

(< 100 kHz) while effectively reducing the uncertainties at higher frequencies 

(> 1 MHz). Prior to fitting the smoothed data, we re-sample it to obtain points 

that are equidistant with respect to the logarithm of the Fourier frequency. This 

avoids a situation where the least-squares errors of the fit are dominated by the 

noisy high-frequency part of the spectrum while the physically relevant low-

frequency part does not play a role. The results of the fit are robust with re-

spected to the choice of initial fitting parameters and of the tap number that the 

averaging filter uses towards high frequencies. For the MLLD tone, we obtain 
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5
L 5.9 10 Hz,= S 11 2

1 9.4 10 Hz and= S 17 3
2 2.3 10 Hz= S , leading to an in-

trinsic Lorentzian linewidth L f  = 1.9 MHz. We repeat the measurement for 

different QD-MLLD lines, see Fig. 4.2(b). For the beat of LO I with LO II, we 

find 3
L 4.0 10 Hz,= S 9 2

1 3.2 10 Hz ,= S  and 15 3
2 2.2 10 Hz= S , leading to 

an intrinsic linewidth of the measured beat note of 12 kHz.  

Note that the intrinsic linewidth L f  can also be inferred from the delay-de-

pendent phase differences ( ) ( ) ( )    = + −t t t  and the associated phase-

noise variance [51] 

 ( ) ( )
22 .    =  t  (4.7) 

This involves calculating the slope of ( )2
   close to 0 = [51],  

 
( )2

L
0

lim .
2





 





→
 =f  (4.8) 

To reliably extract this slope, we first fit a parabola to the measured phase-noise 

variances ( )2
   of the QD-MLLD (blue) and of LO I/II (red) in Fig. 4.2(d) 

and then take the derivative of the fitted function at 0 = . The values are con-

sistent with the linewidths obtained from the measured FM-noise spectra ac-

cording to Eqs. (4.1) and (4.5). 

4.3.3 Long-term linewidth measurement 

The long-term linewidth G f  is measured using the heterodyne setup shown in 

Fig. 4.2(a), Setup I. To this end, we tune LO I close to a comb line of the QD-

MLLD and detect the superposition of both on a PD. The spectrum of the re-

sulting photocurrent is centered about the difference frequencies of the comb 

line and the tone emitted by LO I and is measured using an electrical spectrum 

analyzer (ESA).  

For better comparison of the results obtained from the ESA measurement to the 

long-term FWHM linewidths extracted from Eq. (4.3), we estimate the effective 

observation time 0,ESA  that has to be assigned to the ESA measurement. For a 

given frequency span  f , the effective observation time 0,ESA  that is needed 
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to record this span using the ESA is dictated by the resolution bandwidth  f

[136], 

 0,ESA 2
, 




=

f

f
  (4.9) 

where   denotes the proportionality constant that depends on the specific ESA 

model. For our system (Keysight N9030A), a value between 2 =  and 3 =  

is specified [136], and we assume 2.5 = . Thus, for a resolution bandwidth of 

400kHz =f , we obtain an effective observation time of approximately 

0,ESA 150µs =  that is needed to record the approximately 10 MHz-wide beat 

note between the comb tone and LO I. 

In our measurements, we select different comb lines by tuning LO I, see 

Fig. 4.2(b). In these measurements, two important requirements need to be ful-

filled: First, the resulting intermediate frequency must be much larger than the 

expected spectral half width of the investigated comb line. This is ensured by 

choosing an intermediate frequency of approximately 1 GHz. Second, the phase 

fluctuations of the LO must be much smaller than those expected for the inves-

tigated comb line. The validity of this assumption was already assured when 

recording the frequency noise spectrum, see Section 4.3.2. 

The long-term linewidth is extracted by evaluating the FWHM of a model func-

tion that is fit to the measured spectra. In general, the line-shape is described by 

a Voigt function, i.e., a convolution of a Lorentzian and a Gaussian [52], [137]. 

This function, however, may be approximated by a Gaussian near the line center 

[52]. In our analysis we have investigated the impact of fitting both types of 

curves to the measured data. Both fits lead to virtually the same results for G f  

with deviations of less than 5 %. The long-term linewidths indicated in 

Fig. 4.2(b) are obtained from the Voigt function. For a QD-MLLD tone close to 

1547.3 nm, we obtain a long-term linewidth G f  of approximately 8 MHz, 

Fig. 4.2(e), blue curve.  

As a check, we also re-confirm that the linewidth of LO I can be neglected by 

measuring the long-term optical linewidth of the beat note between LO I and 

LO II using Setup I, leading to G 0.6 MHz =f  for an ESA resolution band-

width of 400kHz =f , see Fig. 2(e), red curve. We further compare the long-
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term linewidth obtained from the ESA measurement to that extracted from the 

fitted FM-noise spectrum. To this end, we use Eqs. (4.3) and (4.4) which, for 
3

L 4.0 10 Hz,= S  
9 2

1 3.2 10 Hz ,= S  
17 3

2 5.0 10 Hz ,= S  

low 0,ESA1 8kHz= =f , and high low1 2MHz= =f  lead to a long-term lin-

ewidth G f  of approximately 14 MHz. This is in good agreement with the 

width obtained from the directly measured line shape. 

4.4 Coherent transmission using QD-MLLD 

In this section, we first investigate the effect of the inherent phase noise of QD-

MLLD carriers on coherent data transmission for different modulation formats 

and symbol rates, see Section 4.4.1. We show that symbol-wise blind phase 

search (BPS) [53], relying on continuous feed-forward estimation and correc-

tion of the instantaneous phase difference between the LO tone and the carrier, 

substantially improves the transmission performance of the QD-MLLD and fi-

nally enables the use of 16QAM signaling, see Fig. 4.3. Details of the phase 

tracking algorithm are described in Section 4.4.2.  

As a reference, we use the transmission performance obtained by block-wise 

carrier phase recovery (CPR) which is part of the Vector Signal Analyzer (VSA) 

software offered by Keysight Technologies (89600 series VSA software) [138]. 

In this approach, received symbols are processed in blocks, within which a cer-

tain frequency offset and an otherwise constant phase difference between the 

LO tone and the carrier are corrected. To this end, the phases of symbols in a 

block are extracted and unwrapped. The frequency offset is then extracted from 

a linear regression of the time dependence of the unwrapped phases. Details can 

be found in [138]. Note that this block-wise CPR does not allow for dynamic 

phase tracking. We further benchmark the results obtained from the MLLD by 

replacing the comb tone by an ECL carrier with an intrinsic linewidth of ap-

proximately 10 kHz. For optical signal-to-noise power ratios (OSNR) of 25 dB 

or less that are typically found at the receivers of 16QAM transmission links 

[139], the transmission performance achieved with QD-MLLD tones in combi-

nation with BPS is comparable to that offered by high-quality ECL carriers. 
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In Sections 4.4.3 and 4.4.4, we present a series of transmission experiments 

demonstrating the ability of the symbol-wise BPS scheme to compensate for the 

phase noise of the QD-MLLD tones. In a first experiment, we transmit 52 chan-

nels spaced by 42 GHz over 75 km of standard single-mode fiber (SSMF) using 

QPSK as a modulation format, see Section 4.4.3. Using polarization-division-

multiplexing (PDM), we achieve an aggregate line rate of 8.32 Tbit/s, which 

reduces to a net data rate of 7.83 Tbit/s when considering a 6.25 % overhead 

necessary for hard-decision forward error correction (FEC) of BER values be-

low 4.7 × 10−3 [140]. In a second experiment, we use 38 carriers to transmit 

PDM-16QAM signals over 75 km of SSMF at an aggregate line rate of 

11.55 Tbit/s, which corresponds to a net data rate of 10.68 Tbit/s when account-

ing for a FEC overhead of 6.25 % for 32 channels and of 20 % for the remaining 

six channels [140], see Section 4.4.4. This corresponds to the highest data rate 

achieved by a DC-driven chip-scale comb generator without any additional 

hardware-based phase-noise reduction [69], [70], [102], [123]. 

4.4.1 Influence of comb-carrier linewidth and OSNR on  
coherent communications 

To quantify the influence of the linewidth of the QD-MLLD comb lines on co-

herent transmission, we measure the BER at different symbol rates for both 

QPSK and 16QAM. The experimental setup is depicted in Fig. 4.3(a). After 

amplification of the frequency comb by EDFA1 to an output power of 17 dBm, 

we filter the comb line of interest using a programmable optical filter (POF). A 

3dB-bandwidth of approximately 10 GHz of the POF is chosen to effectively 

suppress all neighboring comb lines. The filtered carrier, centered at a wave-

length of 1540.4 nm, is amplified to a power of 24 dBm and sent through an IQ 

modulator. The phase-noise properties of this carrier are essentially the same as 

those of the carrier at 1547.3 nm, which is analyzed in detail in 

Figs. 4.2(c) – 4.2(e). The modulator drive signal is synthesized by an arbitrary-

waveform generator (AWG) based on a pseudo-random bit sequence (PRBS) 

of length 211 − 1. The bit sequence is mapped to either QPSK or 16QAM sym-

bols with pulses having a raised-cosine (RC) spectrum with a 5 % roll-off for 

QPSK and 10 % for 16QAM. PDM is emulated by splitting the data signal and 

decorrelating the split signals in time by approximately 5.3 ns using a delay line 
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(DL) [82]. Finally, both signals are combined in orthogonal polarization states 

using a polarization beam combiner (PBC). To adjust the OSNR of the signal, 

a noise-loading stage (ASE source) is used. The signal is then sent to the re-

ceiver, where it is further amplified by EDFA3 and EDFA4. Bandpass filters 

(BPF) are used to suppress out-of-band noise after each amplifier. The signal is 

finally detected by an optical modulation analyzer (OMA, Keysight N4391A) 

acting as a dual-polarization coherent receiver (DP-CR) with built-in local os-

cillator (LO) laser. The intrinsic linewidth of the LO is approximately 10 kHz. 

The output of the DP-CR is digitized by a 4-channel 80 GSa/s real-time oscil-

loscope (two synchronized Keysight DSO-X 93204A) and recorded for offline 

digital signal processing (DSP). The digitized signal undergoes a number of 

DSP steps, comprising timing recovery, MIMO equalization, frequency offset 

compensation, carrier phase compensation, and decoding, see Section 4.4.2 for 

details. 

The measured signal quality parameters are summarized in Fig. 4.3(b) and 

4.3(c) for QPSK and 16QAM signals. In these plots, green traces represent the 

results obtained from using block-wise CPR (‘MLLD/block-wise CPR’) as im-

plemented in Keysight’s VSA software [138]. In this analysis, the block length 

was varied between 100 and 200 symbols, depending on the symbol rate. The 

blue traces are obtained using continuous feed-forward symbol-wise BPS algo-

rithm (‘MLLD/symbol-wise BPS’) [53], see Section 4.4.2 for details. The red 

traces (‘ECL’) are obtained by repeating the experiment using a narrowband 

ECL as an optical source. The ECL is tuned to the same wavelength as the comb 

tone and has an intrinsic linewidth of approximately 10 kHz, and we can hence 

assume that the transmission performance is not impaired by phase noise. This 

is confirmed by observing that block-wise CPR and symbol-wise BPS lead to 

the same result for the ECL-based transmission. For QPSK, Fig. 4.3(b), the lim-

ited recording length did not contain enough errors for a statistically reliable 

measurement of the BER. We therefore use the error vector magnitude (EVM) 

rather than the BER as a performance metric [129]. Assuming that the signals 

are impaired by additive white Gaussian noise only, the measured EVM would 

correspond to BER values below 10-10 [129]. Note that the EVM can be defined 

in two different ways depending on the normalization, which either refers to the 

maximum field in the constellation, or to the average field resulting from  
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Figure 4.3. Influence of phase noise on coherent transmission at different symbol rates, modula-

tion formats, and OSNR values. The analysis relies on using a single comb line with an intrinsic 

linewidth of 1.9 MHz as a carrier at a wavelength of 1540.4 nm. As a reference, we use a nar-

rowband optical carrier provided by an ECL with an intrinsic linewidth of ~ 10 kHz. The trans-

mission performance of the ECL tone is compared to that of the QD-MLLD tone using either 

block-wise CPR (MLLD/block-wise CPR) or symbol-wise BPS (MLLD/symbol-wise BPS). (a) 

Experimental setup. EDFA: Erbium-doped fiber amplifier. POF: Programmable optical filter. IQ-

mod: In-phase/quadrature (IQ) modulator. AWG: Arbitrary waveform generator. PDM: Polari-

zation division multiplexing. VOA: Variable optical attenuator. OSNR meas.: Optical signal-to-

noise-ratio measurement unit. DL: Delay line. PBC: polarization beam combiner. ASE: Ampli-

fied spontaneous emission. BPF: Band-pass filter. LO: Local oscillator. (b) Error-vector magni-

tude (EVM) measured for PDM-QPSK signaling at different symbol rates. For QPSK, we did 

not find a sufficient number of errors within our limited recording lengths and can hence only 

provide the EVM. We find that symbol-wise BPS algorithm can essentially overcome the phase-

noise-related limitations observed for block-wise CPR and bring the transmission performance 

of the MLLD tone close to that of a narrowband ECL tone. (c) BER results for PDM-16QAM 

signaling for different symbol rates. In these measurements, the OSNR was around 35 dB. For 

practically relevant symbol rates beyond 30 GBd, symbol-wise BPS can essentially overcome 

the phase-noise-related impairments. The measured BER values fit well to the simulation results 

(dashed lines) labelled “Sim. MLLD” and “Sim. ECL”. (d) BER results for PDM-16QAM sig-

naling at 38 GBd for different OSNR values. The OSNR values are measured after EDFA 4, see 

Subfigure (a). For OSNR values of 25 dB or less, symbol-wise BPS allows the QD-MLLD tone 

to perform nearly as good as a narrowband ECL carrier with OSNR penalties of approximately 

0.5 dB.  
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summing the power of all possible symbols [44]. Here, we refer to the second 

definition, i.e., we normalize the EVM to the average field. For 16QAM, we 

measure the BER directly. 

Generally, the impact of phase noise increases with decreasing symbol rates, 

i.e., longer optical symbol periods, which leads to an increase of the EVM or 

the BER at low symbol rates for the QD-MLLD experiments with block-wise 

CPR, see green traces in Fig. 4.3(b) and 4.3(c). At high symbol rates, the signal 

quality is impaired by the decreasing SNR and by the bandwidth limitations of 

our AWG, leading to higher EVM and BER. Using the symbol-wise feed-for-

ward BPS, the impact of phase noise can be greatly reduced, both for QPSK and 

16QAM, see blue traces. For QPSK, the transmission performance comes close 

to that of the narrowband ECL, illustrated by the red trace. 16QAM is generally 

more sensitive to phase noise than QPSK, since more phases need to be dis-

criminated. In this case, at low symbol rates, even the symbol-wise BPS is not 

capable of compensating the complete impact of phase noise. Still, the perfor-

mance of the QD-MLLD experiments with symbol-wise BPS does not show 

any substantial penalty compared to that of the ECL-based transmission at prac-

tically relevant symbol rates of 30 GBd or more.  

To quantitatively confirm the results depicted in Fig. 4.3(c), we have performed 

simulations of 16QAM transmission at different symbol rates. In these simula-

tions, we neglect low-frequency FM noise and only consider the spectrally 

white part of the FM-noise spectrum. To this end, we model the underlying 

phase fluctuations as a Wiener process where the variance of the stochastic 

phase increments is chosen to produce an intrinsic linewidth of 1.9 MHz for the 

QD-MLLD carrier and of 10 kHz for the ECL carrier. We further consider ad-

ditive white Gaussian noise (AWGN), modeling the noise contributions of the 

optical amplifiers and the receiver electronics. The AWGN level used in each 

simulation is obtained from the signal-to-noise ratio (SNR) of the measured data 

signals. The dashed lines in Fig. 4.3(c) show the simulation results, which are 

in good agreement with their measured counterparts. 

Finally, we measure the BER as a function of the OSNR, see Fig. 4.3(d), for 

16QAM and a symbol rate of 38 GBd, which is used for the high capacity WDM 

transmission experiment, see Section 4.4.4. In this measurement, we again 
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compare the QD-MLLD with block-wise phase recovery (green trace) and sym-

bol-wise phase tracking (blue trace) as well as the ECL reference (red trace). 

For a BER of 4.7 × 10−3, corresponding to the threshold for hard-decision FEC 

with 6.25 % overhead [140], the implementation penalty amounts to approxi-

mately 0.9 dB for ECL-based transmission and to approximately 1.4 dB for the 

MLLD tone. The penalty of the MLLD tone with respect to the ECL carrier 

hence amounts to approximately 0.5 dB. This value is not only found at the FEC 

threshold, but more generally for all OSNR values of less than 25 dB. Thus, 

under realistic transmission conditions [139], the carriers of the QD-MLLD 

comb source perform similarly as a high-quality individual ECL carrier. The 

slightly lower performance of the MLLD tone observed at high OSNR beyond 

25 dB, see Fig.4.3(d), is attributed to residual phase noise that is still left after 

phase tracking [53]. This is confirmed by the simulation results shown in 

Fig. 4.3(c), which reproduce the measured BER performance both for the 

MLLD and the LO carrier by accounting for the measured linewidth of the re-

spective carrier and by assuming OSNR levels between 20 dB and 25 dB. For 

the simulation, the OSNR level of each channel is derived from the SNR of the 

measured data signal. 

4.4.2 Data recovery using feed-forward symbol-wise blind 
phase search 

The continuous feed-forward algorithm for symbol-wise phase tracking was im-

plemented in Matlab following the scheme introduced by Pfau et al. [53]. It is 

part of a multi-step DSP procedure, see Inset of Fig. 4.3(a). First, the signal is 

resampled to two samples per symbol followed by timing recovery [37], [38]. 

A 30-tap MIMO equalizer based on the constant-modulus algorithm (CMA) is 

then used to demultiplex the two orthogonal polarizations of the signal and to 

compensate for linear transmission impairments [39]. The received symbols 

from the MIMO equalizer then undergo frequency-offset correction [141]. For 

QPSK, the 4th-power of the received symbols is calculated to remove the infor-

mation of the modulated phase. This leaves only the rapidly increasing phase 

caused by the frequency offset between signal carrier and LO. The frequency 

offset is then corrected by fitting a linear curve to the unwrapped phase as a 

function of time and by subtracting the fitted curve from the measured phase 
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offset. For the case of 16QAM signaling, the 4th-power scheme can be adapted 

by QPSK-partitioning [40]. Once the carrier frequency offset is compensated, 

carrier phase noise compensation is carried out based on a “symbol-wise” BPS 

algorithm [53]. 

The BPS algorithm starts with selecting a group of N complex symbols which 

are centered around the symbol of interest. The phases of these complex sym-

bols are then modified by adding identical test phases t . The test phases are 

varied, and the sum of the squares of the N  Euclidean distances of the measured 

symbols to their closest constellation points in the complex plane is measured. 

The optimum phase is determined by searching the minimum value of this sum 

[53]. Note that for symbol-wise BPS, the group of symbols used for phase esti-

mation is slid along with the symbol of interest such that an individual phase 

correction term is computed for each symbol. This is in contrast to “block-wise” 

phase recovery, where all symbols within a block are treated with the same 

phase-correction parameter. For evaluating our measurements, we apply 45 

equidistant test phases for covering an unambiguity range of 45   for an M-

QAM signal with a quadratic constellation.  

As a rough estimate, a symbol-wise phase tracking technique relying on aver-

aging of measured phases over a moving group of N symbols can effectively 

suppress frequency noise components occurring at Fourier frequencies up to 

S1=f NT , where ST corresponds to the symbol duration. This is confirmed by 

simulating 16QAM transmission at a symbol rate of 38 GBd, an intrinsic lin-

ewidth of the carrier of L 1.9 MHz =f , and an OSNR of 35 dB, see Fig. 4.4. 

In this simulation, we perform BPS with different averaging lengths N and then 

extract the residual phase error of the various symbols with respect to the re-

spective ideal constellation point. The residual instantaneous frequency fluctu-

ations ( )instf t  are then extracted from this time series of phase errors using the 

relation given in Eq. (4.6), and the FM-noise spectrum is derived by taking the 

Fourier transform of the autocorrelation function of ( )instf t . The FM-noise 

spectra for different averaging lengths are then compared to the FM-noise spec-

trum of the carrier prior to modulation, indicated by a blue trace in Fig. 4.4. For 

N = 10 (red trace) we find that the frequency noise is effectively suppressed for 

Fourier frequencies smaller than approximately 4 GHz, whereas for N = 100 
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symbols (green trace), the suppression is only effective up to approximately 

400 MHz, thus confirming the above-mentioned rule. Note that for N = 10, we 

observe a slight increase of the frequency noise level towards higher Fourier 

frequency. We attribute this to the impact of additive white Gaussian noise 

which may distort the phase recovery for small N. Note that Flicker and random-

walk frequency would occur at Fourier frequencies below 1 MHz, see 

Fig. 4.2(c), and would hence also be effectively suppressed by BPS. 

 

 

Figure 4.4. FM- noise compensation by blind-phase search (BPS) for different averaging lengths 

N: In the simulation, we assume 16QAM transmission at a symbol rate of 38 GBd, an intrinsic 

linewidth of the carrier of L 1.9 MHz, =f  and an OSNR of 35 dB. The traces show the residual 

FM-noise spectrum of the received signal after blind phase search, relying on averaging of meas-

ured phases over a moving group of N =10 (red trace) and N = 100 (green trace) symbols. The 

blue trace indicates the spectrally white FM-noise spectrum of the carrier prior to modulation. As 

a rough estimate, BPS relying on a moving group of N symbols can effectively suppress fre-

quency noise components occurring at Fourier frequencies up to S1=f NT , where S 26psT

corresponds to the symbol duration. Flicker and random-walk frequency would occur at Fourier 

frequencies below 106 Hz and would hence also be effectively suppressed by BPS.  

 

For a carrier with given phase noise and a fixed OSNR, an optimum number N 

of symbols within a group exists that provides an ideal trade-off between strong 

resilience to noise when averaging over many symbols for large N and the abil-

ity to track fast phase fluctuations, which requires small N. For a symbol rate of 

38 GBd, an intrinsic linewidth of the QD-MLLD tone of 1.9 MHz, and OSNR 

levels of approximately 25 dB, best values of N are typically between 20 and 

40. For N = 40 and symbol rates of 2 GBd or more, the overall averaging time 



4  DC-driven quantum-dash mode-locked laser diode for Tbit/s communications 

90 

of the phase-tracking scheme amounts to at most 20 ns. This is much shorter 

than the limit low 1µs   of the observation time, beyond which flicker and ran-

dom-walk frequency noise start to become noticeable, see Section 4.3.1. We 

may hence conclude that the phase-noise-related impairments that remain after 

symbol-wise phase tracking are solely dictated by the intrinsic (short-term) lin-

ewidth of the device related to the spectrally white component of the FM-noise.  

Note that there is a residual probability that cycle slips occur in the BPS algo-

rithm. To check this aspect, we have investigated our 16QAM recordings with 

OSNR values of 19.8 dB, 20.6 dB and 21.3 dB and with lengths of 6 × 105 sym-

bols without finding any cycle slips. We hence conclude that the BPS phase 

recovery is able to reliably track the phase over long symbol sequences. In a 

real system, this might have to be backed up by advanced FEC schemes [41] or 

pilot symbols [42]. 

In our experiments, the length of the PRBS was limited to 211 – 1 due to the 

memory size and the memory granularity of the arbitrary waveform generator 

(AWG) that was used to generate the data signals. However, we do not expect 

that a longer PRBS would lead to different results. For a symbol rate of 38 GBd, 

the duration of a single PRBS sequence amounts to 50 ns. In comparison to that, 

the averaging time used for BPS is much shorter and amounts to less than 1 ns 

(N < 40). Any phase drifts occurring over a longer time scale will be suppressed 

by the phase-noise compensation, and the associated signal impairments will 

vanish. Increasing the PRBS length beyond the currently used 50 ns will hence 

not have any impact on the phase-noise-related signal impairments. 

Note that BPS is not the only phase tracking technique that allows to compen-

sate impairments introduced by optical carriers with strong phase noise. Com-

parative study of other phase-tracking techniques such as digital phase-locked 

loops, Viterbi & Viterbi phase estimation, or algorithms based on Kalman fil-

tering can, e.g., be found in Refs. [142]–[144]. In these studies, one conclusion 

is that feed-forward techniques such as BPS are more phase-noise tolerant and 

better suited for high symbol rates than feedback phase tracking such as digital 

phase-locked loops or algorithms based on Kalman filtering. Regarding feed-

forward methods, it has also been shown that BPS outperforms other algorithms 

such as Viterbi & Viterbi phase estimation in terms of phase-noise tolerance, 
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and previous studies indicate that the Viterbi & Viterbi algorithm is not well 

suited for compensating the phase noise of QD-MLLD carriers at rather low 

symbol rates of 12.5 GBd [101]. 

It should also be noted that the performance advantages of symbol-wise BPS 

come at the price of increased computational complexity when compared to 

block-wise phase recovery. A more detailed discussion of the trade-off between 

the computational effort and the performance of BPS can, e.g., be found in 

[144]. Despite this complexity increase of the phase-tracking algorithm, the 

overall DSP complexity at the receiver does not change to a substantial degree, 

since the computational effort is mainly dominated by chromatic-dispersion 

(CD) compensation and FEC decoding [145]. 

4.4.3 42 GBd PDM-QPSK 7.83 Tbit/s data transmission 

To demonstrate the viability of QD-MLLD in WDM transmission, we perform 

an experiment at a symbol rate of 40 GBd using QPSK as modulation format. 

The experimental setup is shown in Fig. 4.5(a). The total QD-MLLD output 

power is boosted by EDFA1 to 17 dBm. Using a programmable optical filter 

(POF), we select 52 tones from the frequency comb, marked in blue in 

Fig. 4.5(b), and separate them into odd and even carriers. The two sets of carri-

ers are later encoded with independent data streams to emulate a realistic WDM 

signal [82], [95]. The POF additionally flattens the power spectrum of the car-

riers. After amplification and flattening, the OCNR of the comb lines amounts 

to approximately 35 dB. The even and odd carriers are amplified by subsequent 

EDFA2 and EDFA3 and sent through a pair of IQ modulators. Both modulators 

are driven by QPSK signals with RC spectrum pulses with a 5 % roll-off, gen-

erated by an AWG using a PRBS of length 211−1 at a symbol rate of 40 GBd. 

After combining the signals, PDM is emulated by a split-and-combine method, 

described in Section 4.4.1. The data stream is amplified and transmitted over 

75 km of SSMF, see Fig. 4.5(c) for the power spectrum before and after modu-

lation. At the receiver, we amplify the signal and select each channel using a 

0.6 nm tunable BPF followed by EDFA6 and a second tunable 1.5 nm BPF to 

suppress out-of-band ASE noise. The signal is detected with a DP-CR and  
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Figure 4.5. PDM-QPSK data transmission with QD-MLLD. (a) Experimental setup used to em-

ulate the WDM transmission experiment. EDFA: Erbium-doped fiber amplifier. POF: Program-

mable optical filter. AWG: Arbitrary-waveform generator. PDM: Polarization division multi-

plexing. VOA: Variable optical attenuator. DL: Delay line. PBC: Polarization beam combiner. 

SSMF: Standard single-mode fiber. BPF: Band-pass filter. LO: Local oscillator. (b) Optical spec-

trum of the QD-MLLD frequency comb. The 52 lines selected for WDM experiment are colored 

in blue. (c) Top: Superimposed spectra of odd and even carriers before modulation. Bottom: 

Spectrum of 52 modulated carriers. (d) EVM of the transmitted WDM channels. The maximum 

recording length of 2  106 bit leads to a minimum BER of 6.5  10–6 that can be measured in a 

statistically reliable way. This corresponds to an EVM of 22.9 %. Below this value, the expected 

BER is smaller and cannot be measured within our recordings of 10 6 symbols – the associated 

range of EVM values is shaded in green. Importantly, all 52 channels fall below an EVM 

of 38.5 %, which corresponds to a BER of 4.7 × 10−3, representing the threshold for hard-decision 

FEC with 6.25 % overhead [140]. 

undergoes a number of DSP steps, as described in Sections 4.4.1 and 4.4.2. To 

undo the dispersive effect of the 75 km-long fiber link, we additionally perform 

CD compensation. 

The measured EVM values are shown in Fig. 4.5(d). For evaluating the rec-

orded signals, the averaging length N used for BPS is optimized individually for 

each channel, and amounts to approximately 30 symbols. For QPSK transmis-

sion, the signal quality is comparatively high with EVM levels down to 16 %, 

which would correspond to a BER of 2 × 10−10 assuming that the signals are 

impaired by additive white Gaussian noise (AWGN) only. To measure a 
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statically reliable BER reaching a confidence level of 99 % within a confidence 

interval of 100 %, at least 13 erroneous bits have to be found in each recording 

[44]. This would lead to recording lengths of more than 6 × 1010, which is far 

beyond the storage capabilities of our oscilloscope. We hence limited our re-

cordings to a practically well manageable length of approximately 2 × 106 bit 

and rely on the EVM as a quality metric. For this length, the smallest BER that 

can be measured with the above-mentioned confidence amounts to 6.5 × 10−6, 

which would correspond to an EVM of approximately 22.9 %. Recordings with 

EVM values below this value are not accessible to direct BER measurements 

and fall into the green shaded area in Fig. 4.5(d). A statistically reliable meas-

urement of the BER was hence only possible for the two channels at the lowest 

carrier frequency – the measured BER values are indicated in Fig. 4.5(d) and 

are in good agreement with the BER estimated from the EVM assuming that the 

signals are impaired by AWGN only. Importantly, all 52 channels fall below an 

EVM of 38.5 %, which corresponds to a BER of 4.7 × 10−3 [44], representing 

the threshold for hard-decision FEC with 6.25 % overhead [140]. This leads to 

an aggregate line rate of 8.32 Tbit/s and a net data rate of 7.83 Tbit/s, transmit-

ted over 75 km of SSMF with a net spectral efficiency of 3.8 bit/s/Hz.  

4.4.4 38 GBd PDM-16QAM 10.68 Tbit/s data transmission 

We also perform a 16QAM transmission demonstration to prove the viability of 

symbol-wise blind phase search (BPS) for more complex modulation formats. 

We use the same setup as for the QPSK experiments, see Fig. 4.5(a). The sym-

bol rate amounts to 38 GBd, and we use 38 carriers from our QD-MLLD fre-

quency comb for WDM transmission, see Fig. 4.6(a) for the flattened power 

spectrum before and after modulation. We use pulses with RC spectrum having 

a 10 % roll-off. The WDM transmission experiments relies on the central 38 

comb lines, which offer a spectral flatness of better than 3 dB. The measured 

BER for each of the transmitted WDM channels is depicted in Fig. 4.6(b). For 

each channel, five signal sequences were recorded, each containing 106 bit. This 

recording length is sufficient to provide more than 100 erroneous bits in each of 

our measurements, hence allowing for a statistically reliable BER estimation, 

see Section 4.4.3. Also here, the averaging length N used for BPS is optimized 

for each channel, see Section 4.4.2. Out of the 38 channels, 32 fall below the 
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Figure 4.6. Data transmission results of 38 channels carrying PDM-16QAM signals at 38 GBd. 

(a) Top: Combined odd and even carriers prior to modulation. Bottom: 38 modulated carriers 

prior to transmission. The line rate amounts to 304 Gbit/s per channel. (b) Measured BER of the 

transmitted channels. The BER increase towards lower carrier frequencies is attributed to an in-

crease of the noise figures of EDFA5 and EDFA6 with decreasing optical frequency. (c) Exem-

plary constellation diagrams recorded at different optical carrier frequencies. 

BER threshold of 4.7 × 10-3 for hard-decision FEC with 6.25 % overhead, while 

the remaining six channels fall below the BER threshold of 1.44 × 10−2 for FEC 

with 20 % overhead [140]. This leads to an aggregate line rate of 11.55 Tbit/s 

and a net data rate of 10.68 Tbit/s with a net spectral efficiency of 6.7 bit/s/Hz. 

To the best of our knowledge, our experiments represent the first demonstration 

of optical 16QAM signal transmission using multiple carriers from a DC-driven 

chip-scale comb generator without any hardware-based phase-noise reduction 

schemes, leading to the highest data rate achieved in such an experiment. From 

Fig. 4.6(b) one can observe that channels at higher frequencies have a better 

signal quality. This is due to the fact that our preamplifiers EDFA5 and EDFA6 

have a higher noise figure for decreasing optical frequency. Exemplary constel-

lation diagrams for dual polarization channels at carrier frequencies 195.46 THz 

and 194.64 THz are shown in Fig. 4.6(c). 

Note that the FSR of 42 GHz of the MLLD comb generator was deliberately 

chosen for our experiments to enable transmission at maximum spectral effi-

ciency with the available transmitter equipment. Specifically, the AWG 

(Keysight M8195) used for driving the I/Q modulators was limited to a band-

width of approximately 20 GHz, which led to high penalties when utilizing 

16QAM at symbol rates beyond 40 GBd, see Fig. 4.3(c). Other FSR can be ob-

tained by cleaving the devices at a different length to achieve line spacings of, 

e.g., 25 GHz [122] or 50 GHz that comply to ITU standards.
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4.5 Summary 

We have shown that the strong low-frequency FM noise of QD-MLLD can be 

overcome by feed-forward symbol-wise phase tracking, thus making the de-

vices usable as particularly simple and attractive multi-wavelength light sources 

for WDM transmission at data rates beyond 10 Tbit/s. We perform an in-depth 

analysis of the phase-noise characteristics of QD-MLLD, which reveals a strong 

increase of the FM-noise spectrum at low frequencies as the main problem that 

has prevented the use of higher-order modulation formats such as 16QAM so 

far. To overcome these limitations, we implement and test a digital phase track-

ing technique using a symbol-wise blind phase search (BPS) technique that fi-

nally allows transmission of 38 GBd dual-polarization (DP) 16QAM signals on 

a total of 38 carriers. This leads to a line rate of 11.55 Tb/s and a net data rate 

of 10.68 Tbits/s. To the best of our knowledge, this is the highest data rate so 

far achieved by a DC-driven chip-scale comb generator without any hardware-

based phase-noise reduction schemes. We show that under realistic transmis-

sion conditions the QD-MLLD tones show a penalty of less than 0.5 dB with 

respect to a 10 kHz-wide high-quality laser carrier. 

Equation Chapter (Next) Section 1 

 

 





 

 

5 Microresonator-based Kerr comb 
generators for massively parallel 
coherent optical communications  

This chapter devotes itself to the demonstration of massively parallel WDM 

coherent communications using the tones of microresonator-based dissipative 

Kerr solitons (DKS) both at the transmitter and at the receiver. The contents of 

this chapter correspond to the publication [J1], which was published with equal 

contribution from me, Juned N. Kemal, and M. Karpov. In this work, I contrib-

uted and lead the DKS generation and the data transmission experiments using 

DKS generators as multi-wavelength light sources at the transmitter, see Sec-

tions 5.2 and 5.3., and to the analysis of the power conversion efficiency of DKS 

in Section 5.5. To maintain a logical structure of the contents of this thesis, the 

complete publication is reproduced in this chapter. In order to fit the structure 

and layout of this document, the content of the publication was adapted accord-

ingly. Methods and Supplementary Information associated with this publication 

are to be found in Appendix B.  

In this publication, the author of this thesis, Juned N. Kemal and M. Karpov 

contributed equally. The idea of the experiment was developed jointly by the 

author together with J. Kemal, and C. Koos. The author of this thesis and J. N. 

Kemal jointly developed and implemented the experimental setups, discussed 

in detail in Appendices B.3, B.4 and B.5, with the support of P. Trocha, S. Wolf, 

R. Rosenberger, J. Pfeifle, and K. Vijayan. The transmission experiments with 

DKS combs as multi-wavelength carrier source at the transmitter, Section 5.3, 

were lead by the author of this thesis, while the transmission experiment using 

DKS solitons both as multi-wavelength carriers and multi-wavelength LO was 

lead by J. N. Kemal. The investigation of power conversion efficiency of the 

DKS source, Section 5.5, was developed by the author together with J. N. Ke-

mal with the support of C. Koos, M. Karpov, M.H.P. Pfeiffer, V. Brasch, M. H. 

Anderson, and A. Kordts from the Laboratory of Photonics and Quantum Meas-

urements at École Polytechnique Fédérale de Lausanne (EPFL) developed, 
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fabricated, and characterized the Kerr-nonlinear microresonators for comb gen-

eration as well as the soliton-generation technique described in Appendices B.1 

and B.2. Section 5.2 and Appendix B.7 under supervision of T. J. Kippenberg. 

The DSP required for the analysis of the recordings was performed by the author 

of this dissertation together with J. N. Kemal. Sections 5.2, 5.3, and 5.5 were 

written by the author with the support of J. N. Kemal, W. Freude, and C. Koos. 

The work was jointly supervised by W. Freude, T.J. Kippenberg, and C. Koos. 

 [start of paper [J1]] 

Microresonator solitons for massively parallel coherent optical 

communications 

Nature, Volume 546, Issue 7657, pp. 274-279, 2017 

DOI: 10.1038/nature22387 

Pablo Marin-Palomo1,†, Juned N. Kemal1,†, Maxim Karpov2,†, Arne 

Kordts2, Joerg Pfeifle1, Martin H. P. Pfeiffer2, Philipp Trocha1, 

Stefan Wolf 1, Victor Brasch2, Miles H. Anderson2, Ralf Rosen-

berger1, Kovendhan Vijayan1, Wolfgang Freude1,3, Tobias J. Kip-

penberg2, Christian Koos1,3  

1 Institute of Photonics and Quantum Electronics (IPQ), Karlsruhe Institute of 

Technology (KIT), 76131 Karlsruhe, Germany 

2 École Polytechnique Fédérale de Lausanne (EPFL), 1015 Lausanne, Switzerland 

3 Institute of Microstructure Technology (IMT), Karlsruhe Institute of Technol-

ogy (KIT), 76131 Karlsruhe, Germany 

† These authors contributed equally to this work  

Optical solitons are waveforms that preserve their shape while propagating, re-

lying on a balance of dispersion and nonlinearity [146], [147] Soliton-based 

data transmission schemes were investigated in the 1980s, promising to over-

come the limitations imposed by dispersion of optical fibers. These approaches, 

however, were eventually abandoned in favor of wavelength-division multi-

plexing (WDM) schemes that are easier to implement and offer improved scala-

bility to higher data rates. Here, we show that solitons may experience a come-

back in optical communications, this time not as a competitor, but as a key 

element of massively parallel WDM. In-stead of encoding data on the soliton 

itself, we exploit continuously circulating dissipative Kerr solitons (DKS) in a 
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microresonator [21], [148]. DKS are generated in an integrated silicon nitride 

microresonator [149] by four-photon interactions mediated by Kerr nonlinear-

ity, leading to low-noise, spectrally smooth and broadband optical frequency 

combs [75]. In our experiments, we use two interleaved soliton Kerr combs to 

transmit a data stream of more than 50 Tbit/s on a total of 179 individual optical 

carriers that span the entire telecommunication C and L bands. Equally im-

portant, we demonstrate coherent detection of a WDM data stream by using a 

pair of microresonator Kerr soliton combs – one as a multi-wavelength light 

source at the transmitter, and another one as a corresponding local oscillator 

(LO) at the receiver. This approach exploits the scalability advantages of mi-

croresonator soliton comb sources for massively parallel optical communica-

tions both at the transmitter and receiver side. Taken together, the results prove 

the significant potential of these sources to replace arrays of continuous-wave 

lasers in high-speed communications. In combination with advanced spatial 

multiplexing schemes [94], [150] and highly integrated silicon photonic circuits 

[151], DKS combs may bring chip-scale petabit/s transceivers into reach.

5.1 Introduction 

The first observation of solitons in optical fibers [147] in 1980 was immediately 

followed by major research efforts to harness such waveforms for long-haul 

communications [146]. In these schemes, data was encoded on soliton pulses 

by simple amplitude modulation using on-off-keying (OOK). However, even 

though the viability of the approach was experimentally demonstrated by trans-

mission over one million kilometers [152], the vision of soliton-based commu-

nications was ultimately hindered by difficulties in achieving shape-preserving 

propagation in real transmission systems [146] and by the fact that nonlinear 

interactions intrinsically prevent dense packing of soliton pulses in either the 

time or frequency domain. Moreover, with the advent of wavelength-division 

multiplexing (WDM), line rates in long-haul communication systems could be 

increased by rather simple parallel transmission of data streams with lower sym-

bol rates, which are less dispersion sensitive. Consequently, soliton-based com-

munication schemes have moved out of focus over the last two decades. 
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More recently, frequency combs were demonstrated to hold promise for revo-

lutionizing high-speed optical communications, offering tens or even hundreds 

of well-defined narrowband optical carriers for massively parallel WDM [93]–

[95]. Unlike carriers derived from a bank of individual laser modules, the tones 

of a comb are intrinsically equidistant in frequency, thereby eliminating the 

need for individual wavelength control and for inter-channel guard bands [94], 

[95]. In addition, when derived from the same comb source, stochastic fre-

quency variations of optical carriers are strongly correlated, permitting efficient 

compensation of impairments caused by nonlinearities of the transmission fiber 

[34].  

For application in optical communications, frequency comb sources must be 

compact. In recent years, a wide variety of chip-scale comb generators have 

been demonstrated [12], [16], enabling transmission of WDM data streams with 

line rates of up to 12 Tbit/s [123]. Transmission at higher line rates however, 

requires more carriers and lower noise levels, and still relies on spectral broad-

ening of narrowband seed combs using dedicated optical fibers [93]–[95] or 

nanophotonic waveguides [97]. In addition, generating uniform combs with a 

broadband spectral envelope often requires delicate dispersion management 

schemes, usually in combination with intermediate amplifiers [93]. Such 

schemes are difficult to miniaturize and not readily amenable to chip-scale in-

tegration. Moreover, with a few exceptions at comparatively low data rates [17], 

all advanced comb-based transmission experiments exploit the scalability ad-

vantages only at the transmitter, but not at the receiver, where individual con-

tinuous-wave (CW) lasers are still used as optical local oscillators (LO) for co-

herent detection.  

In this paper, we show that dissipative Kerr solitons [21] (DKS) generated in 

integrated photonic microresonators via Kerr-nonlinear four-photon interac-

tions, allow for generation of highly stable broadband frequency combs that are 

perfectly suited to overcome scalability limitations of massively parallel optical 

transmission both at the transmitter and receiver. Microresonator-based Kerr 

comb sources [153], [154] intrinsically offer unique advantages such as small 

footprint, large number of narrow-linewidth optical carriers, and line spacings 

of tens of GHz, which can be designed to fit established WDM frequency grids. 
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However, while these advantages were recognized, previous transmission ex-

periments were limited to aggregate line rates of 1.44 Tbit/s due to strong irreg-

ularities of the optical spectrum associated with the specific Kerr comb states 

[82].  

These limitations can be overcome by using DKS combs generated in a CW-

driven microresonator. The technique exploits four-wave mixing, a process that 

converts two pump photons into a pair of new photons. In a microresonator, the 

strength of this interaction is given by the single-photon Kerr frequency shift of 

𝑔 = ℏ𝜔0
2𝑐𝑛2 𝑛2𝑉eff⁄ , where 𝑛2 (n) is the nonlinear (linear) refractive index, c 

the speed of light in vacuum, ℏ the reduced Planck constant, 𝑉eff the nonlinear 

optical mode volume and 𝜔0 the angular frequency of the pump mode. For 

pump powers that cause the cavity Kerr frequency shift to exceed the linewidth 

of the resonance, parametric oscillations lead to the emergence of Kerr fre-

quency combs (modulation instability, MI Kerr combs). Bright DKS can be 

formed in this process when the microresonator has a locally anomalous group 

velocity dispersion (i.e. a Taylor expansion for cavity modes 𝜔𝜇 = 𝜔0 +

∑ 𝜇𝑖𝐷𝑖 𝑖!⁄∞
𝑖=1  has 𝐷2 > 0 ) and a CW laser excitation (frequency 𝜔𝐿) that is red 

detuned from the cavity resonance (i.e. 𝛿𝜔 = 𝜔0 − 𝜔𝐿 > 0). Mathematically, 

DKS states appear as specific solutions of the Lugiato-Lefever equation [155] 

and consist of an integer number of discrete secant-hyperbolic-shaped pulses on 

a CW background circulating in the cavity [21]. Stability of such states relies 

on the double balance of dispersion and Kerr nonlinearity as well as of nonlinear 

parametric gain and cavity loss. Theoretically predicted in Ref. [148] and first 

reported to spontaneously form in microresonators made from crystalline MgF2 

[21], DKS have been observed in different types of material systems including 

silica-on-silicon [156] and silicon nitride [75] (Si3N4) as well as silicon [157]. 

Of particular interest are single-soliton states, which consist of only one ultra-

short pulse circulating around the cavity, leading to a broadband comb spectrum 

with a smooth and numerically predictable envelope given by 

 
22 o 2( ) sech

4 2 2

  




 
  

 g

exD D
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where 𝜅𝑒𝑥 represents the external coupling rate to the bus waveguide [21] (see 

Appendix B.6.2 for more details). DKS have already been used in applications 

such as self-referencing of optical frequency combs [11], [158], low noise mi-

crowave generation [159] and dual soliton comb spectroscopy [156], [160].  

Our demonstration comprises a series of three experiments that exploit the ex-

traordinarily smooth and broadband spectral envelope and the inherently low 

phase noise of DKS combs for massively parallel coherent communications. In 

a first experiment, we transmit data on 94 carriers that span the entire telecom-

munication C and L bands with a line spacing of ~ 100 GHz. Using 16-state 

quadrature amplitude modulation (16QAM) to encode data on each of the lines, 

we achieve an aggregate line rate of 30.1 Tbit/s. In a second experiment, we 

double the number of carriers by interleaving two DKS combs. This gives a 

total of 179 carriers and an aggregate line rate of 55.0 Tbit/s transmitted over a 

distance of 75 km – the highest data rate achieved to date with a chip-scale fre-

quency comb source. In a third experiment, we demonstrate coherent detection 

using a DKS comb as a multi-wavelength LO. We use 93 carriers to transmit 

and receive an aggregated line rate of 37.2 Tbit/s. In these experiments, the LO 

comb is coarsely synchronized to the transmitter comb, and digital signal pro-

cessing is used to account for remaining frequency differences. The results 

prove the tremendous potential of Kerr soliton combs, both as multi-wavelength 

optical sources and as LO for massively parallel WDM transmission.

5.2 Generation of dissipative Kerr soliton 
frequency combs in SiN microresonators  

Our work relies on integrated Si3N4 microresonators for generation of DKS fre-

quency combs [21], cf. Fig. 5.1(a). The Si3N4 platform is chosen due to its low 

optical losses and its compatibility with large-scale silicon-based processing 

[149]. The microresonators feature a waveguide height of 800 nm to achieve 

anomalous group velocity dispersion (GVD) and are fabricated using the pho-

tonic Damascene process [161]. Neighboring resonances are spaced by 

100 GHz while featuring intrinsic Q-factors exceeding 106. DKS combs are ob-

tained by sweeping of the pump laser through the resonance from a blue- 



5.2  Generation of dissipative Kerr soliton frequency combs in SiN microresonators  

 

103 

 

Figure 5.1: Broadband frequency comb generation using dissipative Kerr solitons in high-Q silicon 

nitride (Si3N4) microresonators. (a) Principle of soliton frequency comb generation: The inte-

grated photonic microresonator is pumped by a tunable CW laser amplified by an erbium-doped 

fiber amplifier (EDFA). Lensed fibers are used to couple light to the chip (FPC – fiber polarization 

controller). After the microresonator, a notch filter (NF) suppresses the remaining pump light. The 

insets show scanning electron microscopy images of a Si3N4 microresonator with a radius of 240 

μm. Right inset: Top view. The checker-board pattern results from the photonic Damascene fabri-

cation process [161], see Appendix B.1. Left insets: Cross sections of the resonator waveguide (di-

mensions 0.8 × 1.65 μm2) at the coupling point (top) and at the tapered section (bottom, dimensions 

0.8 × 0.6 μm2). The tapered section is used for suppressing higher order modes families [162], 

while preserving a high optical quality factor (Q ~ 106), see Appendix B.1. (b) Pump tuning 

method for soliton generation in optical microresonator, showing the evolution of the generated 

comb power versus pump laser wavelength: (I) The pump laser is tuned over the cavity resonance 

from the blue-detuned regime, where high-noise modulation instability (MI) combs are observed, 

to the red-detuned regime, where cavity bistability allows for the formation of soliton states (here 

a multiple soliton state); (II) Upon having generated a multiple soliton state, the pump laser is tuned 

backwards to reduce the initial number of solitons down to a single one. The insets on the right 

schematically show the corresponding intracavity waveforms in different states (MI, multiple and 

single soliton state). (c) Measured spectrum of a single-soliton frequency comb after suppression 

of residual pump light. The frequency comb features a smooth spectral envelope with a 3 dB band-

width of 6 THz comprising hundreds of optical carriers extending beyond the telecommunication 

C and L bands (blue and red, respectively). 
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detuned wavelength to a predefined red-detuned wavelength [21], [75]. This 

leads initially to the generation of MI Kerr combs followed by DKS states once 

the resonance is crossed, cf. Fig. 5.1. Importantly, once a multiple-soliton comb 

state is generated, the transition to a single-soliton state can be accomplished in 

a reliable and deterministic manner by adjusting the laser frequency [22], cf.  

Fig. 5.1(a),(b) and Appendix B.1. The measured power spectrum of the DKS 

comb state is shown in Fig. 5.1(c), which exhibits a 3dB spectral bandwidth of 

~ 6 THz. The soliton comb states are remarkably stable for many hours in a 

laboratory environment, which is key to the transmission experiments presented 

in this work. Massively-parallel data transmission using dissipative Kerr soli-

tons.

5.3 Soliton Kerr comb generators for as multi-
wavelength carriers for WDM transmission 

The general concept of massively parallel data transmission using a frequency 

comb as a multi-wavelength light source is depicted in Figure 5.2(a). For emu-

lating massively parallel WDM transmission in our laboratory, we rely on a 

simplified scheme using only two independent data streams on neighboring 

channels along with an emulation of polarization division multiplexing, see Ap-

pendix B.3 for details. We use 16QAM at a symbol rate of 40 GBd along with 

band-limited Nyquist pulses that feature approximately rectangular power spec-

tra, Figure 5.2(b). At the receiver, each channel is individually characterized 

using a CW laser as LO and an optical modulation analyzer, which extracts 

signal quality parameters such as the error-vector magnitude (EVM) or the bit-

error ratio (BER). The BER of the transmission experiment are depicted in Fig-

ure 5.2(e) with different BER thresholds indicated as horizontal dashed lines. 

Out of the 101 carriers derived from the comb in the C and L band, a total of 94 

channels were used for data transmission. This leads to a total line rate of 30.1 

Tbit/s, see Appendix B.1 for details on data rate calculations. The transmission 

capacity is restricted by the fact that the line spacing of ~ 100 GHz significantly 

exceeds the signal bandwidth of ~ 40 GHz, leading to unused frequency bands  
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Figure 5.2: Data transmission using microresonator soliton frequency comb generators as optical 

sources for massively parallel WDM. (a) Principle of data transmission using a single DKS 

comb generator as optical source at the transmitter. A demultiplexer (DEMUX) separates the 

comb lines and routes them to individual dual-polarization in-phase/quadrature (IQ) modulators, 

which encode independent data on each polarization. The data channels are then recombined into 

a single-mode fiber using a multiplexer (MUX) and boosted by an erbium-doped fiber amplifier 

(EDFA) before being transmitted. At the receiver, the wavelength channels are separated by a 

second DEMUX and detected using digital coherent receivers (Coh. Rx) along with individual 

CW lasers as local oscillators (CW LO). In our laboratory experiment, we emulate WDM trans-

mission by independent modulation of even and odd carriers using two IQ modulators, see Ap-

pendix B.3. We use 16-state quadrature amplitude modulation (16QAM) at a symbol rate of 

40 GBd per channel.  (Caption continued on next page) 
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Figure 5.2 continued: (b) Section of the optical spectrum of the WDM data stream. Nyquist 

pulse shaping leads to approximately 40 GHz wide rectangular power spectra for each of the 

carriers, which are spaced by approximately 100 GHz. (c) Principle of data transmission using 

interleaved DKS combs. At the transmitter, two combs of practically identical line spacing are 

interleaved. The resulting comb features a carrier spacing of approximately 50 GHz, which ena-

bles dense spectral packing of WDM channels and hence high spectral efficiency. At the receiver, 

this scheme still relies on individual CW lasers as LO for coherent detection, see Appendix B.3 

for details. (d) Section of the optical spectrum of the WDM data stream. (e) Measured bit-

error ratios (BER) of the transmitted channels for the single-comb and the interleaved-comb ex-

periment, along with the BER thresholds for error-free propagation when applying forward error 

correction schemes with 7% overhead (4.5 × 10-3, dashed orange line) and 20 % overhead 

(1.5 × 10-2, dashed blue line) [43], see Appendix B.1 for details. For the interleaved-comb exper-

iment, the outer 14 lines at the low-frequency edge of the L band were modulated with quadrature 

phase-shift keying (QPSK) signals rather than 16QAM due to the low OSNR of these carriers. 

(f) Measured BER vs. optical signal-to-noise ratio OSNR of three different channels derived from 

a DKS frequency comb (blue) and a high-quality ECL (red), all with 16QAM signaling at 

40 GBd. A total of 106 bits were compared. The comb lines do not show any additional penalty 

in comparison the ECL tones. Similar results were obtained at other symbol rates such as 28 GBd, 

32 GBd, or 42.8 GBd. (g) Constellation diagrams obtained for an ECL and DKS comb tone at 

193.56 THz. 

between neighboring channels, see Figure 5.2(b), and hence to a rather low 

spectral efficiency (SE) of 2.8 bit/s/Hz. These restrictions can be overcome by 

using interleaved frequency combs, see Figure 5.2(c). The scheme relies on a 

pair of DKS combs with practically identical line spacing, but shifted with respect 

to each other by half the line spacing by thermal tuning. At the receiver, this 

scheme still relies on individual CW  

lasers as LO for coherent detection. The interleaved comb features a line spacing 

of ~ 50 GHz, which allows for dense packing of 40 GBd data channels in the 

spectrum, see Fig. 5.2(d). The BER results of the transmission experiment are 

depicted in Fig. 5.2(e) with different thresholds indicated as horizontal dashed  

lines. For a given forward-error correction (FEC) scheme, these thresholds define 

the maximum BER of the raw data channel that can still be corrected to a BER 

level below 10-15, which is considered error-free [43], see Appendix B.1 

We find a total of 204 tones in the C and L band, out of which 179 carriers could 

be used for data transmission. The remaining channels were not usable due to 
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technical limitations, see Appendix B.1. The transmission performance is 

slightly worse than in the single-comb experiment since twice the number of 

carriers had to be amplified by the same EDFA, which were operated at their 

saturation output power such that the power per data channel reduced accord-

ingly. Nevertheless, data was successfully transmitted over 75 km of standard 

single-mode fiber at a symbol rate of 40 GBd using a combination of 16QAM 

and QPSK. The total line rate amounts to 55.0 Tbit/s, and the net data rate is 

50.2 Tbit/s. This is the highest data rate so far achieved with a chip-scale fre-

quency comb source, and compares very well to the highest capacity of 

102.3 Tbit/s ever transmitted through a single-mode fiber core using more than 

200 discrete DFB lasers as optical sources at the transmitter [163]. In addition, 

we achieve an unprecedented spectral efficiency of 5.2 bit/s/Hz, owing to the 

densely packed spectrum, Fig. 5.2(d). In the experiments, limited saturation out-

put power of the employed EDFA is the main constraint of signal quality and 

BER, see AppendicesB.3 and B.6.3 for details. The presented data rates are 

hence not limited by the DKS comb source, but by the components of the cur-

rent transmission setup, leaving room for further improvement.  

To confirm the outstanding potential of DKS combs for data transmission, we 

compare the transmission performance of a single comb line to that of a refer-

ence carrier derived from a high-quality benchtop-type external-cavity laser fea-

turing an optical linewidth of approximately 10 kHz, an optical output power of 

15 dBm, and an optical carrier-to-noise power ratio (OCNR) in excess of 60 dB. 

As a metric for the comparison, we use the OSNR penalty at a BER of 4.5 × 10-

3, which corresponds to the threshold for FEC with 7 % overhead [43]. The re-

sults for 40 GBd 16QAM transmission are shown in Fig. 5.2(f) for three differ-

ent comb lines and for ECL reference transmission experiments at the corre-

sponding comb line frequencies. The OSNRref values are defined for a reference 

bandwidth of 0.1 nm, see Appendix B.4. As shown, no additional OSNR penalty 

is observed for the frequency comb when compared with the high-quality ECL: 

For both sources, we observe an OSNR penalty of 2.6 dB with respect to the 

theoretically required OSNR (black line) for a BER of 4.5 × 10-3. DKS-based 

light sources can hence dramatically improve scalability of WDM systems with-

out impairing the signal quality under realistic transmission conditions. The er-

ror floor in Fig. 5.2(f) is attributed to transmitter nonlinearities and electronic 
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receiver noise in our setup. Fig. 5.2(g) shows the measured constellation dia-

grams for the ECL and the comb line at 193.56 THz, both taken at the same 

OSNR of 35 dB.

5.4 Data transmission using DKS combs both at 
the transmitter and at the receiver 

To demonstrate the potential of DKS frequency combs as multi-wavelength LO 

at the receiver, we perform a third experiment shown schematically in 

Fig. 5.3(a). At the transmitter, a first DKS comb generator with an FSR of 

~ 100 GHz serves as an optical source. At the receiver, a second DKS comb 

source having approximately the same FSR is used to generate the correspond-

ing LO tones, each featuring an optical linewidth below 100 kHz. Fig. 5.3(b),(c) 

show a section of the transmitted data spectrum along with the corresponding 

section of the LO comb. As a reference, the same experiment was repeated using 

a high-quality ECL with a 10 kHz linewidth as an LO for channel-by-channel 

demodulation. Overall, an aggregate data rate of 34.6 Tbit/s is obtained. The 

resulting BER values of all 99 channels for both methods are shown in 

Fig. 5.3(d). Some of the channels showed signal impairments due to limitations 

of the available equipment, see Appendix B.1. However, we cannot observe any 

considerable penalty that could be systematically attributed to using the DKS 

comb as an LO.

5.5 Power conversion efficiency of dissipative 
Kerr solitons 

While frequency combs offer fundamental technical advantages compared to 

discrete lasers, they can also contribute to reduce the power consumption of the 

transmission system. In this context, the power conversion efficiency of the 

DKS comb generator is an important metric, defined as the ratio between the 

power of the pump and that of the generated comb lines. The power conversion 

efficiency of our current comb sources is limited to rather small values between 

0.1 % and 0.6 % due to the fundamental principle that bright soliton generation  
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Figure 5.3: Coherent data transmission using microresonator soliton frequency combs both at 

the transmitter and at the receiver side. (a) Massively parallel WDM data transmission scheme 

using DKS frequency combs both as multi-wavelength source at the transmitter and as multi-

wavelength local oscillator (LO) at the receiver. In contrast to Figure 5.2, a single optical source 

provides all required LO tones for coherent detection. An extra DEMUX is used to route each 

LO tone to the respective coherent receiver (Coh. Rx). (b) Section of the spectrum of the trans-

mitted channels. (c) Corresponding section of the spectrum of the LO frequency comb. Note 

that the comparatively large width of the depicted spectral lines is caused by the resolution band-

width of the spectrometer (RBW = 0.1 nm) and does not reflect the sub-100 kHz optical linewidth 

of the LO tones. (d) Measured BER for each data channel. Blue squares show the results ob-

tained when using a DKS comb as multi-wavelength LO, and red triangles correspond to a refer-

ence measurement using a high-quality ECL as LO. Dashed lines mark the BER thresholds of 

4.5×10–3 (1.5×10–2) for hard-decision (soft-decision) FEC with 7 % (20 %) overhead. Black cir-

cles show the channels with BER above the threshold for 7 % FEC and specify the reasons for 

low signal quality: low OCNR of the carriers from the LO comb (“LO”) and the signal comb 

(“Signal”), as well as bandwidth limitations of the C-band EDFA (“EDFA”), see Appendix B.1 

for more details. 

 

only occurs with the pump laser being far detuned from the optical resonance. 

Still, the overall power consumption can already now compete with massively 

parallel arrays of commercially available integrated tunable laser assemblies 



5  Microresonator-based Kerr combs for coherent communications  

 

110 

(ITLA), see Appendices B.1 and B.6 for details. The analysis also shows that 

improvement of more than one order of magnitude compared to ITLA is possi-

ble by optimizing the microresonator dispersion, by making use of tailored am-

plifiers with optimum efficiency, and by increasing the power conversion effi-

ciency via recently demonstrated high-Q Si3N4 microresonators with Q-factors 

of 6 × 106.

5.6 Summary 

In summary, we have demonstrated the potential of chip-scale DKS frequency 

combs for massively parallel WDM at data rates of tens of terabit/s. We use 

them both as multi-wavelength source at the transmitter and as LO at the re-

ceiver, and we show in both cases that that there is no systematic penalty com-

pared to using high-quality ECL. While our experiments achieve the highest 

data rate with chip-scale frequency comb sources to date, there is still room for 

increasing the transmission capacity by optimizing the transmission system or 

by using the adjacent S and U bands for telecommunications in the near infrared. 

For long transmission distances, comb-based transmission schemes might allow 

for compensation of nonlinear impairments and hence lead to an improved sig-

nal quality compared to conventional WDM schemes [34]. The results prove 

the tremendous potential of DKS comb generators for high-speed data transmis-

sion, both in petabit/s intra-datacenter networks [164] and in inter-datacenter 

connections. 

[end of paper [J1]



 

 

6 Summary and Outlook 

6.1 Summary 

This thesis aims at investigating and verifying the potential of chip-scale fre-

quency comb sources for coherent WDM transmission both from a fundamental 

and an experimental approach.  

In this context, a holistic model is derived to estimate the transmission perfor-

mance of comb-based WDM links. The findings extracted from this model 

helped to compare different comb generator types and to benchmark them 

against the achievable transmission performance. When using chip-scale comb 

sources both at the transmitter side and at the receiver side, the analysis leads to 

transmission capacities reaching 80 Tbit/s for metropolitan-area links of up to 

400 km.  

From an experimental standpoint, two highly-promising chip-scale comb 

sources are characterized and their potential for massively parallel WDM trans-

mission is verified by performing various data transmission experiments. These 

comb generators are the so-called quantum-dash mode-locked laser diode 

(MLLD) and the microresonator-based Kerr comb generator which consists of 

a Kerr-nonlinear silicon nitride (SiN) microresonator driven by a continuous-

wave (CW) laser.  

The main properties of these comb generators and the key data transmission 

achievements are summarized below. 

Quantum-dash mode-locked laser diodes (QD-MLLD) stand out due to their 

compactness and simple operation by a direct current along with the ability to 

generate a flat and broadband frequency comb comprising dozens of equidistant 

lines spaced by tens of GHz and distributed over more than 2 THz. These prop-

erties make QD-MLLD devices promising candidates to be used as multi-wave-

length light sources in WDM links. However, these devices suffer from the large 

optical linewidth of the individual carriers, which impairs the signal quality and 
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limits their use to rather low spectral efficient modulation formats. This thesis 

demonstrates spectrally efficient coherent transmission with QD-MLLD by us-

ing a dedicated digital phases tracking technique that can deal with the strong 

phase noise fluctuations of the comb lines. With this technique, a data stream of 

11.55 Tbit/s was transmitted over 75 km of single-mode fiber by using 16QAM 

symbol at a symbol rate of 38 GBd. 

Microresonator-based Kerr comb generators stand out due to their ability to 

produce a stable ultra-short pulse sequence, or soliton train, which corresponds 

to a broadband frequency comb, so-called dissipative Kerr soliton (DKS) comb, 

with hundreds of comb lines which are distributed over more than 10 THz. The 

tones of a DKS comb feature low phase noise levels which allow them to be 

used to transmit spectral efficient modulation formats without dedicated phase 

tracking techniques. Using DKS combs, a 55 Tbit/s data stream spanning the 

entire telecommunication C and L band is transmitted over a fiber length of 

75 km, corresponding to the highest data rate with any chip-scale frequency 

comb source at the time of the publication. 

Taken together, these results demonstrate the significant potential of these two 

comb sources to replace arrays of continuous-wave lasers in multi-Tbit/s com-

munications.  

6.2 Outlook 

The transmission experiments performed in this thesis relied on the use of a 

coherent receiver with an external cavity laser (ECL) as a local oscillator (LO). 

To leverage the full potential of the chip-scale comb sources investigated in this 

thesis, a second chip-scale comb source should be used at the receiver as multi-

wavelength LO, as depicted in Fig. 1.2. For Kerr comb sources, a first proof-of-

principle transmission experiment has been demonstrated using two DKS 

combs, one as a multi-wavelength carrier at the receiver and another as a multi-

wavelength LO at the transmitter. The results of the transmission experiment 

are discussed in Section 5.4 and are part of the work of Juned N. Kemal. Simi-

larly, QD-MLLD devices have been also used in a transmission experiment both 

as multi-wavelength carrier source and multi-wavelength LO source [J7]. In 
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these two demonstrations, the LO comb is coarsely synchronized to the trans-

mitter comb, and digital signal processing is used to account for the remaining 

frequency differences between the carriers and the corresponding LO tones. In 

this context, further investigations are necessary to continuously synchronize 

the center frequency and the free spectral range of the receiver comb to the 

transmitter comb. 

In this thesis, the DKS comb is generated by driving a silicon nitride (SiN) mi-

croresonator with high optical powers of more than 1 W. Such high optical pow-

ers are achieved by amplifying the output from an ECL with a high-power op-

tical amplifier. Future investigations towards Kerr-comb-based multi-Tbit/s 

transceivers should focus on the co-integration of the CW laser source and the 

microresonator. For this to happen, the threshold power for DKS generation 

should be reduced considerably. In this context, recent improvements of the mi-

croresonator technology by the group of T. J. Kippenberg,10 and the group of 

M. Lipson and A. L. Gaeta,11 has demonstrated DKS generation with optical 

powers below the 50 mW [76], [113]. Such advances lead to the first demon-

strations of packaged Kerr-comb generators co-integrating the CW laser with 

the microresonator [23], [24]. In these demonstrations, however, the tones of 

the associated frequency combs feature comparatively low optical powers, 

which would impact data transmission performance considerably. The small 

optical powers are associated with the low power conversion efficiency from 

the pump laser to the comb lines, which is characteristic of DKS generation. 

Further investigations could focus on the use of so-called dark-solitons, which 

offer improved power conversion efficiencies [86], or on the use of quartic sol-

itons, which are solitons generated in a microresonator with quartic group ve-

locity dispersion (GVD) and lead to frequency combs with smoother spectra 

[112]. 

Future investigations regarding the use of QD-MLLD devices in WDM trans-

ceivers should focus on further paths to reduce the phase noise of the comb 

lines. In this context, the group of J. Witzens,12 has demonstrated RF linewidth 

                                           
10 At the Ecole Polytechnique Fédérale de Lausanne, https://www.epfl.ch/labs/k-lab/  
11 At the Columbia University, https://lipson.ee.columbia.edu/  
12 At RWTH Aachen University, http://www.iph.rwth-aachen.de/  

https://www.epfl.ch/labs/k-lab/
https://lipson.ee.columbia.edu/
http://www.iph.rwth-aachen.de/
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and optical linewidth reduction with optical feedback from a photonic integrated 

chip (PIC) [73]. Further investigations are required to understand the limitations 

of this approach, and its applicability for massively-parallel WDM transmission 

is the subject of ongoing research. 

The focus of future work should be placed on packaged comb-based coherent 

WDM transceivers. For example, on the transmitter side, this would require 

multi-chip integration of modulators, (de)multiplexers and light sources. In this 

context, the group of C. Koos,13 has demonstrated coherent data transmission 

with a silicon photonics transmitter, where the silicon photonics modulators are 

connected to InP lasers by employing 3D nano-printing of freeform optical 

waveguides, so-called photonic wire bonding, for efficient coupling between 

the photonic chips [165]. Multi-chip integration of a frequency comb source 

with modulators and multiplexers is the subject of ongoing research. Future 

work could thus build upon the investigations presented in this thesis.

 

 

                                           
13 At the Karlsruhe Institute of Technology, https://www.ipq.kit.edu/index.php  

https://www.ipq.kit.edu/index.php
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Equation Chapter 1 Section 1 





 

 

A. Performance of chip-scale optical 
frequency comb generators in 
coherent WDM communications: 
Additional information  

This section includes additional information on the underlying models intro-

duced in Chapter 3. 

A.1 OSNR penalty when using frequency comb 
sources at the receiver side  

This section details the derivation of Eq. (3.9) in Section 3, which describes the 

OSNR penalty of using a frequency comb source as a multi-wavelength local 

oscillator at the receiver side. The impact of the local oscillator is typically ne-

glected, however, when using a frequency comb, the impact of a finite OCNR 

of the tones can become relevant. 

Equation (3.9) is derived considering the coherent receiver from Fig. A.5, and 

assuming the signal is impaired by additive white Gaussian noise: The signal 

and the LO can be expressed as 

 
1 s

2 LO LO

= +

= +

sE E n

E E n
. (A.1) 

where sE sn  and LOE LOn . Similar to Eq. (2.11), the photocurrent at 

the output of the tow BPDs can be expressed as 
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Neglecting the noise-noise mixing terms 
*
LOsn n  and adding the photocurrents 

from both BPDs, the complex value signal can be constructed as 

 
** *

LO LOLO s+ +s si E E E n E n . (A.3) 

Equation (A.3) can be separated into signal intensity 
*
LOsignal = si E E  and noise 

intensity 
* *

LOnoise LO s= +si E n E n . Next, the signal and noise powers are com-

puted. Assuming that the noise terms are uncorrelated, the powers are added, 

resulting in  

 

2
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. (A.4) 

Eq. (B.4) can be modified by using the OCNR relation for the LO 
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and the OSNR relation for the signal 
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n
. (A.6) 

Introducing Eqs. (A.5) and (A.6) into Eq. (A.4),  

 
2 22

noise LO
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 
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Defining the OSNR for OCNR →  as 
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the OSNR can be extracted from Eq. (A.7) leading to 
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For simplification, in Section 3 it is assumed that the OCNR of the carrier is the 

same as the OCNR of the LO. This assumption is reasonable when the same 

type of frequency comb source is used both at the transmitter side and at the 

receiver side. 

A.2 Omission of modulated noise  

The noise power given by Eq. (3.3) in Chapter 3 is modulated. The simple anal-

ysis in Chapter 3, however, does not take this effect into account. Considering 

modulated noise would make the analysis data dependent. This section justifies 

why a modulated noise is not considered in the analysis of Chapter 3. 

In the case of amplitude modulation, the noise will be modulated and is there-

fore not stationary. For PSK formats, the model in Chapter 3 works fine and the 

results would not change. If comparing different QAM formats, the noise mod-

ulation will have a certain impact, which is related to the peak-to-average-power 

ratio. Also, the shape of MUX and DEMUX filters will have an impact. In the 

typically used link-limited regime, the effect of modulated noise can be disre-

garded since the dominating ASE noise is added after modulation. In the source-

limited regime, neglecting the amplitude modulation of the noise might lead to 

a slight overestimation of the performance. A quantitative analysis of this effect, 

however, would depend on the modulation format and the associated modula-

tion loss and would require exact knowledge of the spectral transmission char-

acteristics WDM DEMUX and MUX used for separating and combining the 

comb lines. Although it is an interesting and important aspect, a detailed analy-

sis of this effect would go beyond the main focus of this thesis. 
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In addition, format-dependent modulation losses are not considered in the anal-

ysis, but an overall insertion loss of the modulator of 25 dB both for 16QAM 

and 64 QAM is assumed. This loss includes both the optical insertion loss of 

the device and the modulation loss. 

Equation Chapter (Next) Section 1 
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B.1 Methods 

B.1.1 Fabrication of high-Q Si3N4 microresonator 

We use Si3N4 microresonators for generation of DKS frequency combs. These 

devices lend themselves to co-integration with other photonic devices, using 

either monolithic approaches on silicon [151] or indium phosphide (InP) [166], 

hybrid InP-on-silicon approaches [167], or multi-chip concepts [16], [168]. A 

particularly attractive option is to co-integrate DKS comb generators with ad-

vanced multiplexer and demultiplexer circuits [151] and with highly power-ef-

ficient IQ modulators [169], [170] to realize chip-scale transceivers that can 

handle tens of terabit/s of data traffic, as already envisioned in Ref. [16]. For 

soliton formation, anomalous group velocity dispersion (GVD) is required, ne-

cessitating Si3N4 waveguide heights of approximately 800 nm for a width of 

1.65 μm. These dimensions are achieved by using the recently developed pho-

tonic Damascence process [161], along with a waveguide filtering section to 

achieve a smooth dispersion profile [162]. A mode-filtering section was incor-

porated into the microrings in order to suppress higher-order modes [162], see 

Inset of Fig. 5.1(a). This allows to minimize the number of avoided mode cross-

ings and facilitates soliton comb generation.  

Fabrication reproducibility was investigated, leading to a yield of chips enabling 

DKS generation per batch of approximately 40 %. For resonators taken from 

the same wafer, we measured an average line spacing of 95.75 GHz with a 

standard deviation of approximately 70 MHz. We attribute such differences to 

variations of both the waveguide width and the thickness of the Si3N4 layer be-

tween distant micro-resonators within the same wafer. These variations are ap-

proximately 20 nm and may be reduced by increasing the uniformity of the fab-

rication process over the entire wafer. In particular, we expect that the use of 

highly developed large-scale fabrication equipment such as 193 nm deep-UV 

lithography and thin-film tools with improved uniformity will overcome these 

shortcomings in device reproducibility, as already demonstrated in the context 

of silicon photonics [171]. Note that the line spacing difference between fre-

quency combs can be compensate through thermal tuning, which allows us to 

adapt the microresonators’ FSR over a tuning range of more than 40 MHz, with 
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a precision of approximately 200 kHz. The same technique can be applied to 

precisely match the line spacing to established ITU grids.  

In addition, we measured the differences in power conversion efficiency of the 

DKS comb generators used in our experiment, leading to values that range from 

0.1 % to 0.6 %. These differences in power conversion efficiency are attributed 

to variations of the quality factors of the pumped resonances, which may be 

influenced by interactions of the fundamental mode with higher-order modes. 

Even though mode-filtering sections are used to suppress the propagation of 

higher order modes within the waveguide, we can still observe slight variations 

of the spectral envelope with respect to the theoretical sech2 envelope shape. 

This fact hints to the presence of avoided mode crossings which are character-

istic of multimode waveguides. We expect that these limitations can be over-

come by optimized device design.  

For DKS comb generators with improver power efficiency, high-Q factors are 

of great importance. Recently, Si3N4 resonators have been demonstrated [172], 

[173] to reach Q-factors of more than 6 × 106 both in devices with normal [172] 

and anomalous [173] GVD. Along with tailored optical amplifiers, such devices 

allow to reduce the electrical power consumption by more than an order of mag-

nitude compared to state-of-the-art ITLA laser arrays, see Section B.6.1. 

B.1.2 Soliton comb generation 

The DKS combs are generated by pumping the microresonators with an ECL 

and a subsequent EDFA, which is operated at an output power of approximately 

35 dBm, see Section B.2 and Fig. B1 for a more detailed description of the 

comb generation setup. A high-power band-pass filter with a 3 dB bandwidth 

of 0.8 nm is used to suppress the ASE noise originating from the pump ampli-

fier. The soliton state is excited by well-controlled wavelength tuning of the 

pump ECL from low to high wavelengths across the resonance at a rate of ap-

proximately 100 pm/s [75]. Once a multiple-soliton state is obtained, the tran-

sition to a single-soliton state is accomplished by fine-tuning of the pump laser 

towards lower wavelengths [22]. This slow sweep is performed at a rate of ap-

proximately 1 pm/s. Light is coupled into and out of the on-chip Si3N4 wave-

guides by means of lensed fibers, featuring spot sizes of 3.5 µm and coupling 
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losses of 1.4 dB per facet. The pump power in the on-chip waveguide amounts 

to approximately 32 dBm. The frequency comb used in the single-comb trans-

mission experiment exhibits a line spacing of 95.80 GHz and a 3-dB bandwidth 

of more than 6 THz. The optical linewidth of individual comb carriers is limited 

by the optical linewidth of our tunable pump lasers (TLB-6700, New Focus and 

TSL-220, Santec), which is below 100 kHz. This value is well below that of 

telecommunication-grade DFB lasers [174] and hence perfectly suited for co-

herent data transmission [53]. No additional linewidth broadening relative to 

the pump is measured, i.e., the phase noise of the comb lines is entirely domi-

nated by the pump. Note that an alternative approach to DKS generation has 

recently been demonstrated [77] where the detuning of the pump laser with re-

spect to the resonance is adjusted by themally shifting the resonance by means 

of integrated heaters rather than by tuning the wavelength of the pump laser. 

This technique allows to replace the tunable pump lasers by much more stable 

CW pump lasers with sub-kHz linewidths. At the output of the microresonator, 

a tunable fiber Bragg grating (FBG) acts as a notch filter to suppress residual 

pump light to a power level that matches the other comb carriers. After the FBG, 

the measured optical power of the entire comb spectrum, see Fig. 5.1(c), 

amounts to 4 dBm. For the experiments using interleaved transmitter (Tx) fre-

quency combs or a separate receiver (Rx) LO comb, a second DKS comb gen-

erator with similar performance is used. The frequency comb from the second 

device for the interleaved Tx combs (for the Rx LO) features a slightly different 

line spacing of 95.82 GHz (95.70 GHz) and overall optical power of 0 dBm 

(8 dBm). For the transmission experiments, an EDFA is used to amplify the 

combs to an approximate power of 5 dBm per line prior to modulation. The 

carriers next to the pumped resonance are superimposed by strong amplified 

stimulated emission (ASE) noise that originates from the optical amplifier. In 

future implementations, ASE noise can be avoided by extracting the comb light 

from the microresonator using a drop-port geometry [175]. This would avoid 

direct transmission of broadband ASE noise through the device and, in addition, 

would render the notch filter for pump light suppression superfluous.  
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B.1.3 Dissipative Kerr soliton comb tuning and interleaving 

Precise interleaving of the frequency combs in the second transmission experi-

ment is achieved by adjusting the temperature of each microresonator, thereby 

changing the refractive index and shifting the resonance frequencies while leav-

ing the FSR essentially unchanged [176]. A detailed sketch of the experimental 

setup is given in Section B.2. The resonance frequencies of the cavity can be 

tuned at a rate of approximately – 2.5 GHz/K with an accuracy of approximately 

200 MHz, limited by the resolution of the heater of approximately 0.1 K. In ad-

dition, as a consequence of intra-pulse Raman scattering [177], the center fre-

quency of the comb can also be tuned by slowly changing the pump frequency 

during operation at a constant external temperature. The associated tuning range 

is limited to approximately  500 MHz before the comb state is lost; the tuning 

resolution is given by the pump laser and amounts to approximately 10 MHz for 

our devices (TLB-6700, New Focus; TSL-220, Santec). These tuning procedures 

are used both for precise interleaving of DKS combs in the second transmission 

experiment and for synchronizing the LO comb to the Tx comb in the third trans-

mission experiment.  

B.1.4 Data transmission experiments 

For the data transmission experiments [178]–[180], the single or interleaved 

frequency comb is amplified to 26.5 dBm by a C/L-band EDFA, before the lines 

are equalized and dis-interleaved into odd and even carriers to emulate WDM. 

In the laboratory experiment, the de-multiplexer (DEMUX) depicted in 

Fig. 5.2(a) is implemented by two programmable filters (Finisar WaveShaper, 

WS) along with C- and L-band filters, that act as dis-interleavers to separate the 

combs into two sets of “even” and “odd” carriers, see Section B.3 for a more 

detailed description of the experimental setup. After separation, the carriers are 

routed to individual dual-polarization in-phase/quadrature modulators (IQ-

mod), which encode independent data streams on each polarization using both 

the amplitude and the phase of the optical signal as carriers of information. To 

this end, we use two optical IQ modulators which are driven with pseudo-ran-

dom bit sequences of length 211 – 1 using QPSK or 16QAM signaling and 

raised-cosine (RC) pulse shaping with a roll-off factor ß = 0.1. The drive signals 
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were generated by arbitrary-waveform generators (AWG). For the transmission 

experiment using frequency combs as optical source at the Tx, the symbol rate 

was 40 GBd, and the sampling rate of the AWG was 65 GSa/s (Keysight 

M8195A). For the experiment with a DKS comb as a multi-wavelength LO, 

symbol rates of 50 GBd and sampling rates of 92 GSa/s (Keysight M8196A) 

were used. We refrained from using higher symbol rates since the limited elec-

trical bandwidth of our transmitter and receiver hardware would have led to 

significantly worse signal quality. In all experiments, polarization division mul-

tiplexing (PDM) is emulated by a split-and-combine method, where the data 

stream of one polarization is delayed by approximately 240 bits with respect to 

the other to generate uncorrelated data [181]. The data channels are then recom-

bined into a 75 km long standard single-mode fiber (SSMF) fiber using a mul-

tiplexer (MUX) and boosted by an erbium-doped fiber amplifier (EDFA), be-

fore being transmitted. At the receiver, we select each channel individually by 

a BPF having a 0.6 nm passband, followed by a C-band or an L-band EDFA, 

and another BPF with a 1.5 nm passband. The signal is received and processed 

by means of an optical modulation analyzer (OMA, Keysight N4391A), using 

either a high-quality ECL line or a tone of another DKS comb as local oscillator. 

In the latter case, we use an optical band-pass filter to extract the tone of interest 

from the LO comb, see Section B.5 for details. In all experiments, we perform 

offline processing including filtering, frequency offset compensation, clock re-

covery, polarization demultiplexing, dispersion compensation, and equaliza-

tion.  

B.1.5 Transmission impairments and data rates 

In our transmission experiments, performance was impaired by specific limita-

tions of the available laboratory equipment, which can be avoided in real-world 

transmission systems. For the transmission experiment using a single DKS 

comb generator as optical source, Fig. 5.2(a), a total of 101 tones were derived 

from the comb in the C and L band. Out of those, 92 carriers performed better 

than the BER threshold of 4.5 × 10-3 for widely used second-generation for-

ward-error correction (FEC) with 7 % overhead see Fig. 5.2(e). The pump tone 

at approximately 192.66 THz and two neighbouring carriers could not be used 

for data transmission due to strong amplified spontaneous emission (ASE) 
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background from the pump EDFA. Two more directly adjacent channels ex-

ceeded the threshold of 4.5 × 10-3, but were still below the BER threshold of 

1.5  10-2 for soft-decision FEC with 20 % overhead [43]. Another four chan-

nels at the low-frequency end of the C-band were lost due to a mismatch on the 

transmission band of the C-band filters used to realize the demultiplexer, see 

Section B.3 for a more detailed description. This leads to an overall net data rate 

(line rate) of 28.0 Tbit/s (30.1 Tbit/s). 

For the transmission experiment using interleaved DKS combs as optical source 

at the transmitter, Fig. 5.2(c), we use a combination of 16QAM and QPSK, de-

pending on the optical signal-to-noise power ratio (OSNR) of the respective 

carrier, see Fig. 5.2(e). For 16QAM transmission, a total of 126 channels exhibit 

a BER of less than 4.5 × 10-3, requiring an FEC overhead of 7 %, and 39 addi-

tional channels showed a BER below 1.5 × 10-2, which can be corrected by FEC 

schemes with 20 % overhead. For the 14 channels at the low-frequency edge of 

the L band, the modulation format was changed to QPSK due to the low power 

of these carriers caused by a decrease of amplification of the L-band EDFA in 

this wavelength range. This leads to an overall net data rate (line rate) of 

50.2 Tbit/s (55.0 Tbit/s). 

For the transmission experiment using DKS frequency combs both at the trans-

mitter and at the receiver side, Fig. 5.3(a), 99 tones were transmitted and tested. 

Out of those, a total of 89 channels perform better than the BER threshold for 

hard-decision FEC with 7 % overhead (4.5 × 10˗3), and additional four channels 

are below the BER limit of 1.5 × 10–2 for soft-decision FEC with 20 % over-

head. For the remaining channels, coherent reception was inhibited by low 

OSNR. This leads to an overall net data rate (line rate) of 34.6 Tbit/s 

(37.2 Tbit/s). The black circles in Fig. 5.3(d) show the channels with BER 

above the threshold for 7 % FEC and specify the reasons for low signal quality: 

low optical carrier-to-noise power ratio (OCNR) of the carriers from the LO 

comb (LO) and the signal comb (Signal) as well as bandwidth limitations of the 

C-band EDFA (EDFA).  

It is further worth noting that field-deployed WDM systems rely on statistically 

independent data channels rather than on transmitting identical data streams on 

the “even” and the “odd” channels. As a consequence, real-world signals will 
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suffer much less from coherent addition of nonlinear interference noise than the 

signals used in our experiments [182]. With respect to nonlinear impairments, 

our experiments hence represent a bad-case scenario with further room for im-

provement.  

B.1.6 Characterization of the OSNR penalty of frequency comb 
source 

For comparing the transmission performances of a single comb line to that of a 

high-quality external cavity laser (Keysight N7714A) reference carrier, we 

measure the OSNR penalty at a BER of 4.5  10-3, which corresponds to the 

threshold for FEC with 7 % overhead [43]. For a given BER, the OSNR penalty 

is given by the dB-value of the ratio of the actually required OSNR to the OSNR 

that would be theoretically required in an ideal transmission setup [129].  

A detailed description of the associated experimental setup is given in Sec-

tion B.4. The carrier under test is selected by a band-pass filter with a 1.3 nm 

(160 GHz) wide passband. The carrier is then amplified to 24 dBm by an EDFA 

(EFDA2 in Fig. B.3 and modulated with a PDM-16QAM signal at 40 GBd. 

Next, an ASE noise source together with two VOA is used to set the OSNR of 

the channel while keeping its optical power constant. As an ASE generator, we 

use a second EDFA (EDFA3 in Fig. B.3(a)). An optical spectrum analyzer 

(OSA, Ando AQ6317B) is used for measuring the OSNR at the input of the 

receiver. For each OSNR value, the quality of the channels is determined by 

measuring the BER using our previously described receiver configuration, see 

the Section “Data transmission experiments” above in Appendix B.1.4. At a 

BER of 4.5  10-3, a penalty of 2.6 dB with respect to the theoretical OSNR 

value is observed, see Fig. 5.2(f), which is a common value for technical imple-

mentations of optical 16QAM transmitters [139]. For high OSNR, an error floor 

caused by transmitter nonlinearities and electronic receiver noise is reached. 

The maximum achievable OSNR of 44 dB at 192.56 THz for transmission with 

the comb line is dictated by ASE noise of the C/L-band EDFA (EDFA1) right 

after the FCG, see Fig. B.3. As a reference, the same measurements are repeated 

using a high-quality ECL (Keysight N7714A) to generate the carrier, which 

leads to essentially the same OSNR penalty for a given BER as the transmission 
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with the comb line. For a symbol rate of 40 GBd, the results are shown in 

Fig. 5.2(f), similar results are obtained at other symbol rates such as 28 GBd, 

32 GBd and 42.8 GBd. Note that for transmission with the ECL, only one 

EDFA (EDFA2) is needed to increase the power to 24 dBm before being mod-

ulated. As a consequence, a higher maximum OSNR of 58 dB can be achieved 

with the ECL than with the comb line. Note in addition that for transmission 

with a single line, the lowest BER reached at 40 GBd is below 10-4, as depicted 

in Fig. 5.2(f). This value, however, is not reached in the WDM transmission 

experiment with the full comb, Fig. 5.2(a) and Fig. 5.3(d). For WDM transmis-

sion, a larger number of carriers are amplified by the EDFA in front of the mod-

ulator, which, together with the limited output power of the EDFA (EDFA 2-5 

in Fig. B.2(a)), decreases the optical power per line and hence the OCNR. More-

over, when interleaving two frequency combs, a VOA and a directional coupler 

are inserted into the setup, thereby introducing additional loss which needs to 

be compensated by the subsequent EDFA. Using additional EDFA would there-

fore increase the quality of the received signal.

B.2  Kerr soliton frequency comb generation 

Figure B.1(a) shows the detailed setup of the dissipative Kerr-soliton (DKS) 

frequency comb generators (FCG) used for the data transmission experiments 

discussed in the main paper. The DKS frequency comb is generated by pumping 

a silicon nitride (Si3N4) microresonator with an external cavity laser (ECL). A 

polarization controller (PC) before the microresonator is adjusted for maximum 

coupling of pump light into the resonance. The pump light generated by the 

ECL is amplified by an erbium-doped fiber amplifier (EDFA) which is operated 

at an output power of approximately 35 dBm. After the EDFA, a high-power 

band-pass filter (BPF) is used to suppress amplified stimulated emission (ASE) 

noise. Since the passband of the BPF has finite non-zero width, noise near the 

pump frequency is not fully suppressed, thereby deteriorating the signal quality 

of the adjacent carriers. A pair of lensed fibers (LF) with a mode field diameter 

of 3.5 µm are used to couple light into and out of the microresonator, leading to 

1.4 dB of insertion loss per facet. The temperature of the microresonator is ad-

justed and stabilized by a thermoelectric controller (TEC), while an optical 
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Figure B.1: Generation of single and interleaved DKS frequency combs. (a) Setup for genera-

tion of single and interleaved DKS frequency combs. The frequency comb generator (FCG) for 

single-comb generation is depicted in black (FCG1); for dual-comb generation and interleaving, 

a second FCG (FCG2) is used, depicted in brown. The microresonators (M1, M2) are driven by 

a pair of linearly polarized continuous-wave (CW) external-cavity lasers (ECL) whose output 

powers are boosted by erbium-doped fiber amplifiers (EDFA). The frequency of each ECL is 

controlled via an analog signal generated by a function generator (FG) for tuning into a soliton 

state. Amplified spontaneous emission (ASE) noise from the power booster EDFA is suppressed 

by two band-pass filters (BPF) with 0.8 nm passbands. Pump light is coupled to and from the 

resonator chips by lensed fibers (LF) having a mode field diameter of 3.5 µm, which leads to 

1.4 dB of losses per facet, measured at the pump wavelength. After the microresonators, optical 

isolators (ISO) avoid back reflection of light into the chip. Fiber Bragg gratings (FBG), acting as 

notch filters with a 0.3 nm bandwidth, are used to attenuate the residual pump light to a power 

level comparable to that of the adjacent carriers. Prior to the interleaving of both frequency combs 

with a directional coupler, a variable optical attenuator (VOA) with an attenuation of 4 dB adapts 

the power level of one comb to the other. A real-time oscilloscope connected to a photodiode 

(PD) and an optical spectrum analyzer (OSA) are used to track the change of transmitted power 

and to measure the comb spectrum. (b) Transmitted optical power measured by the PD as a 

function of the ECL frequencies, around the center frequency of the cold resonances from M1 

(red) and M2 (blue). A width of about 300 MHz is measured for both microresonators, corre-

sponding to a loaded quality factor of approximately 7 × 105. The different shape of the reso-

nances is attributed to spurious coupling of counter-propagating waves in M2. (Caption continued 

on next page) 
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Figure B.1 continued: (c) Temperature-induced frequency shift of the comb carriers from M1 

and M2 relative to the frequencies of the comb carriers from M1 at 28 °C. A dependence of –

2.2 GHz/K and – 2.7 GHz/K is measured for M1 and M2, respectively. Temperatures 

T1 = 25.6°C and T2 = 19.3°C are chosen for M1 and M2 such that the frequency difference of the 

carriers near the center of the interleaved comb is half the line spacing of the frequency comb 

from M1. 

isolator (ISO) at the output avoids back-reflection of light into the chip. A fiber 

Bragg grating (FBG) acts as a notch filter with a 0.3 nm bandwidth to suppress 

the remaining pump laser up to a level comparable to that of the adjacent fre-

quency comb carriers. 

DKS frequency combs are generated by operating the microresonator in the ef-

fectively red-detuned regime with respect to the cavity resonance, i.e., the pump 

wavelength is bigger than the wavelength of the thermally shifted resonance. 

This regime is accessed by fast sweeping of the pump ECL through the cavity 

resonance from a blue-detuned wavelength to a predefined red-detuned wave-

length (forward-tuning), where a multiple-soliton comb state is generated [21], 

[75], see trace I of Fig. 5.1(b). The transition to a single-soliton state is accom-

plished in a reliable and deterministic manner by adiabatically reducing the 

wavelength of the pump laser (backward-tuning) thereby approaching the hot-

cavity resonance from the red side [22], see trace II of Fig. 5.1(b). In both 

sweeps, the ECL wavelength is controlled via an analogue voltage signal gen-

erated by a function generator (FG). The forward-tuning is performed at a speed 

of approximately 100 pm/s and is fast enough to avoid excess heating of the 

microresonator, which would lead to loss of the soliton comb state due to a too 

strong thermal shift of the cavity resonance. The backward-tuning is performed 

at a speed of approximately 1 pm/s and is slow enough to adiabatically switch 

between different multiple-soliton states. A real-time oscilloscope and an opti-

cal spectrum analyzer (OSA) are used to track the change of transmitted power 

and to measure the comb spectrum, respectively, while sweeping the pump 

wavelength along the resonance.  

For the interleaved-comb experiment, Fig. 5.2(c), two DKS comb sources, 

namely M1 and M2, with comparable free spectral ranges (FSR) are used in 

parallel. The equipment required for the second FCG (FCG2) and for 
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interleaving the soliton Kerr combs of the two microresonators is marked in 

brown in Fig. B.1(a). FCG2 is setup similar to FCG1 as discussed above. For 

interleaving, the two DKS frequency combs from FCG1 and FCG2 are super-

imposed by a directional coupler. Note that for the microresonator M2, a lower 

conversion efficiency of optical pump power to soliton power is observed as 

compared to that of microresonator M1. This can be attributed to spurious cou-

pling of counter-propagating waves in M2, which also explains the difference 

in the shape of the resonances from M1 and M2 depicted in Fig. B.1(b). There-

fore, the power level of the frequency comb from M1 is adapted to that of M2 

by a variable optical attenuator (VOA) before interleaving with the directional 

coupler. This results in a uniform power spectral envelope of the interleaved 

frequency comb. To obtain an interleaved comb with evenly spaced carriers, the 

working temperatures of the microresonators are set such that one of the fre-

quency combs is offset by half the line spacing with respect to the other. Figure 

B.1(c) shows the frequency shift of the carriers of M1 (red) and M2 (blue), rel-

ative to the frequency of the carriers from M1 at 28 °C, as a function of the 

microresonator temperature. Both frequency combs follow a linear trend with a 

shift of -2.2 GHz/K and –2.7 GHz/K for M1 and M2, respectively [176]. At the 

temperature T1 (T2) for microresonator M1 (M2) the frequency difference be-

tween the central carriers of both combs is half the line spacing. The pump fre-

quency for the microresonator M1 (M2) is set to 192.61 THz (192.66 THz) for 

the chosen chip temperature of T1 = 25.6 °C (T2 = 19.3 °C). At such tempera-

tures, the measured line spacing is 95.80 GHz (95.82 GHz) for M1 (M2), lead-

ing to a difference of approximately 20 MHz, or 0.02% of the line spacing. Such 

a difference would lead to a variation of the line spacing by  1 GHz at the edges 

of the interleaved frequency comb as compared to the line spacing near the cen-

ter of the comb. This mismatch can be avoided by carefully matching the line 

spacing of the two combs, e.g., by improving the uniformity of the fabrication 

process, see Appendix B.1.1 for details. In the transmission experiment, the var-

iation of line spacing did not have any significant influence on the quality of the 

received signal.
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B.3 Data transmission experiments using Kerr-soliton 
frequency combs in the transmitter 

The setup used for massively parallel wavelength-division multiplexing (WDM) 

data transmission is depicted in Fig. B.2(a). The single (interleaved) frequency 

comb generated by FCG1 (FCG1 and FCG2) is amplified by a C/L-band EDFA 

(EDFA 1) to a level of approximately 5 dBm (2 dBm) per carrier. For a realistic 

emulation of massively parallel WDM transmission, neighboring carriers need to 

be encoded with independent data streams [183], [184]. To this end, the comb is 

divided into even and odd carriers by a de-interleaver (DI) stage. The DI stage 

contains a directional coupler (CPL1) that divides the optical power into two parts, 

which are fed to a C-band and an L-band programmable filter (Finisar 

WaveShaper; WS). The WS splits even and odd carriers within the respective 

band. After the C- and the L-band WS, each set of carriers is amplified by EDFA 

2-5 to compensate for optical losses caused during de-interleaving. Next, the C- 

and L-band odd carriers are recombined by the use of a C/L-band multiplexer 

(C/L MUX) before being coupled into an optical in-phase/quadrature (IQ) modu-

lator (IQ1). The even carriers are also recombined and sent through IQ2. The WS 

are adjusted to compensate for the power differences of the comb carriers and for 

the spectral variations of the EDFA gain profile, thereby producing an overall flat 

spectrum at the inputs of IQ1 and IQ2. Both modulators are driven by either 

16QAM or QPSK drive signals generated by a high-speed arbitrary waveform 

generator (AWG, Keysight M8195A 65 GS/s) using pseudo-random bit sequence 

(PRBS) of length 211 – 1, to encode data on each frequency comb carrier at a sym-

bol rate of 40 GBd. Raised-cosine pulse shaping at a roll-off factor of β = 0.1 is 

used for improved spectral efficiency. After modulation, odd and even channels 

are combined by a directional coupler (CPL2). Polarization-division multiplexing 

(PDM) is emulated by splitting the data stream into two paths and recombining 

them on orthogonal polarizations with a decorrelating delay of approximately 

1.5 ns (60 symbols) in one path and an attenuator in the other one for maintaining 

the same power levels. Hence, even if both polarizations contain the same PRBS 

sequence, they are detected as uncorrelated data streams at the coherent receiver. 

The signal is then amplified and transmitted through 75 km of standard 
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Figure B.2: Data transmission with single and interleaved DKS frequency combs as WDM car-

riers at the transmitter. (a) Data transmission setup: The single (interleaved) frequency comb 

generated by FCG1 (FCG1 and FCG2) from Fig. B.1(a) is amplified by EDFA 1 to a level of 

approximately 5 dBm (2 dBm) per carrier. Afterwards, WDM is emulated by encoding independ-

ent data into neighboring carriers. To this end, the comb is divided into even and odd carriers by 

a de-interleaver (DI) stage. The DI stage contains a directional coupler (CPL1) that divides the 

optical power into two parts, which are fed to a C-band and an L-band programmable filters 

(WS). The WS split the input comb lines into even and odd carriers within their respective bands. 

Each set of carriers is amplified by an EDFA to compensate for the optical losses caused by the 

de-interleaving. Next, C- and L-band carriers from each set are recombined by the use of a C- 

and L-band multiplexer (C/L MUX) and coupled into two optical IQ modulators (IQ1, IQ2), 

driven by 16QAM or QPSK drive signals generated by a high-speed AWG. We use a symbol 

rate of 50 GBd. After combining the modulated signals by a directional coupler (CPL2), PDM is 

emulated by splitting the data stream into two paths and recombining them on orthogonal polar-

izations using a polarization beam combiner (PBC) with a delay line (DL) in one path and a 

variable optical attenuator (VOA) in the other one to decorrelate the data while maintaining the 

same power levels. The signal is amplified and transmitted through a 75 km long standard single 

mode fiber (SSMF). At the receiver, a tunable BPF with a 0.6 nm passband selects the channel 

under test, which is amplified by a C- or L-band EDFA (EDFA 7), depending on which channels 

are being investigated. A second BPF (1.5 nm passband) suppresses the ASE noise from the 

EDFA. The modulated channels are received on a dual-polarization coherent receiver using a 

conventional external-cavity laser as optical local oscillators (LO). (Caption continued on next 

page) 
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Figure B.2 continued: An optical modulation analyzer (OMA) comprising two real-time oscil-

loscopes is used to record and process the data signals. Labels MP1 and MP2 represent monitor 

ports where the spectra shown in b and c, respectively, were recorded. These spectra show im-

pairments of the OCNR which limit the signal quality. (b) Frequency comb spectrum in the 

vicinity of both pump frequencies showing the ASE noise coming from the pump EDFA, see 

Fig. D.1. (c) Frequency comb spectrum of the carriers at the gap between the C- and L- band 

WS. The low optical power of the carriers at the low-frequency edge of the C-band is caused by 

a mismatch between the C-passbands of the C/L MUX and the WS. (d) Transmission profiles 

of the C- and L-band WS (red) and of the C- and L-band C/L MUX (blue). For decreasing fre-

quency, the C-band of the C/L MUX shows a decreasing transmission already from 191.7 THz, 

whereas the transmission band of the C-band WS reaches to 191.2 THz. This mismatch causes 

strong attenuation of the carriers within this region. 

single mode fiber (SSMF). At the receiver, a tunable BPF with a 0.6 nm pass-

band selects the channel under test. The signal is then amplified by a C- or L-

band EDFA (EDFA 7), depending on which frequency band is being investi-

gated, and is passed through a second 1.5 nm passband BPF to suppress the ASE 

noise from the EDFA. Afterwards, the channel is received on a dual-polariza-

tion coherent receiver which uses a conventional continuous-wave laser as an 

optical local oscillator (LO). An optical modulation analyzer (OMA, Keysight 

N4391A) comprising two real-time oscilloscopes (Keysight DSO-X 93204A, 

80 GSa/s) is used to record and process the data signals. The constellation dia-

gram for each channel is obtained after performing signal processing consisting 

of digital low-pass filtering, polarization demultiplexing, chromatic dispersion 

compensation, frequency offset estimation, carrier phase estimation, and adap-

tive equalization. The block length for performing the signal processing is cho-

sen to be 1024 symbols, which is optimized to effectively track the changes of 

carrier phase and polarization of the received signal. The extracted bit error ratio 

(BER) is used as a metric to quantify the signal quality of each channel and it is 

shown in Fig. 5.2(e) of the main paper. Note that for the interleaved-comb 

experiment, we chose the approach of first recombining the unmodulated combs 

by means of a directional coupler, Fig. B.1(a), and then de-interleaving them 

again by means of the DI stage, Fig. B.2(a), to perform spectral flattening on 

the unmodulated carriers rather than on the densely packed spectrum of the data 
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signals. Equalizing the data signals would unavoidably have led to distortions 

due to spectral variations of the attenuation within individual WDM channels.  

Limitations of the transmission capacity of our experiments were identified by 

investigating the spectrum of the interleaved frequency comb at the monitor 

ports MP1 and MP2 in Fig. B.2(a). A fraction of the spectrum, measured at MP1 

around the frequency of the pump lasers is shown in Fig. B.2(b). The spectrum 

exhibits strong residual ASE noise coming from the pump EDFA of FCG1 and 

FCG2, which passes the relatively wide 0.8 nm BPF centered at the pump fre-

quencies of approximately 192.6 THz. This ASE noise directly deteriorates the 

optical carrier-to-noise power ratio (OCNR) of the tones adjacent to the pump 

frequencies, rendering these carriers unusable in the data transmission experi-

ments. Figure B.2(c) depicts a fraction of the spectrum measured at MP2 and 

centered at the frequency gap between the C and the L bands near 191.4 THz. 

The gap originates from the limited bandwidth of the C- and the L-band WS. 

As can be seen in Fig. B.2(c), there is a strong attenuation of the carriers at the 

low-frequency edge of the C-band. This is caused by a mismatch between the 

passbands of the C/L MUX and the passbands of the WS, see Fig. B.2(d). For 

decreasing frequency, the C-band output of the C/L MUX shows a decreasing 

transmission starting already at 191.7 THz whereas the C-band WS features a 

flat transmission band that goes down to 191.2 THz. For the high-frequency 

edge of the L-band, the passband mismatch does not have any influence because 

the C/L MUX shows perfect transmission for all frequencies that can pass the 

L-band WS. All these impairments are not related to the comb sources and can 

be avoided by using optimized devices and filters with matched passbands. We 

hence believe that there is considerable room for improving signal quality and 

further increasing the overall transmission capacity.  

Another constraint in the data transmission experiments was the limited 

saturation output power of EDFA 2-5. To quantify the influence of the power 

per tone on the BER, an extra experiment is performed with less channels but 

the same spectral efficiency (SE). To this end, we reduce the number of L-band 

channels from 97 to 48. These channels were located in the center of the L band, 

and the number of C-band channels were not changed. In this situation, an 

average BER of 2.3 × 10-3 was obtained for the L-band channels, corresponding 
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to approximately half the averaged BER of 4.7 × 10-3 obtained when all L-band 

carriers were used for transmission. This proves that the current tranmission 

capacity is not limited by the comb source, but by the components of the 

tranmission systems. Note, in addition, that for the interleaved-comb 

experiment the power per carrier at the input of EDFA 1 is reduced compared 

to the single Kerr soliton comb experiment due to an additional directional 

coupler for interleaving the combs and due to a variable optical attenuator 

(VOA) used to adapt the power levels of the two combs, see Fig. B.1(a). This 

explains the slightly worse performance in signal quality of the received 

channels using interleaved frequency combs at the transmitter as compared to 

the signal quality of the received channels when using a single Kerr soliton 

comb at the transmitter. 

B.4  OSNR measurements 

In this section we introduce the formalism used to calculate the theoretical BER 

obtained in a data transmission experiment as a function of the optical signal-

to-noise power ratio measured at the reference bandwidth of 0.1 nm (OSNRref), 

see Fig. 5.2(f) of the main paper. We estimate the required theoretical OSNRref 

per channel as a function of the target BER for different symbol rates. Further-

more, we also examine our experimental measurement results. 

B.4.1 Theoretical required OSNR for error free transmission 
with FEC 

The BER of quadratic K-ary QAM signals with r bits per symbol can be analyt-

ically calculated from the OSNRref (measured for instance with an optical spec-

trum analyzer, OSA) [44], [129]. The basic assumptions are that optical additive 

white Gaussian noise (AWGN) is the dominant source of errors, thus neglecting 

nonlinear effects and electronic noise, and that reception is data-aided, which is 

required to measure directly the experimental BER. The relation for 16QAM, 

where K = 2r = 16, is given by  

 
3 OSNR

BER erfc
8 10

=  , (B.1) 
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where OSNR is the signal-to-noise power ratio, where the noise power is meas-

ured within the signal bandwidth Bs for the same polarization as the signal. The 

signal bandwidth Bs corresponds to the effective bandwidth of a receiver filter 

that is matched to the received pulse shape. For raised-cosine pulses as used in 

our experiments, this bandwidth corresponds to the symbol rate and does not 

depend on the roll-off-factor . The OSNR is related to the commonly used sig-

nal-to-noise power ratio OSNRref, where the signal and noise powers are meas-

ured in both polarizations in a reference bandwidth Bref. 

 ref
ref

s

2
OSNR OSNR=



B

p B
 , (B.2) 

with p = 1 for a single-polarization signal and p = 2 for a polarization-multi-

plexed signal [32]. The reference bandwidth Bref is taken to be 12.5 GHz, which 

corresponds to 0.1 nm resolution bandwidth of an OSA at 1550 nm carrier 

wavelength. If redundancy is included in the coding of the bit stream to reduce 

the BER, Eq. (B.2) is modified by the coding overhead, Oc, to: 

 ref
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Combining Eqs. (B.1) and (B.3), we can derive the required OSNRref for a given 

symbol rate and coding overhead. Figure B.3 shows the theoretical required OS-

NRref per channel for a targeted raw BER of 4.5 × 10-3 with Oc = 7 % coding over-

head as a function of the net symbol rate. In this context, raw BER means the un-

corrected BER obtained before applying forward-error correction (FEC) based on 

the 7 % of redundancy. For example, at a symbol rate of 40 GBd, an OSNRref 

higher than 20 dB is required theoretically to achieve a raw BER below the tar-

geted threshold BER of 4.5 × 10-3, and FEC will allow to bring the BER further 

down to values below 10-15. Note that the OSNRref values provided in Fig. B3 refer 

to the input of the coherent receiver, and hence must be considered as a minimum 

requirement for the OSNRref at the output of the transmitter discussed in Sec-

tion B.6 and specified in Table B.1. Note that in field deployed systems, impair-

ments such as electronic noise or nonlinear effects will increase the required OS-

NRref by the so-called OSNR penalty. The OSNR penalty has been experimentally 

measured for our system at different symbol rates, see Section B.4.2.  
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Figure B.3: Theoretical required OSNRref at the input of the coherent receiver as a function of 

the net symbol rate for a targeted raw BER of 4.5 × 10-3. The plot refers to 16QAM signaling, 

dual-polarization transmission, and a 7 % coding overhead. Raw BER means the BER before 

applying FEC, which can bring the final BER down to values below 10-15.  

B.4.2 OSNR measurements 

In an extra set of experiments, we compare the 16QAM transmission perfor-

mance of individual comb lines of our Kerr soliton frequency comb, featuring 

optical linewidths below 100 kHz, to that of a high-quality ECL reference car-

rier (Keysight N7714A) with an optical linewidth of approximately 10 kHz. As 

a metric for the comparison we use the OSNR penalty. For a given BER, the 

OSNR penalty is given by the dB-value of the ratio of the actually required 

OSNR to the OSNR that would be theoretically required in an ideal transmis-

sion setup, see Section B.4.1 and Fig. B.3. The corresponding setup for OSNR 

penalty measurements is depicted in Fig. B.4(a). We use the frequency comb 

from FCG1, Fig. B.1(a), tap it directly after the FBG, and amplify it by a C/L-

band EDFA (EDFA 1) to bring the comb to a level of approximately 5 dBm per 

carrier – just like in the transmission experiment. The carrier under test is then 

selected by operating the C-band WS as a band-pass filter with a 1.3 nm 

(160 GHz) wide passband and coupled to a C-band EDFA (EDFA 2). The band-

width of the WS is chosen to effectively suppress all the neighboring comb 

lines. For the reference transmission experiments, an ECL with an output power 

of 16 dBm is directly connected to EDFA 2. In both cases, the carrier under test 

is amplified to 24 dBm by EDFA 2 before being modulated in IQ 1 using 

40 GBd PDM-16QAM. To quantify the signal quality, we investigated the BER 
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of the received channel for different OSNRref values. The OSNRref of the signal 

is adjusted by using a noise-loading system, consisting of an ASE noise gener-

ator (EDFA 3) and two VOA. The VOA are used to modify the ASE noise 

power while feeding the preamplifier (EDFA 4) of the receiver with a constant 

optical input power. This assures that the same receiver sensitivity is maintained 

for all OSNRref values investigated. An optical spectrum analyzer (OSA, Ando 

AQ6317B) is used to measure the OSNRref at the input of the receiver. For each 

OSNRref level, signal quality is determined by using the OMA to measure the 

BER after EDFA4 and after an additional BPF.  

A section of the comb spectrum recorded at MP3 and showing four carriers of 

the unmodulated frequency comb is depicted in Fig. B4(b). Here, the carriers 

still exhibit an OCNRref of approximately 50 dB, measured at a reference band-

width of 0.1 nm (12.5 GHz). This value, however, cannot be maintained 

throughout the setup and is reduced by the noise of the subsequent amplifiers. 

After filtering by the 1.3 nm BPF, the carrier under test features an optical 

power of approximately 0 dBm. Note that this is a much lower power level than 

the 16 dBm of output power generated by the ECL. To enable a fair comparison 

that also accounts for the superior per-carrier power levels of the ECL, we de-

cided to use the ECL at its full output power rather than attenuating it to the 

0 dBm provided by the comb source. As a consequence, we find an OCNRref of 

58 dB of the ECL carrier after EDFA 2, which is higher than the 42 dB achieved 

for the amplified comb line at 193.56 THz, see spectra in Fig. B4(c), measured 

at MP4. Note that two noise floor levels can be identified for the comb carrier. 

The high-power spectral shoulder around the carrier, which is used to calculate 

the OCNRref, is caused by the noise of EDFA 1 and is suppressed further away 

from the carrier by the 1.3 nm BPF, whereas the low-power background arises 

from the noise of EDFA 2. Hence, the maximum achievable OSNRref for trans-

mission with the comb line is dictated by ASE noise of the C/L-band EDFA 

(EDFA 1) right after the FCG. Using comb sources with higher output levels 

can help to further increase the signal quality. An exemplary data signal spec-

trum for the ECL (red) and comb (blue) carriers before entering the coherent 

receiver is shown in Fig. B.4(d) as measured at MP5. Both signals are set to the 

same power and the same OSNRref using the VOA.  
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Figure B.4: Comparison of isolated frequency comb carriers with ECL carriers for data trans-

mission. (a) Setup for OSNR penalty measurements: The frequency comb is generated by 

FCG1, see Fig. B.1(a), and amplified by a C/L-band EDFA (EDFA 1). A single carrier is either 

generated by an ECL or selected from the comb by operating the C-band programmable filter 

(WS) as a band-pass filter (BPF) with a 1.3 nm (160 GHz) passband. The carrier under test further 

amplified to 24 dBm by EDFA 2 before being modulated with PDM-16QAM at 40 GBd. To 

adjust the optical signal-to-noise ratio (OSNR) of the signal, a noise-loading system is used, con-

sisting of an ASE noise generator (EDFA 3) and two VOA to modify the ASE noise power while 

feeding EDFA 4 with a constant optical input power. The signal is sent to the receiver where it 

is further amplified and analyzed by an OMA. Labels MP3, MP4 and MP5 represent monitor 

ports where the spectra shown in b, c and d, respectively, were recorded. These spectra have been 

corrected to take into account the tapping ratios of the respective power splitters. (b) Section 

of the frequency comb spectrum (resolution bandwidth RBW = 0.01 nm) as obtained from the 

output of FCG1. The carriers show an OCNR of approximately 50 dB at a reference bandwidth 

of 0.1 nm. (c) Frequency comb (blue) and ECL (red) carriers after EDFA 2. The frequency 

comb carrier shows two noise floor levels: The high-power spectral shoulder around the carrier 

is caused by ASE from the C/ L band EDFA (EDFA 1), which is suppressed further away from 

the carrier by the 1.3 nm-wide BPF, whereas the low-power ASE noise background arises from 

EDFA 2. The OCNR of the ECL carrier amounts to 58 dB, whereas an OCNR of 42 dB is 

achieved for the comb line at 193.56 THz, both measured at a reference bandwidth of 0.1 nm. 

(d) Spectrum of the received modulated data for both the frequency comb and ECL carriers with 

40 GBd PDM-16QAM modulation. 
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Results of the OSNR penalty measurements are depicted in Fig. 5.2(f) of the 

main paper. The carriers derived from the frequency comb source do not exhibit 

any additional implementation penalty in comparison to those generated by the 

reference ECL. However, the higher achievable OCNR provided by the ECL 

may translate into longer transmission link, which makes DKS frequency comb 

sources more suitable for rather short metro and regional distances. Similar re-

sults were also obtained when comparing ECL and comb carriers at symbol 

rates of 28 GBd, 32 GBd and 42.8 GBd.  

In our setup we observe an OSNR penalty of 2.6 dB with respect to the theo-

retical required OSNRref. This value compares well with similar transmission 

experiments [139], [185], [186]. In Ref. [185], an OSNRref penalty of 

approximately 2.5 dB is observe with respect the theoretical required OSNRref 

when transmitting DP-16QAM at 43 GBd. It is reasonable therefore to con-

sider a penalty of 2.5 dB, meaning that an OSNRref per channel of approxi-

mately 22.5 dB is required for error free transmission using FEC with 7% 

overhead [43] at 40 GBd and approximately 23 dB at 50 GBd. In our trans-

mission experiment, described in Fig. 5.3 of the main paper, the minimum 

measured channel OSNRref amounts to 23 dB, measured at a reference band-

width of 0.1 nm. The corresponding channel is at the high-frequency edge of 

the C-band. The measured raw BER for this channel corresponds to approxi-

mately 4.5 × 10-3, which fits the expected required OSNRref derived in the pre-

vious section.

B.5  Coherent reception using a Kerr-soliton 
frequency comb LO 

Figure B.5(a) shows the WDM data transmission setup with a DKS frequency 

comb generator (FCG) as a multi-wavelength source at the transmitter (signal) 

and as a multi-wavelength local oscillator at the receiver (LO). The microres-

onator used at the transmitter side (Tx) corresponds to M1 from Fig. B.1(a). 

To provide the multi-wavelength LO, an additional microresonator (M3) with 

similar line spacing is used at the receiver side. Both combs are matched in 

absolute frequency position by adjusting the microresonators’ temperature. 
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The pump frequency for the signal (LO) comb is 193.56 THz (192.89 THz), 

the on chip pump power is 32.5 dBm (32 dBm) and the temperature is set to 

16.4 °C (23.4 °C). We chose to pump the aforementioned resonances as they 

present the highest power conversion efficiency. The frequency comb obtained 

from M3 features a slightly lower line spacing of approximately 95.70 GHz as 

compared to that of M1, 95.80 GHz, due to fabrication inaccuracies. When 

using the carriers from M3 as LO for coherent intradyne detection, such dif-

ference in line spacing translates into a non-zero intermediate frequency (IF). 

The IF can be brought down to values below 100 MHz near the center of the 

frequency combs at around 191.5 THz but it reaches relatively high frequen-

cies of approximately 4 GHz when coherently demodulating the signals at the 

low frequency edge of the L band and at the high frequency edge of the C 

band. The high IF, however, does not prohibit data transmission as it can be 

removed using digital signal processing after detection of the transmitted sig-

nal with our coherent receiver. However, for high IF, the received signal is 

slightly affected by the limited electrical bandwidth (BW = 33 GHz) of the 

analog-to-digital convertor (ADC) of our coherent receiver. This leads to a 

reduction of the electrical power, and thus of the electrical signal-to-noise ra-

tio, of our baseband signal. The high IF, nonetheless, can be avoided by care-

fully matching the line spacing of the two Kerr soliton frequency comb sources 

during fabrication.  

As in the previous experiments, WDM transmission is emulated by encoding 

independent data streams on adjacent channels, see Fig. B.2(a). To this end, 

the transmitter frequency comb (signal) is de-interleaved into even and odd 

carriers using two programmable filters (WS) for the C band and the L band. 

After amplifying the respective carriers by EDFA 2-5 operated at 24 dBm of 

output power, the C-band and L-band portions of the odd (even) carriers are 

combined by directional couplers and sent through optical IQ-modulators IQ1 

(IQ2). 
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Figure B.5: All-soliton data transmission setup using a dissipative Kerr-soliton (DKS) frequency 

comb as a multi-wavelength local oscillator for coherent detection. (a) Data transmission setup: 

Two independent DKS frequency comb generators provide both the carriers for WDM coherent 

data transmission (signal) and for parallel intradyne detection (LO). At the transmitter side (Tx), 

WDM is emulated by encoding independent data into neighboring carriers. To this end, the comb 

is divided into even and odd carriers by a de-interleaver (DI) stage. As in the previous experiments, 

the DI stage contains a directional coupler (CPL1) that divides the optical power into two parts, 

which are fed to a C-band and an L-band programmable filter (WS) to select even and odd set of 

carriers within the respective band. Each set of carriers is amplified by an additional EDFA to 

compensate for the optical losses caused by the de-interleaving. Next, the C- and L-band carriers 

from each set are recombined by a directional coupler and sent through two different optical IQ-

modulators (IQ1, IQ2). Both modulators are driven by 16QAM drive signals generated by a high-

speed arbitrary waveform generator (AWG) using pseudo-random bit sequences (PRBS) of length 

211 – 1. The symbol rate amounts to 50 GBd, and we use raised-cosine pulse shaping with a roll-

off factor β = 0.1. After combining the signals by a directional coupler (CPL2), polarization division 

multiplexing (PDM) is emulated by splitting the data stream into two paths and recombining them 

on orthogonal polarizations with a decorrelating delay in one path and an attenuator in the other for 

maintaining the same power levels. The PDM signal is amplified and transmitted through a 75 km 

long standard single mode fiber (SSMF). (Caption continued on next page) 
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Figure B.5 continued: At the receiver side (Rx), the LO tones and the transmitted channels are 

filtered and amplified before being coupled to a dual-polarization coherent receiver which per-

forms digital signal processing (DSP) to decode the data and to determine the BER. A polariza-

tion controller (PC) and polarizer are used to adjust the LO-line to the pre-defined input polari-

zation of the coherent receiver. The spectra recorded at monitor ports (MP) 6 and 7 are shown in 

panels b and c. (b) Spectrum of the combined odd and even carriers prior to modulation. The 

flat spectrum is achieved by adjusting the WS to compensate for the power differences of the 

frequency comb carriers and the spectral variations of the EDFA gain profiles. (c) Spectrum of 

the data channels prior to fiber transmission. The spectrum was taken in eight segments with 

individually optimized bias points of the modulators to compensate for the wavelength depend-

ence of the devices.  

Note that the C/L MUX of the de-interleaver (DI) stage from Fig. B.2(a) has 

been replaced by a directional coupler to avoid the power attenuation of the 

carriers at the low-frequency edge of the C-band, which was described in Sec-

tion B.3. The WS are also used to compensate the power differences of the car-

riers and the spectral variations of the EDFA gain profile, thereby producing an 

overall flat spectrum at the input of IQ1 and IQ2, which is to be seen in 

Fig. B.5(b), measured at monitor port MP6. The modulators are driven by 

16QAM drive signals generated by a high-speed arbitrary waveform generator 

(AWG, Keysight M8196A) using pseudo-random bit sequences (PRBS) of 

length 211–1. We use a symbol rate of 50 GBd with raised-cosine pulse shaping 

at a roll-off factor of β = 0.1. The larger analog bandwidth of this AWG (32 

GHz) allowed us to use higher symbol rates as compared to the experiments 

described in Section B.3. Polarization-division multiplexing (PDM) is again 

emulated by temporally delaying one of the polarizations using a delay line 

(DL) and combining on orthogonal polarizations in a polarization beam com-

biner (PBC). The signal spectrum is shown in Fig. B.5(c), measured at monitor 

port MP7. The WDM data stream is amplified and transmitted over 75 km of 

standard single-mode fiber (SSMF). At the receiver (Rx), each transmitted 

channel is selected individually by an optical tunable band-pass filter (BPF), 

followed by an EDFA (EDFA 7) and a second BPF to suppress ASE noise. The 

selected channel is then sent to a dual-polarization coherent receiver which, in 

contrast to the data transmission experiment described in Section B.3, uses a 

spectral line from the Kerr soliton comb at the receiver side as a local oscillator 
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(LO). The portion of the setup that is related to generation and selection of the 

LO carrier is depicted in green in Fig. B.5(a). For detection of channels in the 

C-band, a wavelength-selective switch (WSS) is used to select the LO tone. For 

the L-band, the WSS could not be used for selecting LO tones due to its limited 

optical bandwidth, and we deploy a BPF instead. The selected LO tone is then 

amplified by EDFA 8, filtered by a second BPF to suppress the ASE from the 

EDFA, and fed to the dual-polarization coherent receiver which consists of an 

optical modulation analyzer (OMA, Keysight N4391A) together with two real-

time oscilloscopes (Keysight DSO-X 93204A 80 GSa/s). The detected signal 

undergoes a number of digital post processing stages comprising digital low-

pass filtering, polarization demultiplexing, chromatic dispersion compensation, 

frequency offset estimation, carrier phase estimation and adaptive equalization. 

The block length for performing signal processing is chosen to be 1024 sym-

bols, which is optimized to track the varying physical quantities of the received 

signal, such as carrier phase and polarization. The measured BER (averaged 

from different recordings with a length of 106 bit) for all transmitted channels 

is given in Fig. 5.3(d) of the main paper.

B.6 Energy consumption analysis 

In this section, we investigate the electrical power consumption of DKS-based 

frequency comb sources and compare our results with state-of-the-art integrated 

tunable laser assemblies (ITLA). In the proof-of-concept experiments presented 

in the main paper, the comb generator relies on general-purpose benchtop-type 

research equipment, for which the sum of all power ratings is approximately 

1.3 kW. This number is of course not representative for an industrial implemen-

tation of the comb source in a real communication system, where components 

can be chosen to exactly match the specific requirements of the comb generation 

scheme. For a meaningful analysis of the power consumption, we hence con-

sider dedicated components that correspond to the commercially available state 

of the art, and combine them with specifically designed Si3N4 microresonators 

which are optimized to achieve maximum power of the outermost comb lines 

that are still within the C- and L-band. This leads to an improved optical signal-

to-noise power ratio (OSNR) after amplification and modulation of the 
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generated comb carriers. We conclude Section B.6 with the investigation and 

the comparison of the achievable OSNR for both DKS- and ITLA-based sources 

of carriers for WDM data transmission.  

B.6.1 Electrical power consumption of comb generators and 
ITLA array 

Our experiments described in the previous sections and in the main paper 

demonstrate that chip-scale DKS comb generators are well suited for massively 

parallel coherent WDM transmission, both as a multi-wavelength source at the 

transmitter and as multi-wavelength LO at the receiver. In particular, the con-

cept allows the generation of hundreds of inherently equidistant highly stable 

optical tones, thereby eliminating the need for individual wavelength control of 

each carrier. In addition, DKS can dramatically reduce electrical power con-

sumption as compared to a bank of individual laser modules despite the rather 

low power conversion efficiency of the nonlinear comb generation process. In 

the following section, we investigate the power consumption of different DKS 

comb generation schemes with resonators of different Q-factors in combination 

with either off-the-shelf optical amplifiers or tailored optical amplifiers that fea-

ture optimized power consumption. As a model system, we choose a comb 

source that can generate 114 discrete tones with a spacing of 100 GHz corre-

sponding to the full number of ITU-channels in the C band (1530 nm to 

1565 nm) and the L band (1565 nm to 1625 nm) [187]. We design the coupling 

and the dispersion of the microresonator to find an optimum trade-off between 

high comb power and large bandwidth. It turns out that DKS comb sources have 

the potential to reduce the power consumption by up to an order of magnitude 

in comparison to an array of state-of-the-art integrated tunable laser assemblies 

(ITLA).  

In our analysis, we investigate the electrical power consumption, Pel, of three 

different implementations of DKS comb generators (DKS-1, DKS-2, DKS-3) 

and compare it to the power consumption of an array of state-of-the-art ITLA, 

see Table B.1. DKS-1, DKS-2, and DKS-3 are based on a power-optimized 

scheme depicted in Fig. B.6. The scheme is designed to feature low electrical 

power consumption while providing an optical output power per carrier of 
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13 dBm, which is comparable to the power levels provided by high-quality 

ITLA sources [188]. The DKS comb generator comprises a Si3N4-based micro-

resonator chip, which is driven by a CW laser and a subsequent pump amplifier 

[189], [190]. The wavelength of the pump laser is adjusted by a controller [191], 

and the temperature of operation of the microresonator is kept stable with the 

use of a thermoelectric controller (TEC) [192]. For DKS-1, we assume a micro-

resonator that has the same characteristics, with respect to Q-factor and disper-

sion, as the devices used in our experiments and is pumped at the same power 

level. The frequency comb output from the microresonator is next split into C 

and L bands and amplified by the first comb amplifiers [190] (AMP 1 and 2). 

Tailored gain-equalizing filters are used to correct the power variations between 

the amplified carriers, leading to a flat spectrum. 

 

Table B.1: Electrical power required for the generation of 114 carriers on the C and L bands 

having an optical power of approximately 13 dBm per carrier. DKS-based configurations are 

shown in columns 2-4, and the associated comb generation scheme is depicted in Fig. B.6(a) 

a. DKS-1: off-the-shelf equipment; DKS-2: Off-the-shelf equipment and optimized micro-

resonators; DKS-3: Tailored amplifiers with optimized power consumption and optimized 

microresonators. The last column considers the use of 108 ITLA as source of WDM carriers. 

For each configuration, the last two rows show the minimum and maximum OCNRref (OS-

NRref) that occurs for any channel in the C- or L-band. OCNRref refers to the optical carrier-

to-noise power ratio at the output of the comb generator, i.e., after the DEMUX depicted in 

Fig. B.6 OSNRref refers to the optical signal-to-noise power ratio measured after modulation, 

recombination and re-amplification of the WDM channels, i.e., after AMP 5 and AMP 6 in 

Figure B.9. Both parameters are measured for a reference bandwidth of 0.1 nm.  

 
DKS-1 
Pel (W) 

DKS-2 
Pel (W) 

DKS-3 
Pel (W) 

ITLA 
Pel (W) 

Laser [188] 3.8 3.8 3.8 114  3.8 

Controller [191] 1.0 1.0 1.0 - 

Pump amp. [189], [190] 38.0 12.0 3.5 - 

TEC [192][19] 0.6 0.6 0.6 - 

AMP 1 & AMP 2 [190] 3.0 + 3.0 3.0 + 3.0 0.5 + 0.5 - 

AMP 3 & AMP 4 [189] 25 + 38 25 + 38 12 + 20 - 

Total Pel (W) 112.4 86.4 41.9 433.2 

Max/Min OCNRref (dB) 39.0/35.0 39.0/35.0 39.0/35.0 55 

Max/Min OSNRref (dB) 38.3/34.6 38.3/34.6 38.3/34.6 46.9/45.8 
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These filters can be realized, e.g., by concatenating fiber Bragg gratings with 

different periodicities [193] or by using an acousto-optic tunable filter with 

multi-frequency acoustic signals generated by a single transducer [194]. To ob-

tain the target power level of 13 dBm/carrier, high-power optical amplifiers 

(AMP 3 and 4) are used before separating the carriers by a wavelength demul-

tiplexer (DEMUX) for independent modulation. The DEMUX [195] features a 

channel spacing of 100 GHz and supports 44 channels in the C-band and 70 

channels in the L-band. 

For the DKS-1 scheme, we assume a microresonator with the same Q-factor and 

under the same operation conditions as the LO comb of the transmission exper-

iment depicted in Fig. 5.3 of the main paper. For estimating the OCNRref and 

OSNRref values, we use a comb spectral shape that mirrors the one measured 

during our experiment. To estimate the electrical power dissipation Pel associ-

ated with DKS-1, we assume state-of-the-art off-the-shelf amplifiers that match 

the requirements of gain and optical output power while featuring low electrical 

power consumption, see the corresponding references in first column of Ta-

ble B.1. This leads to a total power consumption of approximately 110 W for 

generation of 114 carriers – less than one third of the power consumption ob-

tained for 114 independent ITLA.  

For the DKS-2 and DKS-3 scheme, we assume Si3N4 microresonators having 

intrinsic Q-factors of 6 × 106 with dispersion and coupling parameters that were 

optimized for maximizing the power of the outermost comb lines that are still 

within the C- and L-band, see Section 5.2 and Refs. [90], [173], [196] for details. 

The assumption of a Q-factor of 6 × 106 is based on recent reports about Si3N4 

microresonators resonators, where optimized fabrication processes have led to 

Q-factors even exceeding 6 × 106, both in devices with normal [172] and 

anomalous [173] GVD. While DKS-2 is still based on state-of-the-art off-the-

shelf amplifiers, DKS-3 assumes tailored optical amplifiers that have the high-

est electrical-to-optical power conversion efficiency [197]. This results in DKS-

3 having a total power consumption of approximately 42 W for generation of 

114 carriers – more than an order of magnitude below the power consumption 

of the considered ITLA array. 
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Figure B.6: Power-optimized setup for DKS frequency comb generation and amplification for 

data transmission. A tunable CW laser followed by a pump amplifier are used to drive the micro-

resonator. The operation temperature of the microresonator is kept stable by a TEC. After sepa-

rating the C and L band tones by a C/L-band DEMUX, the tones of each band are amplified by 

the comb amplifiers AMP 1 and 2. Optical filters compensate the spectral power variations 

among the carriers of the frequency comb in each band. High-power optical amplifiers AMP 3 

and 4 are used before the wavelength demultiplexer (DEMUX) to obtain the target power level 

of ~ 13dBm per carrier 

Naturally, the amplifiers used to boost the optical power of the comb lines re-

duce the optical carrier-to-noise power ratio (OCNR) with respect to the carriers 

from an ITLA, which do not need to be amplified prior to modulation. This 

reduction of the OCNR was investigated analytically, as discussed in Sec-

tion B.6.3, and the results were verified by simulations using the commercial 

tool OptSim [198]. The last two rows of Table B.1 give the results of the inves-

tigation. The Max/Min OCNRref values of Table B.1correspond to the maxi-

mum and minimum values of the OCNR for the DKS frequency comb carriers 

and for the ITLA carriers within the C- and L-band prior to modulation, meas-

ured at a reference bandwidth of 0.1 nm. For the DKS frequency comb carriers, 

OCNRref was measured at the output of the DEMUX, see Fig. B.6, whereas it 

was taken from the datasheet of a commercial device for the case of the ITLA 

carriers [188]. Using DKS sources leads to optical carriers with OCNRref values 

that range from 35.0 dB to 38.5 dB. The difference between the maximum and 

the minimum OCNRref values is due to the difference in power between the 

comb carriers over the whole C and L band and due to the difference in noise 

figure between the C and L band amplifiers. The Max/Min OSNRref values of 

Table B.1 give the maximum and minimum values of the OSNR, measured at a 
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reference bandwidth of 0.1 nm, for the DKS frequency comb and ITLA tones 

after modulation, multiplexing and re-amplification, prior to transmission 

through the single-mode fiber. Due to the amplified spontaneous emission 

(ASE) noise added during re-amplification of the DKS-based channels, the OS-

NRref of the DKS comb generator and the ITLA differ much less than the asso-

ciated OCNRref. Furthermore, the DKS-based channels exhibit OSNRref values 

above 34.5 dB, which would correspond to theoretically achievable BER of less 

than 10-34 for 50 GBd 16QAM transmission assuming impairments only by ad-

ditive white Gaussian noise, without inter-symbol interference [129]. This is a 

purely virtual value, much smaller than any BER relevant to real-world 16QAM 

systems which are deteriorated by noise and are typically operating at BER val-

ues of more than 10-6. This analysis shows that DKS comb tones will not exhibit 

any practically relevant impairment of transmission performance in comparison 

to much more power hungry arrays of individually stabilized ITLA. For details 

on the analytical OSNR calculation, refer to Section B.6.3.  

It is further worth noting that DKS comb generators are particularly advanta-

geous when large numbers of carriers are to be generated. Fig. B.7 shows the 

dependence of the electrical power consumption per carrier on the total number 

of carriers for the implemented three DKS comb generation configurations. The 

power consumption per line for DKS comb sources decreases considerably with 

the number of lines. With only 20 lines, the DKS-3 scheme already exhibits a 

power consumption per line which is half of that required by ITLA sources. 

Note that Fig. B.7 is based on the assumption that the amplifiers used for DKS 

frequency comb generation consume constant electrical power. This may lead 

to an overestimation of the power consumption since the electrical pump power 

of the EDFA can be reduced if only a few comb lines are to be utilized. More-

over, we did not consider that the design of the microresonator can be adapted 

for power-efficient generation of narrowband combs, see Section B.2 below. In 

addition, the power consumption per carrier when using an ITLA array is con-

sidered constant. This may not be the case if techniques to synchronize all opti-

cal sources, e.g. through frequency locking, are employed. Fig. B.7 hence rep-

resents a rather conservative estimation of the performance that can be achieved 

with DKS comb sources.  
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Figure B.7: Electrical power consumption per carrier as a function of the number of carriers. We 

compare the power consumption of the DKS comb generation schemes detailed in Table B.1 and 

Fig. B.6 (DKS-1, DKS-2, DKS-3) to that of an array of integrated tunable laser assemblies 

(ITLA). 

B.6.2 Dispersion and coupling parameters of SiN  
microresonators 

In this section, we explain the optimization of the microresonator carried out to 

maximize the achievable OSNR of a DKS frequency comb. For a given input 

power, such optimization is done by maximizing the optical power of the outer-

most lines of the C and L band of the frequency comb, which have the lowest 

power and hence limit the achievable OSNR. It turns out that for a moderate 

input power of Pin = 400 mW or 26 dBm, which allows the use of a pump am-

plifier with low power consumption, we obtain OSNRref values higher than 

35 dB, which are more than sufficient for real-world communication systems, 

see discussion in Section B.6.1. In addition, we investigate the power conver-

sion efficiency of the DKS comb source, and the bandwidth of the frequency 

comb.  

To maximize the power of the weakest lines at the edges of the C and L band, 

the group velocity dispersion (GVD) and the coupling rate of the microresonator 

to the external waveguide, ex , are varied within values that can be engineered 

by varying the Si3N4 waveguide dimensions as well as the resonator-to-wave-

guide distance in combination with specially designed coupling regions [173], 

[196]. The analytical expression for the line power, in Watts, of the DKS fre-

quency comb at the output of the microresonator, solved in the limit of low 

resonator loss, is given by [21]:  
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where ( )0 1  = − D  is the comb mode index relative to the pumped mode, 

1 2D  is the free spectral range, 2 2D  is the per-resonance frequency shift 

due to GVD, g/2π is the nonlinear coupling constant or Kerr frequency shift per 

photon, inP  is the input pump power, and 0 ex  = +  is the total cavity loss-

rate including the internal loss rate, 0 , and the coupling rate to the external 

waveguide, ex . In our model, we set a realistic value of internal loss rate to 

κ0 = 2π × 30 MHz (which corresponds to the intrinsic Q ~ 6 × 106) [173] and 

the nonlinear coefficient is assumed to amount to g = 2π × 0.27 Hz. In addition, 

we assume that the soliton operates at the maximum pump-cavity resonance 

detuning, which corresponds to the maximum output power and the broadest 

comb spectrum available for the given pump power [21], [177]. Note that 

Eq. (B.4) is based on the assumption of high resonator finesse [199] and is hence 

not valid any more as the loss of the resonator  is increased to large values. For 

a comprehensive study over a broader range of values, we therefore perform 

simulations using the Lugiato-Lefever equation to retrieve the spectral envelope 

of the DKS frequency comb [155]. Figure B.8a shows the optical power of the 

weakest line within the C and L-band attained through these simulations when 

the dispersion parameter 𝐷2 2𝜋⁄  and the ratio between the external coupling and 

the intrinsic loss 𝜅𝑒𝑥 𝜅0⁄  are varied from 0.2 to 2.0 MHz and from 1 to 25, re-

spectively. We find that there exists an optimal value for κ and 2 2D  where 

the weakest line of the frequency comb within the C and L band is maximized. 

We find that for ex 2 525  = MHz and 2 2 0.4 =D MHz the outermost line 

reaches a maximum power of 46 µW or -13.4 dB, which allows OCNRref values 

above 35 dB for the comb carriers obtained from DKS-2 and DKS-3 comb 

generation and amplification schemes. The power consumption, OCNRref and 

OSNRref values of Table B.1, for DKS-2 and DKS-3 configurations, have been 

derived considering such optimized microresonators. Figure B.8(b) depicts the 

values of the ratio, in dB, between the power of the strongest and the weakest 

comb line within the C and L band. For the optimum values of ex  and 2 2D  

a ratio of 5 dB is obtained, which is comparable to the approximately 6 dB of 

power ratio observed in our measurements. 
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Figure B.8: Optimization of minimum comb line power by varying the cavity GVD parameter 

D2 and the coupling rate ex. (a) Heat map for minimum comb line power as a function of D2 

and ex The crosses mark the comb spectra depicted in c. with ‘D’ indicating the ideal point where 

a global maximum of the power of the weakest comb line within the C and L band is achieved. 

(b) Map of the comb line power variation as maximum/minimum comb power in dB as a function 

of D2 and ex, with the same highlighted points as in a. (c) Frequency comb spectrum corre-

sponding to the data points A to D from panels a. and b. The plotted frequency range corresponds 

to C and L-band. Comb D exhibits an optimal balance between a high total output power as well 

as the broadest bandwidth, allowing for an increased OCNR and OSNR per carrier. 

Figure B.8(c) contains four comb spectra taken from the points marked as 

crosses on Fig. B.8(a),(b). The interplay between spectral broadening and over-

all power increase is well demonstrated. In general, decreasing the dispersion 

D2 tends to increase the bandwidth while reducing the total comb power. Con-

versely, increasing the resonator coupling ex  leads to an increase in total comb 

power but a reduction in the soliton bandwidth. This is due to more light escap-

ing the cavity, and consequently reducing the conversion efficiency from the 

pump to the comb lines. Hence, for a given value of dispersion D2 there exists 

an optimum value of ex  that maximizes the power of the weakest line at the 
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edge of the C and L-band. In Fig. B.8(a), these values are indicated by points A 

to D for four values of D2. Point D corresponds to the overall maximum that can 

be achieved by optimization of both parameters.  

In addition, we have analyzed the power conversion efficiency, Γ, of the DKS 

comb sources for the same range of values for ex  and 2 2D . The general 

expression can be calculated as [156], [200]  
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P D
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where 
sol

outP is the total soliton power exiting the microresonator. For the 

optimum values ex  and 2 2D , the power conversion efficiency amounts to 

2.5 %, greatly improving the maximum value of 0.6 % observed in the 

experimental setup. 

B.6.3 OSNR for DKS and ITLA WDM sources 

The OCNRref and OSNRref values shown in Table B.1 have been obtained 

through an analytic study of the amplified stimulated emission (ASE) noise 

power generated after amplifying the initially low-noise frequency comb carri-

ers using a chain of amplifiers. To verify the results of our analysis, the DKS 

frequency comb generation setup shown in Fig. B.6 has also been simulated. In 

both the analytical calculations and simulations, the gain of the optical amplifi-

ers is assumed to be constant across the bandwidth occupied by the frequency 

comb. This assumption can be justified by the amplifier specifications of differ-

ent EDFA manufacturers which assure variations of gain to be lower than 1 dB 

[201]. ASE noise was quantified by the noise figure of the comb amplifiers. 

Optical amplifiers for the L band are assumed to feature a 1 dB higher noise 

figure with respect to their counterparts in the C band [201], [202]. In our model, 

we consider a noise figure of 4 dB (5 dB) for the C band (L band) comb ampli-

fier AMP 1 and a noise figure of 6 dB (7 dB) for the C band (L band) comb 

amplifier AMP 2, which are the maximum noise figure values specified for the 

corresponding amplifiers and should hence lead to a 
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Figure B.9: Communication setup assumed for estimating the OSNR levels that can be achieved 

with the various DKS-based comb generation schemes discussed in Table B.1. The DKS fre-

quency comb generator is described in more detail in Fig. B.6. The carriers are modulated by 

dual polarization coherent transmitters (DP Tx). The C- and L-band signals are re-amplified by 

separate booster amplifiers AMP 5 and AMP 6, combined by a C/L-band MUX, and transmitted 

through 75 km of single-mode fiber (SMF). At the receiver, the channels are demultiplexed and 

sent through a pre-amplifier before detection by a dual-polarization coherent receiver (DP Rx). 

conservative estimate of the OSNR. The noise figure of the amplifiers is also 

assumed to be flat within the bandwidth occupied by the frequency comb. More-

over, insertion loss values of all the passive components were also taken into 

account. The C/L-band DEMUX feature a 0.5 dB insertion loss, the gain-equal-

izing filters, which compensate for the power difference between comb carriers, 

present an insertion loss of approximately 5 dB in addition to the wavelength-

dependent attenuation profile required for gain flattening [203], and the wave-

length DEMUX is considered to have 3 dB insertion loss [195]. For the calcu-

lation of the OSNRref obtained after modulation and re-amplification by booster 

amplifiers AMP 5 and 6 and prior to transmission through the single-mode fi-

ber, we further need to quantify the optical losses associated with modulating 

data signals onto the carriers and with recombining these carriers into the trans-

mission fiber, see Fig. B.9. To this end, we assume state-of-the-art dual-polari-

zation IQ modulators with 13 dB of insertion loss for each polarization [110], 

[204] along with a modulation loss of 2.55 dB, corresponding to the peak-to-

average symbol power ratio of 16QAM signals [205]. To recombine the chan-

nels into the single-mode transmission fiber, an optical multiplexer (MUX) and 

a C/L-band MUX with 3 dB and 0.5 dB of insertion loss, respectively, are con-

sidered. For re-amplification of the modulated signal by AMP 5 (6), we assume 
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an amplifier with a noise figure of 5.5 dB (6.5 dB) for the C (L) band. The out-

put power is set such that the power per channel is 0 dBm, which is the typical 

launch power per channel into standard single mode fibers (SSMF) to reduce 

the nonlinear impairments while optimizing the channel OSNR [107], [108].  

Note that the comb amplifiers AMP 1 … AMP 4 in Fig. B.9 are deliberately 

placed between the comb generator and the respective DEMUX. In fully inte-

grated schemes, it would be desirable to avoid amplifiers before the modulators. 

However, due to the low comb line powers directly after the resonator and the 

generally high insertion loss of the IQ modulators, such schemes would lead to 

low power levels at the input of the transmitter booster amplifiers AMP 5 and 

AMP 6 and the OSNRref of the transmitted signal would drop to values below 

23 dB. For this reason, placing of an EDFA prior to modulation is a common 

approach in most comb-based transmission schemes [97]. 

Figure B.10 shows the spectrum obtained from our simulation using the com-

mercial tool OptSim [198]. The spectrum exhibits a maximum OCNRref of 

39 dB for the leftmost comb line in the C-band and a minimum OCNRref of 

35 dB for the leftmost comb line in the L-band. These values are in accordance 

with the OCNRref values measured in our experiments, which amount to 35 … 

39 dB for the single comb, and to 30 … 37 dB for the interleaved combs. In 

contrast to that, the experimentally measured OSNRref values of the data signal 

typically amount to 20 … 24 dB (23 … 27 dB) for the case of the interleaved-

comb (single-comb) experiment. This is significantly below the values of more 

34 dB that can be expected when using optimized equipment, see Table B.1. 

The low OSNRref in the experiment is caused by a rather high insertion loss of 

the electro-optic modulators that we used in our experiment, which lead to low 

power levels coupled into the subsequent EDFA (EDFA 6 in Fig. B.2).  

The simulations are confirmed by an analytical estimation. To this end, we start 

from the input signal power 0P  to Comb Amplifiers #1 & #2 and derive the 

OSNR from the noise figure of the system.  
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Figure B.10: Merged plot of the amplified frequency comb spectra, at the output of amplifiers 

AMP 3 and AMP 4, in Fig. B.9, after accounting for the subsequent DEMUX insertion loss. The 

spectra are obtained from our simulation using the commercial tool OptSim [198]. RBW: reso-

lution bandwidth. 

For an output signal power Ps and ASE noise power PASE, the OSNR is given 

by the equation: 

 s

ASE

OSNR =
P

P
  (B.6) 

with Ps and PASE given by [206] 

 s 0=P G P  , (B.7) 

 ( )ASE ref 1= −P h B F G  , (B.8) 

where G is the EDFA gain, h is the Planck constant, v is the input signal’s center 

frequency, Bref is the noise reference bandwidth (centered at v) and F is the noise 

figure of the EDFA. For a chain of amplifiers connected by passive components 

with power transmission factor α, 0 1  , the total gain Gt and the noise fig-

ure Ft of the system are given by 
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Using Eqs. (B.6) to (B.10), the maximum and minimum OCNRref and OSNRref 

values of the DKS frequency comb generation and amplification configurations 

given in Table B.1 are calculated analytically. These values are also found to be 

in accordance with the simulations results. Note that the DKS frequency comb 

generation setup assumed in Table B.1 already contains the booster EDFA 

(AMP 5 and AMP 6 in Fig. B.9) after the modulator. For transmission over a 

distance of 75 km, the OSNRref measured after a state-of-the-art preamplifier 

[207] (Pre-Amp. In Fig. B.9) would be 2 dB below the OSNRref values at the 

transmitter that are specified in Table B.1.  

In addition to the ASE noise introduced by the various amplifiers, nonlinear 

interference noise will also influence the OSNR at the receiver. For a quantita-

tive analysis, we consider the 50 GBd PDM-16QAM transmission experiment 

in which we use a DKS comb generator as a source of LO tones, see Fig. 5.3 of 

the main paper. We assume typical parameters for the transmission fiber such 

as a nonlinearity coefficient of γ = 2 W-1km-1, a dispersion coefficient of β2 = 20 

ps2/km, and a fiber loss coefficient of a = 0.2 dB/km. The average input power 

to the transmission fiber was assumed to be 0 dBm per channel, which matches 

our laboratory experiment. For the estimation, we use the model described in 

Ref. [30]. After the first 75 km transmission link, we estimate an effective OS-

NRNL of approximately 32.5 dB, which would correspond to an OSNRref,NL of 

38.5 dB, taking into account nonlinear interference noise from self-phase mod-

ulation, cross-phase modulation, and four-wave maxing, but no ASE noise from 

any EDFA deployed in the system. After an additional 75 km link, the OSNRNL 

(OSNRref,NL) reduces to 29 dB (35 dB). These OSNRref numbers are comparable 

to the values estimated at the output of the transmitter when taking into account 

only the ASE noise of the various EDFA, but no fiber nonlinearities. We hence 

conclude that in optimized systems, fiber nonlinearities may have significant 

impact even for transmission over rather short distances that are typically found 

in metro and regional networks. These impairments can be compensated by ex-

ploiting the strong correlation of frequency variations of the comb carriers [34] 

– another key advantage of comb-based transmission schemes, leading to better 

signal quality and allowing higher capacity and reach. Note that the OSNRref,NL 

values estimated for nonlinear impairments are much higher than the OSNRref 

of approximately 23 dB that we actually measured in our current experiment. 
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We hence conclude that nonlinearities of the transmission fiber did not signifi-

cantly impact signal quality of our experiment  

[End of Methods and Supplementary Information of journal publication [J1]] 
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D. Glossary 

D.1 List of Abbreviations 

16QAM 16-state quadrature amplitude modulation 

32QAM 32-state quadrature amplitude modulation 

ADC Analog-to-digital converter 

ASE Amplified spontaneous emission 

AWG Arbitrary waveform generator 

AWGN Additive white Gaussian noise 

BER Bit-error ratio 

BPD Balanced photodetector 

BPF Band-pass filter 

BPS Blind phase search 

CAGR Compound annual growth rate 

CD Chromatic dispersion 

CMA Constant-modulus algorithm 

CMOS Complementary metal oxide semiconductor 

CPL Directional coupler 

CPR Carrier phase recovery 

CW Continuous wave 

DAC Digital-to-analog converter 

DC Data center, direct current 
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DEMUX Wavelength demultiplexer 

DFB Distributed feedback 

DKS Dissipative Kerr soliton 

DL Delay line 

DP Dual-polarization 

DSP Digital signal processing 

ECL External-cavity laser 

EDFA Erbium-doped fiber amplifier 

ENOB Effective number of bits 

EO Electro-optic 

ESA Electrical spectrum analyser 

EVM Error-vector magnitude 

FBG Fiber Bragg grating 

FCG Frequency comb generator 

FEC Forward-error correction 

FG Function generator 

FM Frequency modulation 

FP Fabry-Perot 

FPC Fiber polarization controller 

FWHM Full width half maximum 

FSR Free spectral range 

GSLD Gain-switched laser diode 

GVD Group velocity dispersion 
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HNW Highly-nonlinear waveguide 

IF Intermediate frequency 

IoT Internet-of-things 

IQ In-phase/quadrature 

ITLA Integrated tunable laser assembly 

ITU International telecommunication union 

LF Lensed fiber 

LIDAR Light detection and ranging 

LO Local oscillator 

MBE Molecular beam epitaxy 

MI Modulation instability 

MIMO Multiple-input multiple-output 

MLLD Mode-locked laser diode 

MUX Wavelength multiplexer 

MZM Mach-Zehnder modulator 

NF Notch filter 

NIST National Institute of Standards and Technology 

OCNR Optical carrier-to-noise ratio 

OFDM Orthogonal frequency division multiplexing 

OH Optical hybrid 

OMA Optical modulation analyzer 

OOK On-off-keying 
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OSA Optical spectrum analyzer 

OSNR Optical signal-to-noise ratio 

PAM-4 Four-levels pulse amplitude modulation 

PBC Polarization beam combiner 

PBS Polarization beam splitter 

PC Polarization controller 

PD Photodiode 

PDF Polarization-division multiplexing 

PDM Polarization division multiplexing 

PMD Polarization mode dispersion 

POF Programmable optical filter 

PRBS Pseudo-random bit sequence 

PSCF pure silica-core fiber 

PSK Phase-shift keying 

PTB Physikalisch-Technische Bundesanstalt 

QD Quantum dash 

QPSK Quadrature phase-shift keying 

RC Raised-cosine 

RF Radio-frequency 

RIN Relative intensity noise 

SCH Separate confinement heterostructure 

SDM Spatial division multiplexing 

SE Spectral efficiency 
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SiN Silicon nitride 

SMF Single-mode fiber 

SNR Signal-to-noise ratio 

SOA Semiconductor optical amplifier 

SOH Silicon-organic hybrid 

SPM Self-phase modulation 

SSMF Standard single-mode fiber 

TDFA Thulium-doped fiber amplifier 

TEM Transmission-electron microscope 

TEC Thermo-electric cooler 

USA United states of America 

VCSEL Vertical-cavity surface-emitting laser 

VOA Variable optical attenuator 

VSA Vector signal analyzer 

WDM Wavelength division multiplexing 

WSS Wavelength-selective switch 

XPM Cross-phase modulation 

ZB Zettabyte  

D.2 List of mathematical symbols  

Greek symbols 

  Fiber attenuation coefficient in dB/km 

  Roll-off factor of raised-cosine signal 
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  Power conversion efficiency 

  Cold cavity detuning 

  Phase difference 

 f  Resolution bandwidth 

f  Optical linewidth 

  Differential group delay 

0  Cavity internal loss-rate 

ex  External coupling rate 

  Wavelength 

ν Comb line index 

2
  Phase noise variance 

0  Observation time 

( ) t  Intrinsic time-varying phase of a carrier 

0 ( ) t  Phase noise of the center comb line 

R ( ) t  Phase noise caused by fluctuations of the round-trip time  

s ( ) t  Phase modulation of a carrier 

  Angular frequency 

Latin symbols 

A Spectral power of the frequency noise in a given range 

B  Bandwidth 

refB  Reference bandwidth for noise power evaluation 

c  Speed of light 
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C Shannon capacity 

C  Dispersion parameter 

iD  Taylor expansion coefficients for cavity modes 

( )E t  Optical signal amplitude 

( )E t  Complex representation of the optical signal 

f Frequency 

0f  Frequency offset 

BWf  Bandwidth of the frequency comb 

cf  Center frequency of the frequency comb 

ff  Frequency of the right-most comb line 

if  Frequency of the left-most comb line 

rf  Free spectral range 

( )instf t  Instantaneous optical frequency fluctuations 

F Optical amplifier noise figure 

g  Single-photon Kerr frequency shift 

g Power transmission factor 

G  Optical amplifier gain 

h  Planck's constant 

( )H f  Raised-cosine filter 

( )i t  Complex time-domain photocurrent 

K Number of symbols or constellation size 
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L WDM channels 

M  Number of fiber spans in a transmission link 

sR  Symbol rate 

n  Linear refractive index of a waveguide 

2n  Nonlinear refractive index of a waveguide 

N Number of processed symbols 

0N  Noise spectral power density 

Oc Coding overhead 

p  1 (2) for single polarization (polarization multiplexed) signal 

P  Optical power 

elP  Electrical power consumption 

Q  Quality factor 

sR  Symbol rate 

( )S t  Power-spectral-density-function 

ST  Symbol duration 

effV  Nonlinear optical effective mode volume 
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