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Abstract (German)

Optische Frequenzkdmme haben sich in den letzten Jahren zu einem viel-
seitigen Werkzeug im Bereich der Optik und Photonik entwickelt. Sie er-
moglichen den Zugang zu einer Vielzahl von schmalbandigen Spektrallinien,
die einen breiten Spektralbereich abdecken und gleichzeitig hochgenau de-
finierte Frequenzen aufweisen. Dadurch wurden Experimente in vielféltigen
Anwendungsgebieten ermdglicht, zum Beispiel in den Bereichen optischer
Atomuhren, der Prizisionsspektroskopie, der Frequenzmesstechnik, der Di-
stanzmesstechnik und der optischen Telekommunikation. Allerdings umfassen
iibliche Frequenzkammquellen und die jeweiligen Laboraufbauten typischer-
weise komplexe opto-elektronische und opto-mechanische Anordnungen, wel-
che aufgrund von Baugrofe und fehlender Robustheit gegeniiber Umweltein-
fliissen wie Temperatur bislang kaum Einzug in breitere industrielle Anwen-
dungen gefunden haben. Diese Arbeit legt deshalb ein besonderes Augenmerk
auf die praktische Nutzbarkeit von frequenzkamm-basierten Systemen in in-
dustriellen Anwendungen. Im Fokus stehen dabei Robustheit, Kompaktheit und
flexible Anpassungsmoglichkeiten an die jeweilige Anwendung. Das bezieht
sich sowohl auf die Frequenzkammquellen selbst, als auch auf die zugehorigen
anwendungsspezifischen optischen Systeme, in welchen die Frequenzkdmme
genutzt werden.

In der vorliegenden Arbeit wird das Potential elektro-optischer Frequenzkam-
me in der optischen Messtechnik sowie der optischen Kommunikationstechnik
anhand ausgewihlter experimenteller Demonstrationen untersucht. Als Mittel
zur Realisierung miniaturisierter optischer Systeme mit einem Flidchenbedarf
von wenigen Quadratmillimetern wird die photonische Integration in Silizium
verfolgt. Ein integriertes System zur Frequenzkamm-basierten Distanzmes-
sung sowie integriert-optische Frequenzkammquellen werden demonstriert.

Die Erzeugung von Frequenzkdmmen durch Dauerstrichlaser in Kombination
mit elektro-optischen Modulatoren ist dabei ein besonders vielversprechen-
der Ansatz. Zwar werden dabei iiblicherweise kleinere optische Bandbreiten
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erzielt als bei der weitverbreiteten Frequenzkammerzeugung durch modenge-
koppelte Ultrakurzpulslaser oder durch Kerr-Nichtlinearitiiten, aber es bieten
sich andere wertvolle Vorteile an. So erlaubt die elektro-optische Kammerzeu-
gung beispielsweise eine nahezu freie Wahl der Mittenfrequenz durch Aus-
wahl oder Einstellung des Dauerstrichlasers. Durch den Einsatz verschiedener
Laser konnen sogar gleichzeitig mehrere Frequenzkdmme unterschiedlicher
Mittenfrequenz erzeugt werden, was sich in verschiedenen Anwendungen vor-
teilhaft ausnutzen lésst. Dies wird in dieser Arbeit anhand zweier Beispiele aus
der optischen Messtechnik demonstriert, siche Kapitel 3 und Kapitel 5. Der
Kammlinienabstand ist bei elektro-optisch erzeugten Kémmen definiert durch
die elektronisch erzeugte Modulationsfrequenz. Das bietet mehrere Vorteile:
Der Linienabstand ist frei einstellbar, sehr stabil, und einfach riickfithrbar auf
einen Frequenzstandard. Der Verzicht auf einen optischen Resonator macht
die Kammaquelle robust gegeniiber Umwelteinfliissen wie z.B. Vibration. Zu-
dem machen Fortschritte bei der Entwicklung von hochintegrierten optischen
Modulatoren auf Silizium eine Umsetzung der Frequenzkammquellen in Sili-
ziumphotonik méglich. Die erste derartige Komponente und deren Anwendung
in der optischen Telekommunikation wird in Kapitel 6 vorgestellt. Photonische
Integration in Silizium bietet auBerdem das Potential, miniaturisierte optische
Systeme mit vielfiltiger Funktionalitiit zu realisieren. Solche Systeme zeichnen
sich durch extrem kleinen Platzbedarf, Kompatibilitdt mit hochentwickelten
und massentauglichen Fertigungstechniken aus der CMOS-(Complementary
Metal-Oxide-Semiconductor)-Mikroelektronik und durch die Moglichkeit zur
Kointegration elektronischer Schaltungen auf demselben Chip aus. Die hohe
Integrationsdichte eroffnet die Perspektive, optische Systeme z.B. fiir Sensorik
tief in industriellen Maschinen zu integrieren.

Kapitel 1 gibt eine kurze Einfiihrung in optische Frequenzkimme und deren
vielfiltige Anwendungen in Wissenschaft und Technik. Der Stand der Technik
zu unterschiedlichen Ansitzen zur Frequenzkammerzeugung und deren jewei-
ligen Eigenschaften werden diskutiert, und es werden die Vorziige der in dieser
Arbeit verwendeten elektro-optischen Frequenzkdmme erldutert. Des Weiteren
wird die Integration photonischer Systeme und Bauelemente auf Silizium vor-
gestellt. Schlieflich werden die sich ergebenden Vorteile bei der Anwendung
in optischer Messtechnik und optischer Telekommunikation diskutiert.

Kapitel 2 fasst die physikalischen Grundlagen der Arbeit zusammen. Die Funk-
tionsprinzipien elektro-optischer Modulatoren werden beschrieben sowie de-
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ren Anwendung zur Erzeugung von Frequenzkdmmen. Zusitzlich wird das
Konzept sogenannter synthetischer Wellenlidngen eingefiihrt, welches in der
optischen Distanzmesstechnik Anwendung findet.

Kapitel 3 beschreibt ein Prinzip zur Distanzmessung mittels zweier elektro-
optischer Frequenzkdmme zur kontaktlosen Vermessung technischer Objekte.
Die Leistungsfihigkeit des Ansatzes wird durch eine Erfassung von ausge-
dehnten Oberfliachenprofilen in Form von Punktwolken demonstriert, wobei
eine verhiltnismdBig kurze Messzeit von 9.1 us pro Punkt ausreichend ist.
Dabei wird der faseroptisch angebundene Sensorkopf von einer Koordinaten-
messmaschine iiber die Oberfliche bewegt. Durch Temperaturschwankungen
im faser-optischen Aufbau ausgeloste Messabweichungen werden durch die
Messung mit Lasern unterschiedlicher Emissionsfrequenz kompensiert.

Kapitel 4 beschreibt ein integriert-optisches System auf Silizium zur frequenzkamm-
basierten Distanzmessung. Das System beinhaltet das zum Heterodynempfang
genutzte Interferometer inklusive eines einstellbaren Leistungsteilers sowie der
Photodetektoren. Der Platzbedarf aller Komponenten auf dem Siliziumchip
betriigt 0.25 mm?. Der Chip wird in dem in Kapitel 3 eingefiihrten Messverfah-

ren eingesetzt, wobei Distanzmessungen mit Root-mean-square-Fehlern von

3.2 um und 14 ps Erfassungszeit demonstriert werden.

Kapitel 5 stellt ein Distanzmesssystem vor, bei welchem eine grobauflosende
Phasenlaufzeitmessung mit grolem Eindeutigkeitsbereich mit einer interfero-
metrischen Distanzmessung mit synthetischen Wellenldngen zur Verfeinerung
der Messgenauigkeit kombiniert wird. Die durch vier Laser erzeugten syn-
thetischen Wellenlingen bzw. die Frequenzabstinde der Laser werden zeit-
gleich zur Distanzmessung mittels eines auf elektro-optischer Modulation ba-
sierenden Verfahrens vermessen. Durch diese Referenzierung wird der Einsatz
freilaufender Laser ohne Wellenldngenstabilisierung ermoglicht. Es werden
Messraten von 300 Hz und Genauigkeiten im Mikrometerbereich erreicht.

Kapitel 6 beschreibt die weltweit erste Demonstration elektro-optischer Fre-
quenzkammaquellen auf Silizium und die hierzu genutzte hybride Material-
plattform aus Silizium und organischen Materialien (Silicon-Organic Hybrid,
SOH). Spektral flache Frequenzkdmme mit 7 Linien innerhalb von 2 dB und
Linienabstinden von 25 GHz und 40 GHz werden erzeugt. Die praktische An-
wendbarkeit solcher Frequenzkdmme wird durch eine Reihe von Dateniibertra-
gungexperimenten demonstriert. Die einzelnen Kammlinien dienen als Triger
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fiir Daten in einem Wellenlingenmultiplex-System, womit eine spektral effi-
ziente Dateniibertragung mit Datenraten von iiber 1 Tbit/s iiber Distanzen von
bis zu 300 km demonstriert wird.

Kapitel 7 fasst die Ergebnisse der vorliegenden Arbeit zusammen und gibt einen
Ausblick auf die Moglichkeiten, die sich durch weiterentwickelte Kammquel-
len und fortschreitende Moglichkeiten in der photonischen Integration ergeben.
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Preface

In recent years, optical frequency combs have evolved into a versatile tool
in the field of optics and photonics. Offering a multitude of highly coher-
ent narrowband optical tones that cover a broad spectral range, frequency
combs have unlocked a wide range of applications in the fields of optical
high-precision time-keeping and frequency metrology, precision spectroscopy,
distance metrology and optical telecommunications. However, conventional
frequency comb sources and the associated laboratory set-ups typically com-
prise rather complex opto-electronic and opto-mechanical arrangements which,
due to their size and sensitivity to environmental influences such as temperature
and vibrations, have not yet found their way into broader industrial applica-
tions. This work therefore focuses on the practical usability of comb-based
optical systems in industrial applications, where robustness, form factor and
flexible adaptability to application-specific requirements are key. This ap-
plies both to the frequency comb sources themselves and to the respective
application-specific optical systems in which the combs are used.

In this work, the potential of electro-optic frequency combs in optical metrol-
ogy and optical communications is explored through selected experimental
demonstrations. Photonic integration on silicon is being pursued as a means
of realizing miniaturized optical systems with a footprint of only a few square
millimetres. An integrated system for comb-based distance metrology and
integrated frequency comb sources are demonstrated.

In this context, the generation of frequency combs by electro-optic modulation
of continuous-wave laser tones is a particularly promising approach. Although
this approach usually leads to smaller optical bandwidths than widely-used
frequency comb generation techniques that rely on mode-locked lasers or Kerr-
nonlinear devices, there are other valuable advantages. As an example, electro-
optic comb generation offers a nearly free choice of the center frequency by
selection or adjustment of the emission frequency of the continuous-wave laser.
Furthermore, multiple frequency combs exhibiting different center frequencies
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can be generated simultaneously within a single electro-optic modulator. This
property can be used advantageously in different applications as demonstrated
in this work with two examples in the field of optical metrology, see Chapter 3
and Chapter 5. Moreover, the comb-line spacing for electro-optically gener-
ated combs is defined by the electronically generated modulation frequency.
This provides several advantages: The line spacing is freely adjustable, very
stable and easily traceable to a frequency standard. The absence of an optical
cavity makes the comb source robust against environmental influences such
as vibration. In addition, progress in the development of integrated electro-
optic modulators on silicon makes it possible to realize such frequency comb
sources on silicon photonic platforms. The first demonstration of an integrated
frequency comb generator on silicon and its application in optical telecom-
munications is presented in Chapter 6. Photonic integration on silicon also
offers the possibility to realize sophisticated optical systems with a wide range
of functionality on an extremely small footprint, systems that are compatible
with advanced production processes from the complementary-metal-oxide-
semiconductor (CMOS) microelectronics industry, and that offer the ability
to co-integrate electronic and photonic circuits on the same chip. The high
robustness and compactness of photonic integrated systems offer the potential
to integrate them deeply into industrial machines.

Chapter 1 gives a brief introduction to optical frequency combs and their
various applications in science and technology. The state of the art regarding
different approaches to frequency comb generation and their respective proper-
ties are discussed. The focus on electro-optic frequency combs is motivated as
well as the accompanying topic of integration on silicon. Finally, the specific
advantages for applications in optical metrology and optical telecommunica-
tions are summarized.

Chapter 2 gives a compact introduction into the fundamentals needed for
understanding the following chapters. The basics of electro-optic modulators
and their application to comb generation are described. In addition, the concept
of so-called synthetic wavelengths is introduced, which is used in optical
distance metrology.

Chapter 3 describes the concept and the demonstration of a novel distance
measurement technique that relies on two electro-optic frequency combs for
non-contact measurement of technical objects. The quick digitization of entire
surface profiles as point clouds is made possible by a short acquisition time of
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9.1 ps, and by connecting the fiber optic sensor head to a coordinate measuring
machine. Measurement errors caused by temperature fluctuations in the fiber-
optical system are avoided by a scheme with two lasers at different emission
frequencies.

Chapter 4 describes a silicon photonic receiver system for comb-based distance
metrology. The optical system includes the interferometer used for heterodyne
reception including an adjustable power divider and photodetectors. The space
requirement of all components on the silicon chip is 0.25 mm?. The chip
is used for the measurement method introduced in Chapter 3, and distance
measurements with root-mean-square errors of 3.2 um and 14 ps acquisition
time are demonstrated.

Chapter 5 introduces a distance measurement system in which a coarse-
resolution time-of-flight measurement with a wide unambiguity range is com-
bined with an interferometric distance measurement with synthetic wave-
lengths to refine the measurement accuracy. The synthetic wavelengths gen-
erated by four continuous-wave laser tones are measured simultaneously with
the distance via a method based on electro-optic modulation. This reference
measurement makes the use of free-running lasers without wavelength stabi-
lization possible. Measurement rates of 300 Hz and micrometer accuracy are
obtained.

Chapter 6 describes the first demonstration of electro-optic frequency comb
generation on a silicon photonic chip along with the underlying hybrid integra-
tion concept that combines silicon waveguides and organic materials (silicon-
organic hybrid, SOH). Spectrally flat frequency combs offering 7 lines with
a spectral flatness of 2 dB and comb line spacings of 25 GHz and 40 GHz
are generated. The practical applicability of such frequency combs is demon-
strated by a series of data transmission experiments. The individual comb lines
serve as carriers of information in a wavelength-division multiplexing system,
and spectrally efficient data transmission at data rates of more than 1 Tbit/s
over distances of up to 300 km is demonstrated.

Chapter 7 summarizes the results of the presented work and gives an outlook
on further developments related to frequency comb sources and advanced
capabilities in photonic integration.
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Achievements of the present work

In this thesis, novel approaches in optical metrology and optical communi-
cations making use of electro-optic frequency combs are investigated. The
potential for realizing miniaturized photonic systems is shown by demon-
strating a monolithically integrated silicon photonic optical receiver system
for comb-based distance measurements. Furthermore, electro-optic frequency
comb generators realized through a hybrid combination of nanophotonic silicon
waveguides and highly efficient organic eletro-optic materials are demonstrated
for the first time.

In the following, a short overview of the main achievements presented in this
thesis is given.

Development of a fiber-based, robust, fast and precise distance measure-
ment system based on electro-optic frequency combs

A distance measurement system based on electro-optic frequency combs has
been developed, see Chapter 3 and references [C4, C6,C34,]J1,J6]. Mea-
surement standard deviations below 2um for an acquisition time of 9.1 ps
are demonstrated. The approach relies on robust, off-the-shelf components,
the achieved performance can well compete with other comb-based distance
metrology demonstrations, and the accuracy can be maintained even under
industrial operating conditions.

Compensation of temperature-induced measurement fluctuations

A novel approach for continuous compensation of temperature-induced dis-
tance measurement fluctuations based on dual-color electro-optic frequency
combs is demonstrated, see Chapter 3 and references [C6,J1]. The compen-
sation scheme enables accurate measurements through 7 m of optical fiber in
environments without temperature control. No detrimental dead-zones occur
in the measurement range due to the novel dual-color approach. The effec-
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tiveness of the scheme is demonstrated by conducting accurate measurements
while rapidly heating the fiber with a heat gun.

Integration of the distance measurement system with a coordinate mea-
suring machine

A fiber-coupled sensor head mounted to a coordinate measuring machine is
used to measure the distances to naturally scattering surfaces while being
moved, thereby accurately digitizing extended surfaces of technical objects,
see Chapter 3 and references [C6,J1]. A real-time measurement rate of 3.3 kHz
is achieved by signal processing on a field-programmable gate array (FPGA),
allowing fast acquisition of point clouds of up to 5 million data points during
continuous movement of the sensor head.

Realization of a silicon photonic receiver system for dual-comb distance
metrology

A receiver system for comb-based distance measurements is integrated on a
silicon photonic chip with a footprint of approximately 1 mm X 1 mm, see
Chapter 4 and references [C5,C34,J11]. The chip realizes a heterodyne inter-
ferometer with photodetection, comprising couplers, waveguides, photodiodes
and variable power splitters for distributing the power between reference and
measurement signals as an added functionality. Standard deviations below
Sum for an acquisition time of 14 us are demonstrated. To the best of our
knowledge, our experiments represent the first demonstration a comb-based
distance measurement scheme relying on a silicon photonic chip.

Development of a referencing module capable of measuring laser fre-
quency differences of multiple lasers

A referencing module capable of measuring laser frequency differences of
multiple lasers simultaneously was developed, see Chapter 5 and references
[1,C1,J4]. The laser frequency differences are tracked continuously in order
to calibrate the synthetic wavelengths used for distance measurement in an
interferometric system during operation. High-precision measurements with
free-running lasers are made possible by the referencing module, and standard
deviations between 3 um and 15 um are achieved for a measurement rate of
300 Hz when measuring a machined aluminum target at a stand-off distance of
1m.



First demonstration of electro-optic frequency comb generation on silicon
Electro-optic frequency comb generators integrated on silicon photonic chips
are demonstrated by making use of the silicon-organic hybrid (SOH) approach,
see Chapter 6 and references [C2,C3,J5]. Frequency combs comprising 7 lines
with a spacing of 40 GHz and a spectral flatness of 2 dB are generated. To the
best of our knowledge, our experiments represent the first demonstration of
electro-optic frequency comb generation on silicon.

Demonstration of terabit/s data transmission using chip-scale silicon-
organic hybrid (SOH) frequency comb generators

The viability of the chip-scale SOH comb generators is demonstrated in data
transmission experiments, see Chapter 6 and references [C2,C3,]5]. The comb
lines are generated from a single continuous wave laser and serve as carriers
for a wavelength division multiplexing data transmission. Transmission at data
rates of more than 1 Tbit/s over distances of up to 300 km are demonstrated.
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1 Introduction

This chapter starts with a brief introduction of optical frequency combs and
their diverse applications in science and technology. As different applications
lead to different requirements regarding the properties of frequency comb
sources, a brief overview of key parameters of different comb sources is given.
In this work, electro-optic comb generation is used for applications in the
fields of optical metrology and optical communications. So-called electro-
optic frequency combs have the advantage of a tunable, electronically defined
line spacing, free choice of the central frequency, and robustness against envi-
ronmental influences due to the absence of a cavity. Furthermore, the scheme
is compatible with silicon photonic integration. Silicon photonic integration
provides huge benefits for the realization of the compact optical systems and
for the miniaturized electro-optic comb generators demonstrated in this the-
sis. Finally, the application of frequency combs and photonic integration in
distance metrology and optical communication is motivated.

1.1 Optical frequency combs: Precise tools for
high frequencies

Optical frequency combs (FC) comprise a multitude of discrete spectral lines,
which are regularly spaced in the frequency domain [2]. Typically, they cover
a relatively large optical bandwidth, and their frequencies are very precisely
defined — two properties which make frequency combs particularly useful. As
illustrated in Fig. 1.1, the absolute optical frequency f,, of each comb line with
line index m is determined by the offset frequency fog and the line spacing f+,
fm =mf: + for. If both parameters are precisely known, a frequency comb is
said to be fully referenced, providing precise absolute measurements at optical
frequencies. To fully reference a frequency comb, an attractive approach is to
generate a very broadband comb with a bandwidth exceeding one octave, to



Introduction

PSD

il HH

o ‘||. :
==
2

~
f(‘)ff T f

Fig. 1.1: Sketch of the power spectral density (PSD) of a frequency comb. A multitude of discrete
spectral lines, regularly spaced in frequency domain by a line spacing f; are characteristic of
frequency combs. With the offset frequency fog, the frequency of the mth comb line can be
expressed as fm = mfy + fof.

enable self-referencing with an interferometric f—2f scheme [3-5]. However,
for many purposes relative measurements are adequate and control of only f;
provides a precise and broadband frequency ruler.

Many applications in science and technology benefit greatly from access to the
broadband spectrum of coherent radiation with precisely defined frequencies
provided by frequency combs [6]. Examples are spectroscopy [7—16], optical
atomic clocks [17-19], waveform generation in both the optical and the mi-
crowave regime [20,21], optical coherence tomography [22,23], generation
of terahertz radiation [24-27], optical signal processing [28-30], frequency
calibration [31-33], optical distance measurements [34-37,J1,J4], and opti-
cal communications [38,39,J2,J3,J5]. The variety of these research fields
testifies the versatility of optical frequency combs as scientific and technical
tools. However, the various applications pose different requirements on the
attributes of the frequency comb, and not all are served equally well by the
same kind of comb source. This is visualized qualitatively for a number of
applications in Fig. 1.2. The relative importance of comb properties for a
particular application is denoted by the overhead arrows in Fig. 1.2. Important
properties are bandwidth, precision, accuracy, metrological accessibility of the
comb lines, robustness, and simplicity. Some applications only use few comb
lines but require them to be defined with highest precision, e.g., in optical
clocks for precise measurements of narrow atomic transitions. Here, ultranar-
row atomic transitions are measured with optical frequency standards provided
by frequency combs with relative frequency uncertainties of 1077 [19]. This
low uncertainty is needed, e.g., for the search of possible time variations of
fundamental constants [40,41], and highly elaborate setups can be utilized
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because the application is confined to laboratories with tightly controlled con-
ditions. Other applications such as optical data transmission typically use all
comb lines, e.g., as carriers for wavelength-division multiplexing (WDM), with
relaxed frequency precision, however with the need for a high robustness and
simplicity due to their intended use in industrial products. In many use cases
in applied science, the robustness and simplicity of the comb source becomes
increasingly important, especially when considering the implementation in
future products. Luckily, this is often accompanied by somewhat relaxed re-
quirements in terms of absolute accuracy and bandwidth. The application
fields treated within this thesis are marked by bold fonts in Fig. 1.2. In gen-
eral terms, the applications in comb-calibration of lasers [C1,J4], optical data
transmission [C2,C3,J5] and optical distance measurements [C4—C6,J6] have
a higher emphasis on the robustness and the simplicity of the comb sources and
relatively modest bandwidths are sufficient. These general requirements have
thus to be considered when choosing a frequency comb source for a certain
application. Different comb generation schemes and their properties will be
introduced in the following paragraphs to provide an overview.

Several methods exist to generate frequency combs: Combs can be formed
by pulse trains from mode-locked lasers, they can be generated by electro-
optic modulation of a continuous-wave (CW) laser, or by nonlinear parametric
processes, e.g., cascaded four-wave mixing and/or self-phase modulation in
nonlinear devices.

1.1.1 Mode-locked lasers

Distinct comb-shaped optical spectra have been observed since 1964 with
the introduction of the actively mode-locked laser (MLL) [42]; however the
term “frequency comb” was introduced several years later [43]. The train of
equidistantly spaced, short pulses emitted by mode-locked lasers is represented
in the frequency domain by a frequency comb, where the comb line spacing
is determined by the pulse repetition rate and where the bandwidth of the
spectral envelope is determined by the pulse duration [44,45]. One very early
application of frequency combs was the use of the spectrum of a synchronously
pumped actively mode-locked picosecond dye laser for measurements of the
fine and hyperfine structure of spectral lines in atomic sodium in 1978 [43].
An important milestone was the introduction of octave-spanning frequency
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Fig. 1.2: Some applications of optical frequency combs with associated requirements, adapted
from [6]. Application fields treated within this thesis are marked by bold letters. The relative
importance of comb properties for a particular application is denoted by the overhead arrows.
Important properties are bandwidth, precision, accuracy, metrological accessibility of the comb
lines, robustness and simplicity. Some applications only use few comb lines but require them
to be defined with highest precision, e.g., in optical clocks for precise measurements of narrow
atomic transitions. Highly elaborate setups can be utilized due to the application being confined to
laboratories with tightly controlled conditions. Other applications such as optical data transmission
typically use all comb lines, e.g., as carriers for WDM, with relaxed frequency precision, however
with the need for a high robustness and simplicity due to their intended use in industrial products.

combs in 1999, making ultra-precise measurements of optical frequencies
possible [4,32,46]. The importance of this technique was recognized by the
Nobel Prize for physics, which was awarded to John L. Hall and Theodor
W. Hinsch in 2005. MLL as comb generators have since then been further
developed, and remarkable progress has been made in terms of increased
optical bandwidth, improved stability of repetition rate, higher repetition rates,
and decreased sensitivity to environmental influences [3,47-54]. However,
many applications require, e.g., a large line spacing in the order of tens of
gigahertz, robustness, and independent tuning of center frequency and line
spacing. Despite all progress, these properties are difficult to obtain with
MLL. For example, the line spacing of a MLL is dictated by the cavity size
which cannot be decreased arbitrarily, as enough gain needs to be available to
compensate the losses of the optical resonator. Furthermore, the line spacing
is difficult to tune and might be sensitive to environmental influences.
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1.1.2 Parametric frequency combs

Parametric frequency combs are generated by cascaded third-order nonlinear
processes such as four-wave mixing, self-phase modulation and cross-phase
modulation, which are induced by the interaction of strong pump lasers with
a Kerr-nonlinear medium [55, 56]. Parametric comb sources can be realized
with resonant structures such as whispering-gallery-mode resonators [57, 58]
or planar microring resonators [59, 60]. Other approaches use non-resonant
waveguides such as highly nonlinear fibers (HNLF) [61-64] or nanowire wave-
guides [65-68]. Typically, these techniques allow generation of very broad-
band combs. However, high-power pump lasers or resonators with a high
quality factor are needed. While demonstrations using high-Q resonators have
shown comb generation with just a few milliwatts of pump power [69-71], the
conversion efficiency is limited [72], leading to powers per comb line in the
microwatt-regime — too low for many applications. Furthermore, the flexibility
regarding line spacing and center frequency is impaired either due to dispersion
effects or the free spectral range of the resonator cavity.

1.1.3 Electro-optic comb generation

A different method for comb generation was first introduced in 1972, where a
narrowband CW laser beam was phase-modulated by an electro-optical modu-
lator [73]. Although the term “frequency comb” is not mentioned in the paper,
the spectrum clearly displays the comb-like shape of equidistant optical lines.
In this scheme, the frequency comb is formed by the modulation sidebands gen-
erated by phase modulation. The spectral bandwidth of the comb envelope is
determined by the modulation depth, where a strong phase modulation results
in a large bandwidth. The line spacing is determined by the electrical mod-
ulation frequency, making the method easy to use, and especially well-suited
for large line spacings in the range of several tens of gigahertz, which are not
easily reachable by MLL. An early application of this electro-optic comb gen-
eration scheme was the accurate measurement of laser frequency differences
in 1992 [74]. Today’s wide availability of low-noise high-frequency elec-
tronic oscillators and telecommunication-grade electro-optic modulators with
low half-wave voltages, high bandwidth, and high power handling makes this
approach increasingly popular [21]. Several schemes using electro-optic mod-
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ulation have been developed to generate broadband combs. Some approaches
rely on phase modulation inside an optical cavity to increase the modulation
efficiency [73-76]. However, in such schemes the radio-frequency (RF) driv-
ing signal has to be matched precisely to the free-spectral range of the cavity,
and the input CW laser has to be tuned to one of the optical resonances. Addi-
tionally, the cavity must be stabilized to compensate environmental influences
such as temperature change or mechanical vibrations. Other approaches with-
out optical cavities use combinations of phase modulators and/or amplitude
modulators to generate frequency combs with spectrally flat envelopes [77-85].
This allows electrical tuning of the line spacing by tuning the driving frequency,
free choice of the central frequency, and robustness against environmental in-
fluences. Even though the bandwidth of electro-optic combs is low when
compared to other schemes, the combination of the aforementioned properties
makes the principle of cavity-less electro-optic modulation very flexible.

Along with properties such as robustness, precision, simplicity and flexibility,
bandwidth and line spacing are key comb parameters for most applications.
Experimentally obtained values from literature are plotted in Fig. 1.3. The
basic physical concept behind the respective comb generation technique is
color-coded, with black/grey for mode-locked lasers, orange/red for electro-
optic modulation, and dark green/bright green for parametric comb generation.
The data further distinguishes between different kinds of MLL, direct electro-
optic modulation vs. cavity-enhanced modulation, and between microring
resonators and HNLF. Demonstrations of tunability are included as lines be-
tween the lowest and highest values. If the bandwidth of an initial frequency
comb is further broadenend by a nonlinear stage, the data points are depicted
as open symbols. It can be seen in Fig. 1.3 that the values for bandwidth
and line spacing are clustered in distinct regions for each of the three different
comb generation principles. Electro-optic comb generators occupy a techni-
cally very interesting region with line spacings of tens of gigahertz and up to
terahertz-scale bandwidths, while at the same time tunability of the line spacing
is relatively easy to realize, as demonstrated in some of the publications.

Weighing the attributes of the different comb generation techniques against
each other, the choice within this thesis is for cavity-less electro-optic comb
generation. The benefits of electro-optic combs are advantageously exploited,
e.g., by using a second center wavelength for temperature compensation in
distance metrology, Chapter 3, or by adapting the channel spacing in a WDM
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Fig. 1.3: Bandwidth vs. line spacing for different categories of frequency comb sources found
in the literature. Comb spectra obtained by nonlinear broadening of ultrashort laser pulses are
denoted by open symbols. For comb sources with tunable line spacing, the tuning range is denoted
by lines. The data used to compile this graph are listed in Appendix C.

transmission setup to realize a high spectral efficiency, Chapter 6. In Chap-
ter 5, the frequencies of four independent lasers used for synthetic-wavelength
interferometry are referenced with respect to each other by exploiting electro-
optic comb generation from each of the lasers. Furthermore, electro-optic
modulators can be realized efficiently on silicon photonic integrated circuits
(PIC) using the so-called silicon-organic hybrid (SOH) approach [86-91,J13].
Combined with the concept of modulator-based comb generation, this made the
first demonstration of an electro-optic comb source on a silicon-on-insulator
(SOI) substrate possible, see references [C2,C3,]5], and Chapter 6.

1.2 Silicon photonic integration

Silicon photonics has become a mature technology platform for realization
of sophisticated photonic integrated circuits (PIC) [92-94]. Complex optical
systems with a large number of optical components can be integrated on a
single chip, providing unprecedented functionality within a very small foot-
print [95,96]. While several material systems for photonic integration exist,
e.g., polymers [97], glass [98], or III-V semiconductors [99, 100], the silicon-
on-insulator (SOI) material system commonly used in silicon photonics has
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some crucial advantages. Silicon is transparent in the near-infrared, starting
from wavelengths of approximately 1.1 um up to mid-infrared wavelengths of
almost 10 um. The material properties of SOI are also very suited for photonic
integration: With a high refractive index of 3.476 at the widely used telecom-
munication wavelength of 1550 nm, nanometer-size SOI waveguides with tight
bend radii are possible. Optical systems with many functional building blocks
thus can be realized within a very small footprint. Silicon oxide with a low
refractive index of 1.45 at 1550 nm can not only be used as a buried oxide
layer, but also as a readily available cladding material. In addition, silicon
exhibits a large thermal conductivity. Probably its largest advantage is the
compatibility with established fabrication processes of the microelectronics
industry. Decades of development related to the production of complemen-
tary metal-oxide-semiconductor (CMOS) integrated electric circuits have led
to highly sophisticated, high-yield processes, that may also be used for low-
cost mass production of photonic integrated circuits (PIC). Furthermore, a
dense co-integration of PIC with microelectronic circuits makes fully inte-
grated opto-electronic systems possible [101, 102]. The combination of these
attributes make silicon photonics a prime candidate for photonic integration
with huge potential for many applications.

The main drivers behind silicon photonics are applications in optical intercon-
nects, where the critical tasks are a massive parallelization of optical links,
reduction of costs and reduction of consumed power per transmitted bit [93],
making scalability of the technology a necessity. However, the potential of
silicon photonic integration is not limited to the field of optical telecommuni-
cation. Many other applications can be realized by exploiting the rich device
portfolio available in silicon photonics, with huge potential benefits in scala-
bility, footprint (size, weight and power), robustness and added functionality.
Emerging examples are in medical diagnostics [103], spectroscopy [104], op-
tical metrology [105, 106, CS5, J10], optical coherence tomography [107,J7],
and beam steering [108].
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1.3 Scope of this thesis

1.3.1 Overview

In this thesis, electro-optic frequency combs are employed for experiments in
optical distance metrology and optical communications. In addition, silicon
photonic integration as a technology to realize miniaturized optical systems is
investigated in the context of optical metrology.

In a first set of experiments, the frequency combs are used to directly measure
distances using a dual-comb measurement scheme that relies on the concept
of synthetic-wavelength interferometry. A fiber-optical system is implemented
and used to acquire surface profiles of various technical samples with a remote
measurement head mounted on a coordinate measuring machine. Thermal drift
is mitigated by a dead-zone free temperature compensation scheme, Chapter 3.
The potential of silicon photonic integration for applications in distance metrol-
ogy is explored by realizing a silicon PIC comprising a heterodyne receiver
with tunable power splitters and on-chip photodetectors. The PIC with an
on-chip footprint of well below 1 mm? is used to demonstrate fast and pre-
cise distance measurements in combination with the dual-comb measurement
scheme, Chapter 4.

In another set of experiments, electro-optic comb generators are used to cali-
brate the relative frequency differences between four lasers used for synthetic-
wavelength interferometry. The frequency referencing scheme allows to
use free-running lasers, greatly simplifying the technical effort required for
synthetic-wavelength interferometry, Chapter 5.

Silicon photonic integration of electro-optic comb generators is explored in
Chapter 6. Making use of the so-called silicon-organic hybrid (SOH) approach
[86-88,J13], the first realization of an electro-optic comb source on a silicon-
on-insulator (SOI) substrate is demonstrated. The feasibility of the comb
source is shown by using the generated comb lines as carriers for optical data
transmission with terabit/s data rates.
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1.3.2 Frequency combs and photonic integration for
optical distance metrology

Distance metrology is a field of great importance, serving a wide range of
applications in science and technology such as non-destructive testing of me-
chanical parts, inline inspection during manufacturing, reverse engineering,
precise referencing of translation axes in industrial machinery and 3D scan-
ning [109-112,J6]. Metrology systems for such applications are typically
required to be accurate, fast, and robust, while being compatible with deep
integration into the respective machinery. Non-contact optical measurement
methods are especially attractive with respect to the requirements regarding
accuracy and speed. While many different optical measurement methods for
dimensional metrology have been developed in the past, see [113] for an
overview, rapid progress in the field of optics and photonics has opened paths
towards new technical approaches. Among these approaches, concepts based
on optical frequency combs stand out due to the exceptional performance. As
an example, comb-based distance measurement techniques allow to overcome
the problem of measurement ambiguity. Many laser-ranging techniques deter-
mine distance from the phase shift of a signal after propagation. In conventional
single-wavelength interferometry, the phase shift of a single optical carrier is
used, leading to sub-wavelength resolution. However, only very small rela-
tive displacement can be reliably measured, as the unambiguity range of such
methods is limited to half an optical wavelength and thus very small. On the
other hand, ranging techniques based on the time of flight of a pulse or a mod-
ulated waveform provide a large unambiguity range, but suffer from a poorer
resolution. A combination of adequately long unambiguity range and high
resolution is attempted with synthetic-wavelength interferometry, where the
phase of light with multiple wavelengths is simultaneously evaluated to extend
the unambiguity range. However, to achieve high precision, carriers distributed
over a wide spectral range with precisely defined frequencies are required. In
this respect, optical frequency combs offer unique advantages. The combs are
used either directly for distance measurements [34, 35,37, 114-129,J8] or as
a means to calibrate the lasers used for synthetic-wavelength interferometry
(SWI) [130, 131,J4] or frequency-modulated continuous-wave (FMCW) laser
ranging [132, 133]. So far, experimental demonstrations have mostly relied
on femtosecond mode-locked lasers (MLL), parametric combs generated in
HNLEF, or cavity-enhanced electro-optic combs, with their associated advan-
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tages and disadvantages as discussed in Section 1.1. While important results
have been obtained with these sources, their most severe drawbacks are lack
of robustness, high experimental complexity, incompatibility with silicon pho-
tonic integration, and missing flexibility concerning center wavelength and line
spacing.

In contrast to these approaches, this work makes use of a relatively sim-
ple cavity-less electro-optic modulation scheme to generate frequency combs
[134], mitigating the aforementioned drawbacks. In a first set of experiments,
pairs of frequency combs with slightly detuned line spacings are generated
for a dual-comb distance measurement scheme. The line spacings are elec-
tronically defined by the corresponding modulation frequency, making them
precise, stable and easy to tune. The achieved measurement precision and
speed compares well with the state of the art in comb-based distance measure-
ments, see Chapter 3 and the corresponding discussion. The system comprises
fiber optical components, which are robust against dirt and make easy integra-
tion in industrial machinery possible, as demonstrated by attaching a remote
sensor head to a coordinate measuring machine. However, fiber-based systems
are extremely sensitive to temperature changes, either severely limiting the
measurement accuracy, or requiring tight control of environmental conditions,
which is not feasible in an industrial setting. To solve this issue, a compen-
sation measurement is conducted simultaneously to the distance measurement
to mitigate the effect of temperature-induced optical path length fluctuations.
To this end, two continuous-wave lasers with different center frequency are
jointly fed into the electro-optic comb generators. The generated frequency
combs are transmitted via a single optical fiber to a remote sensor head. In the
sensor head, the frequency combs at different center frequencies are separated
by a dichroic beamsplitter. One of the combs is used to measure a reference
distance to a fixed retroreflector to reveal the path-length fluctuations in the
optical fiber.

The footprint of the setup used for the distance measurement scheme can
be significantly reduced by photonic integration. To this end, the silicon-
on-insulator platform is used. Silicon photonic integration of the optical
interferometric setup for distribution of light and detection is realized with
an on-chip footprint of 0.25mm?. The PIC is employed for distance mea-
surements with performance characteristics comparable to the macroscopic
fiber-based setup. Additionally, the first realization of an electro-optic comb
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source on a silicon-on-insulator (SOI) substrate is demonstrated with another
PIC, yielding experimental proof of the compatibility of the comb genera-
tion principle with the SOH material platform. This paves the way towards
mass-producible, miniaturized sensor chips, which can be tightly integrated
into industrial machinery and which are much more robust against mechanical
vibrations than fiber-based optical setups.

The inherent tunability of the line spacing and the flexibility concerning the
center wavelengths offered by electro-optic comb generators is also exploited in
another set of experiments. Synthetic-wavelength interferometry is a common
technique to extend the unambiguity range of conventional optical interferome-
try by employing two or more CW lasers with different wavelengths [135,136].
However, the measurement accuracy is limited by the relative wavelength sta-
bility of the laser sources [137, 138]. Typically, this problem is overcome by
locking the laser frequencies to a frequency reference provided by an addi-
tional frequency comb [131,132,139]. However, feedback loops for frequency
locking and an additional comb are required, increasing the setup complex-
ity. In contrast to the state of the art, free-running CW lasers without locking
electronics are demonstrated in this thesis [J4]. The differences in emission
frequencies are not tightly controlled, but merely monitored simultaneously to
the measurement. The effect of relative frequency drifts of the lasers can thus
be corrected in a post-processing step. To this end, parts of the light from the
four CW laser employed for synthetic-wavelength interferometry are coupled
to electro-optic comb generators, and frequency combs are created from the
same lasers. The line spacings are chosen such that relative frequency refer-
encing of the four lasers is possible by detecting a beat signal of the modulation
sidebands with low-frequency electronics. This greatly simplifies the technical
effort for high-precision synthetic-wavelength interferometry.

1.3.3 Integrated electro-optic frequency combs for optical
data transmission

The driving force behind the field of optical communications is the increasing
demand for data transmission capacity, induced by a growing number of mobile
devices, new cloud-based services, connected devices in the context of internet
of things, and an increasing consumption of traffic-heavy multimedia data such
as high-definition video. A whitepaper by Cisco forecasts an increase of the
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annual global data center traffic from 6 zettabytes in 2016 to 20.6 zettabytes in
2021 at a compound annual growth rate of 25% [140]. Data center operators
such as Google, Amazon, or Facebook have to keep up with this increasing
consumer demand and provide a network infrastructure which can support the
increase in bandwidth at lowest possible cost and energy consumption. Thus,
there is high pressure for novel solutions with greatly improved efficiency.
A key technology for next-generation high-speed medium-reach connections
such as data-center interconnects or links within metropolitan-area networks is
coherent optical transmission with advanced modulation formats, in conjunc-
tion with wavelength division multiplexing (WDM). Increasing the number of
parallel channels by using several carriers with different wavelengths makes
good use of the bandwidth supported by optical fibers and avoids the problems
associated with further increasing single-carrier data rates [141, 142].

Instead of using individually controlled lasers for each carrier, frequency combs
lend themselves to be used in WDM data transmission. Combs exhibit a num-
ber of carriers with precisely defined frequency spacings, allowing tight chan-
nel spacing for an efficient use of the available spectrum [39,J3]. Additionally,
only two parameters need to be controlled to precisely define the wavelengths
of all comb tones: The comb line spacing and the center frequency. This
overcomes the need for control electronics for a large number of individual
lasers.

Silicon photonic integration has the potential to realize the required optical
systems on multi-transceiver chip modules in a cost-effective way, with small
form factor, and high-volume production. While many of the needed optical
components such as modulators [87, 143], arrayed-waveguide gratings [144],
photodiodes [145, 146], and lasers [147-149] have already been realized, ei-
ther directly on silicon or via heterogeneous integration, a frequency comb
generator has not been available in the platform portfolio. The principle of
electro-optic comb generation has a high potential to generate the carriers
needed in WDM systems: The tunable line spacing allows easy adaption
of carrier spacing in order to maximize spectral efficiency, the phase-noise
properties of the lines are derived from the input CW laser, enabling gener-
ation of high-quality carriers, and electro-optic modulators are in principle
available on the silicon platform. However, all-silicon modulators based on
the plasma dispersion effect have a very limited applicability for electro-optic
generation of broadband frequency combs. Either they have a very limited
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bandwidth, or the efficiency of the phase modulation is too low to realize
the high modulation depth needed for frequency comb generation. The al-
ternative approach used in this work overcomes these limitations. Silicon
slot waveguides are combined with organic materials [150—-153], which are
tailored to exhibit high electro-optic coefficients [89, 154-156]. With this
so-called silicon-organic hybrid (SOH) approach, modulators exhibiting high
bandwidth and highly efficient phase modulation with a small device footprint
can be realized [86-88,90,91, 157, 158]. This opens up a path towards SOH
electro-optic frequency comb generators, which are demonstrated in this thesis
and employed in a WDM data transmission experiment achieving terabit/s data
rates.
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This chapter summarizes the methodical and technical background for the
remainder of the thesis in a condensed form.

2.1 Electro-magnetic waves

This section introduces the conventions for wave propagation used for the
remainder of the thesis. Electro-magnetic waves are governed by the Maxwell
equations, which are treated in more depth in standard textbooks [56,159]. For
a homogeneous, linear, nonmagnetic medium without charges or currents, the
electric field vector E and the magnetic field vector H fulfill the standard wave
equations,

g 0°E(r,1) & 07H(r,1)
VZE (r,1) — c_(;)T =0, V?H (r, 1) — c_éT =0, (2.1

where &, denotes the relative electric permittivity, co = 299 792 458 ms~!
denotes the speed of light in vacuum, and the vectorr = (x, y, z)T defines a point
in three-dimensional space. Simple solutions of Eq. (2.1) are wave functions
which are harmonic with respect to time. For a homogeneous medium, plane
waves form a complete basis of solutions to Eq. (2.1). The fields of a plane
wave solution can be written in complex notation with the analytical signal,
or complex wave function, E (r, 7) and the complex electric field amplitudes
E (r,w) and E,,

Ern)=R{E®rn} = R [Erw)e@)| = ® {Ee@*ol 22

The time dependency of a phasor used to describe wave propagation is defined
as e"! in accordance to the commonly used notation in electrical engineering.
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The imaginary unit is denoted as j. The quantity w is the angular frequency
and related to the frequency f by w = 2xf, and the vector Kk is called wave
vector. To fulfil the wave equation Eq. (2.1), k depends on w via the dispersion

relation )

K = Ze,. 2.3)
c
0
With the refractive index n,
n= e, 2.4)

and the wave vector in vacuum, ko, Eq. (2.3) can also be written as

w
k| = —n = |ko| n. 2.5)
o

2.2 Optical distance measurement

Numerous methods for optical distance measurement have been reported in
the scientific literature. A broad overview is given, e.g., in [160] and [113].
The sections below give a short summary of the methods relevant within the
scope of this thesis: Phase-shift time-of-flight (TOF) distance measurement,
frequency-modulated continuous-wave (FMCW) distance measurement, and
synthetic-wavelength interferometry.

2.2.1 Phase-shift time-of-flight (TOF) distance
measurement

Phase-shift time-of-flight (TOF) distance measurement relies on evaluating the
phase difference between a sent and a received time-harmonic signal modulated
onto an optical carrier. One commonly employed scheme is sinusoidal intensity
modulation. The basic principle is illustrated in Fig. 2.1. A laser is intensity-
modulated with a frequency fmod. The modulated laser light is sent by the
transmitter unit (TX) towards a target located at a distance ztop. A part of the
backscattered light is collected by the receiver unit (RX) and detected with a
photodiode. The intensity-modulated light generates an electrical signal with
a frequency fmod. The measured distance is calculated by evaluating the phase
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Fig. 2.1: Block diagram of a simple phase-shift TOF distance measurement scheme, comprising
a transmitter (TX) and receiver (RX) unit. A laser is intensity-modulated with a frequency fioq.
The modulated light is sent towards a target located at a distance zror. The backscattered signal
is detected with a photodiode, and the phase difference Ay between sent and received light is
calculated.

difference A¢ between the received signal and the reference provided by the
oscillator. With the time of flight 7ror of the signal, the phase difference Ag
is given by

A@ = 27 finod TTOE- (2.6)

As the time of flight o includes the propagation back and forth between the
TX/RX unit and the target, the distance zroF is given by

1 cAgp
ZTOF = 5 CTTOF =

2 47 fmod ’
where ¢ is the speed of light. Considering that the phase is only defined in
a [0,27] range, the range where measurements can be made unambiguously,
i.e., the so-called unambiguity range Azy,, amounts to

Q2.7)

Azyy =

2.8)

Thus, the choice of a small modulation frequency fi,q would yield a large
unambiguity range. However, for a given phase measurement accuracy, the
accuracy of the distance measurement increases for larger modulation frequen-
cies. This is due to the linear relationship in Eq. (2.7): Uncertainties of the
measured phase value have a linear dependency to uncertainties of the distance
value with fi,0q in the denominator of the proportionality factor. While the
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trade-off between unambiguity range and accuracy can be overcome by using
multiple modulation frequencies at the same time, achieving an overall high
measurement accuracy remains challenging in practice with this method. This
is caused by the fact that the bandwidth of the photodetector and of the associ-
ated electronics needs to be at least as high as the highest utilized modulation
frequency. In practice, frequencies as high as 40 GHz were needed to demon-
strate sub-micrometer accuracy, requiring expensive high-frequency detectors
and electronics [115].

2.2.2 Frequency-modulated continuous-wave (FMCW)
distance measurement

Frequency-modulated continuous-wave (FMCW) distance measurement relies
on detecting a frequency difference between sent and received light from a
periodically frequency-shifted laser. In practice, this method can be realized
by a saw-tooth frequency sweep, where the frequency of a laser is periodically
shifted by A fyweep as shown in Fig. 2.2. The measured intermediate frequency
fir corresponds to the frequency difference between a reference signal and
the signal which propagated forth and back to a target located at a distance
zemcw before being received, with a round-trip propagation time of Tevew =
2zrmcw/c. With the frequency sweep period fsyeep, the intermediate frequency
is given as

Afs 2A fyweepZ
ﬁf — fbweep TEMCW = ﬁwcep FMCW ) (29)
sweep Clsweep
Rearranging Eq. (2.9) yields the target distance zpmcw:
c tsweep
== i 2.10
ZPMCW = 51 Frcen Jit (2.10)

For a given measurement accuracy of fi¢, the uncertainty of the distance mea-
surement scales with the factor fsweep/A fsweep. Since in principle this factor
can be chosen arbitrarily, high distance resolution in the micrometer regime
can be realized without the need for high-speed electronics [133]. However,
the method relies on a precisely defined linear frequency sweep, as deviations
from an ideal linear sweep manifest themselves in variation of the intermediate
frequency fir. A precise linear sweep of the optical frequency of a laser is not
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Fig. 2.2: Optical frequency versus time for a saw-tooth frequency sweep. The frequency difference
fir between a reference signal and a signal received back from a target is evaluated to measure the
round-trip delay time Trpcw in @a FMCW distance measurement system.

straightforward to implement in practice. Various schemes to linearize the opti-
cal frequency sweep exist, but they all involve added complexity, experimental
effort, and increased hardware costs [101, 133, 133].

2.2.3 Synthetic-wavelength interferometry

In optical interferometry, the phase difference between the fields in a reference
arm and a target arm can be evaluated. Using a monochromatic laser as a light
source, this approach provides a high distance resolution of a fraction of the
wavelength 1 = 2x/|k|. However, the range which can be measured unam-
biguously is limited to 4/2 due to the 27-periodicity of the phase. This allows
measurements of small displacements, but no absolute distance measurements.
Also, the laser wavelength has to be known with very high precision, as it is
utilized as a ruler against which the distance is measured. This represents
considerable technical effort — commercially available laser sources used for
interferometric displacement measurements are equipped with actively con-
trolled cavity lengths [161]. However, for many practical applications abso-
lute distance measurements in a millimeter to meter range are necessary, and
nanometer resolution is not required. This measurement tasks can be solved
with so-called synthetic-wavelength interferometry. In this section, its general
principle is described.
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In synthetic-wavelength interferometry, multiple wavelengths 4,, with m =
1...N, N > 2 are used for distance measurement instead of just a single
one,

Am =21 ]|Kpn] . (2.11)

The electrical field of the propagating light is approximated as a number of
plane waves, propagation parallel to the z-axis is assumed, |Ky,| = k;m =
nwy, [co, and n is assumed to be a constant over the limited frequency range
of interest. Using Eq. (2.2), the complex wave function after a back-and-forth
propagation over a distance z can be written as

j(wmt —n2m -2z)] . (2.12)
co

E()=>"E, exp
m

The phases ¢;,, of the propagators exp (—=jn2zw;,/co) in Eq. (2.12) are propor-
tional to the angular frequency w,,, and the path length 2z is contained in the

proportionality factor
Pm = ———Wn. (2.13)

o
The angular frequencies can be expressed with their frequency differences
Aw,, relative to wy,

Wy = w1 + Awyy,. (2.14)

Inserting Eq. (2.14) in Eq. (2.13) results in
Om = ——Awy — —wi. (2.15)
c

Thus, when ¢, and Aw,, can be accurately determined, the path length 2z
can be evaluated from the slope of the linear relationship ¢,, (Aw,,) without
knowing the absolute optical frequencies. Optical frequency combs can be used
to provide an accurate determination of Aw,,. In this sense, optical frequency
combs can be utilized as rulers in the frequency domain. In this thesis, two
ways are demonstrated how this property can be combined advantageously with
synthetic-wavelength interferometry. Multiple tones provided by an optical
frequency comb are used directly for distance measurement in Chapter 3. In
Chapter 5, optical frequency combs are used to calibrate the relative frequency
differences between four free-running lasers used for synthetic-wavelength
interferometry.
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2.3 Linear electro-optic effect

A widespread expression for the synthetic wavelength A formed by two optical
wavelengths [137,162,163] can be obtained by setting N = 2, thus considering
only one pair for optical frequencies, which, without loss of generality, we
denote as w; and w; in the following. The synthetic wavelength A is defined
as

2nc _ /11/12

A= = .
w — W] /1]—/12

(2.16)

Using this expression in Eq. (2.15), the phase difference ¢, — ¢ can be
expressed as

2r
w2 — Q1 = —ZZnX. 2.17)

Eq. (2.17) shows the relation to classical interferometry with a single optical
wavelength A, where the phase ¢ of the propagator after propagation over the
optical path length 2zn is given as ¢ = —ZZnZT”.

The unambiguity range can also be determined by using Eq. (2.17). The
maximum phase difference ¢, — ¢; which can be uniquely measured is 27.
Therefore, the maximum optical path length 2zy,n that can be measured un-

ambiguously is

2
2zpat = N\ = e

. (2.18)
w2 — Wi
Synthetic-wavelength interferometry greatly enhances the range, in which un-
ambiguous measurements are possible. At the same time, the measurement
accuracy is reduced, as A > A. However, this reduction of accuracy can partly
be compensated by using multiple synthetic wavelengths generated by multiple
optical lines with frequencies w,,, spanning a broad spectral range. A linear
regression to the relationship Eq. (2.15) then allows to determine the optical
pathlength. Thus, accurate measurements with a relatively large unambiguity
range can be obtained.

2.3 Linear electro-optic effect

The linear electro-optic effect is exploited to realize the modulator-based comb
generation technique used in this thesis. This section summarizes the technical
background in a condensed form, while more details can be found, e.g., in
[56, 164]. The complex time-domain amplitude of the electric displacement
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D (r, w) in a linear anisotropic medium is linked to the complex time-domain
amplitude of the electric field E (r, w) by the linear permeability tensor €, ,

D (r.0) = e, E(r.w), (2.19)

where € = 8.85412 x 1072 As/(V m) denotes the vacuum permittivity. It
is also possible to consider the so-called dielectric impermeability tensor n =
€1, -

1
= —pgD. (2.20)
€)—

| =

The optical properties of an anisotropic medium can be described by the so-
called index ellipsoid, which can be expressed as

D niXiX; =1 @21)
i.j

with i,j € 1,2,3 and X, X5, and X3 denoting the directions x, y, and z of a
coordinate system. If the medium is lossless and optically inactive, all elements
of the impermeability tensor 5 are real and symmetric, n;; = 1j;. In the case
of electro-optic materials, the index ellipsoid can be changed via a nonlinear
interaction by applying a static or low-frequency electric field E (¢), and can
be written in a general form as

1 2 1 2 1 2
(n—z)l"l ¥ (ﬁ)z"z ’ (2)3"3

| | | (2.22)
+2(—2) X2X3+2(—2) X1X3+2(—2) X1 Xp = 1,
n=Jy n-/s n- /e

where the elements of 5 are denoted as ;; = (1/ n2) ,, With the convention

ij 11 22 33 23,32 13,31 12,21

(2.23)
h 1 2 3 4 5 6
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2.3 Linear electro-optic effect

To describe the impermeability tensor as a function of the applied electric field,
the elements 7;; can be expressed by an expansion in terms of the modulating
low-frequency electric field components Ey(t),

0
nij = T]l(.j) + Z rijkEk + Z SijklEkEl + ... (224)
k k,l

with the tensor ;1 as the coeflicient of the linear electro-optic effect (Pockels
effect), and s, x; as the coeflicient of the so-called quadratic electro-optic effect.

As the components 7;; are real and symmetric for lossless media, the electro-
optic tensor r;jx is also symmetric in its indizes i and j. The number of
coefficients is thus reduced, and r;j; can be expressed as a matrix ry, with
18 coeflicients using the same contracted notation as defined in Eq. (2.23).
Neglecting the second- and higher order terms in Eq. (2.24), the field-induced
change A (1/ nz) =M~ '75?) of the impermeability tensor elements is given
as

A (1/n?), o2 s

A(1/n?), LRI e

A(1/n?), _ | o2 E; ' 2.25)
A(1/n?), rar ra 1|

A(1/n%)4 rsiorsa szl

A(1/n%) Tel Te2 T63

When the coordinate system is chosen such that X, X, and X3 represent the
principal axes of the material, the index ellipsoid in the absence of an electric
field is simplified to

2 2 2
Xl X2 X3 _
—2+—2+—2—1, (226)
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with the principal indices of refraction ny, ny, and n,. Applying an electric
field and only considering the terms concerned with the linear electro-optic
effect, the index ellipsoid is then expressed as

1 1 1
- + Z r]kEk X12 + - + Z rngk X22 + - + Z r3kEk X32
o % ny % z %
+2 (Z r4kEk X2X3 +2 Z r5kEk X X3 +2 Z rﬁkEk X1 Xo = 1,
k k k
(2.27)

where Ej are electric field components along the principal axes. The form
of the electro-optic tensor ryy is restricted by material symmetry, which is
treated in detail, e.g. in [165] or [164]. As an example, the point group 3m is
considered, as, e.g., lithium niobate (LiNbO3), a commonly used material for
electro-optic modulators, belongs to this group. The electro-optic tensor for
such a material is given as

0  -rn 13
0 T3
r=| O 0 ey (2.28)
0 r4n 0
r42 0 0
oy 0 0

In many practical cases, one wants to avoid coupling of the modulation between
different polarization components, and one component of r dominates (e.g.,
r33). Thus, the input fields are typically polarized accordingly. With the electro-
optic tensor described in Eq. (2.28) and a modulating field Eyoq = (0 0 E3)7,
the index ellipsoid becomes

1 2
n_2 +r13E3 Xl +

X

1
- +r13E3
n

1
X22 + (—2 + }"33E3) X32 =1. (2.29)
y n

Z
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2.4 Optical frequency comb generation by electro-optic modulation

An optical mode with its electric field oriented along the X3-direction will be
influenced by the new principal index n,,

1 1
- ==+ r3Es. (2.30)
n;, n;
Rearranging d(n;?)/dn, = —2n> one obtains dn, = —3n3d(1/n2). With the
assumption that r33E3 < ngz, we have dn, = n, —n, and d(l/ng) = ((l/ng,) -
1/ ng)) = r33E3. Now the induced change An of the refractive index is given
as

1
Ny —n, = An = —§n§r33E3. (2.31)

The relation between the electro-optic coefficient rj,x and the second-order
susceptibility X}(lzk) is given by [166, 167]:

Ynk = — . (2.32)

2.4 Optical frequency comb generation by
electro-optic modulation

The electro-optically induced change of the refractive index introduced in the
previous section can be utilized to manipulate the phase of the light propa-
gating through the medium. This section describes the use of periodic phase
modulation for generation of optical frequency combs from monochromatic
light.

2.4.1 Phase modulation of monochromatic light

This section describes frequency comb generation by sinusoidal phase modu-
lation of monochromatic light from a CW laser. Phase-only modulation can be
realized in electro-optic modulators exploiting the linear electro-optic effect
(Pockels effect). Applying an external electric field Epoq (f) to crystals without
inversion symmetry such as lithium niobate or certain noncentrosymmetric
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polymer materials leads to a change in refractive index seen by a certain com-
ponent of the optical field, see Section 2.3. Assuming two plates of a capacitor
charged with a voltage Up,oq (¢) and placed on both sides of the electro-optic ma-
terial with a spacing d, Enoq () can be approximated as Epnoq (1) = Umod (1) /d.
The change in the optical phase Ay of light with a free-space wavenumber
ko = |ko| propagating through a length L of such a medium with a linear
electro-optic coefficient r33 and a refractive index n, assuming that both input
light and electric field are polarized along axis 3, is then given as:

Umod (t) k

L. 2.33
7 0 (2.33)

1
Ap(t) = §n3r33

The voltage needed for a phase shift of 7 is denoted by Uy,

2rd

= —. 2.34
d n3razkoL ( )

With this device-specific parameter for a given wavenumber, Eq. (2.33) can be
simplified to
Umod (t )

Un
The incident monochromatic light has an angular frequency wy = coko. Its
time-domain electric field is described by the analytical signal E, (t), with
the real part of the analytical signal representing the physically relevant field,

Ein(t) =R {Ein(t)}’

Ap(t) = . (2.35)

E, (1) = Ejexp (jwot). (2.36)

A sinusoidal driving signal Unoq (f) = Umod Sin (wmoqt) is applied for phase
modulation, and the output electric field can be described as

. U,
E , (t) = Eyexp (jwot) exp (jn [r]m’d sin (Wmoat) | » (2.37)

T
omitting terms with constant phase due to the spatial propagation.

With the Jacobi-Anger expansion [168] using the Bessel functions of the first
kind J,,, (a),

)

i@ = N ey, (a), (2.38)

m=—co
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2.4 Optical frequency comb generation by electro-optic modulation

Eq. (2.37) can be expressed as

A

5 . S . U,
Eo® = Egexponn) . exp (memeat) I (n g;‘“’). (239)
T

m=—oo

Introducing the modulation depth A = 7Umoq/ Uy, and neglecting a constant
phase term, the real output electric field Eqy(t) is given by:

Eou (1) = |Eo| Z Jm (A) cos ((wo + Mmwmoq) 1) . (2.40)

m=—co

The Fourier transform of Eq. (2.40), as defined in Eq. (A.1), reads

Eout (0.)) = / Eout (t) eijwtdl

00

=Byl Y T (A)[6 (@ = (@0 + Mmmoa) (2.41)

m=—oo

+0 (w + (wo + MWmod))]

where ¢ (w) denotes the Dirac delta function. The name “frequency comb”
becomes evident from Eq. (2.41): The spectrum comprises discrete lines with
equidistant spacing of wpg around a center frequency wg. However, the
magnitude of the comb lines is governed by the Bessel functions J,,,, yielding
a non-flat spectral envelope. As spectrally flat combs are beneficial for many
applications, a single sinusoidal phase modulation is not sufficient, and more
complicated modulation schemes are needed, see Section 2.4.2.

2.4.2 Generation of flat optical frequency combs with
Mach-Zehnder modulators

In principle, monochromatic input light can be transformed into an optical fre-
quency comb by using a sinusoidal phase modulation with a single frequency
as described in Section 2.4.1. However, to generate spectrally flat frequency
combs more elaborated setups are needed. Several methods have been pro-
posed in the literature, making use of specific arrangements of modulators
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Fig. 2.3: Schematic of a Mach-Zehnder modulator used for generation of spectrally flat frequency
combs. Insets depict optical spectra at the indicated positions in the setup. Input light is split
and fed into two phase modulators, each generating a non-flat comb, with comb line magnitudes
governed by the Bessel functions. The modulation depths and the constant optical phase shifts
¢1 and ¢, are chosen such, that the superposition of the light from both arms at the output of the
MZM yields a flat frequency comb.

and/or specific modulation waveforms. The method of choice for this thesis
and a short overview of related work is presented in the following paragraphs.

A relatively simple way to introduce more degrees of freedom for electro-optic
frequency comb generation is the arrangement of two phase modulators in
a Mach-Zehnder configuration, forming a Mach-Zehnder modulator (MZM).
The setup is sketched in Fig. 2.3: Input light is split into two arms, each con-
taining a phase modulator. In each arm the phase modulation depth is chosen
individually, and the modulated light from both arms is superimposed at the
output. By a proper choice of the modulation depth and the constant optical
phase offset in each of the arms, a spectrally flat frequency comb can be gener-
ated. The necessary conditions for a flat comb have been theoretically derived
in [134] with an experimental demonstration in [83] and are summarized in
the following paragraphs.

The phase modulation Ag; (7) in each arm i of the MZM is described as

A()01 (t) = Apsin (wmodt)s A‘PZ (I) = Apsin (‘Umod[) . (2.42)
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2.4 Optical frequency comb generation by electro-optic modulation

With Eq. (2.39) and considering the constant optical phase shifts ¢; in the two
arms, the optical field at the output of the MZM is given by

Eurint 0= 5E 0 [ (A1) exp § (mmest + 1)

m=—oo

(2.43)
+Im (AZ) €Xp (J (m“-)modt + ¢2))] .

For large modulation depths A; and low orders |m|, the Bessel functions can
be approximated [169], yielding the following expression:

T (A)) ~ \/gAi_; cos (A,- - w) . (2.44)

Using Eq. (2.44), the power conversion efficiency 7, from input light £, to
the mth comb line E can be approximated as [134]

—out,m
2
|Eout,m‘
Mm = >
|Ein|
1
~ ——[1+cos(2A¢)cos(2AA) (2.45)
2rA
— (2 1
+ {cos (2A¢) + cos (2AA)} cos (2A - @) ;

A=(A1+A) /)2, AA=(AI-A2) /2 Ap=(d1-¢2)/2.

A flat comb is generated, if the power conversion efficiency described in
Eq. (2.45) becomes independent of m. This requirement is met for the condition
T
AA £ Ap = > (2.46)
setting the curly brackets in Eq. (2.45) to zero. Substituting Eq. (2.46) in
Eq. (2.45) results in
_ 1 —cos(4A¢)

4rA

Mm , (2.47)
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Fig. 2.4: Numerically calculated number of generated comb lines with a maximum difference in
power of 10 dB between the weakest line and the strongest line vs. modulation depth Ay, using the
driving conditions according to Eq. (2.48). The comb bandwidth can be calculated by multiplying
the number of lines with the modulation frequency wp,oq, Which defines the line spacing. A high
modulation depth is essential for generating broadband frequency combs.

yielding a maximum conversion of input light into a flat frequency comb when
the condition x
AA =A¢p = 1 (2.48)

is fulfilled.

Evaluating Eq. (2.43) numerically with the condition derived above, Eq. (2.48),
yields insight into the requirements for the modulation depth. The number of
consecutive comb lines with a maximum difference in power of 10 dB between
the weakest line and the strongest line is calculated for varying modulation
depths A;. The result is plotted in Fig. 2.4. Due to the characteristics of
the Bessel functions, a high modulation depth is needed for generating combs
with many lines. The bandwidth of the comb can directly be calculated by
multiplying the number of lines with the modulation frequency wpq, which
defines the line spacing, see Eq. (2.41). Thus, electro-optic generation of
broadband frequency combs requires both high modulation depth and high
modulation frequency.
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2.4 Optical frequency comb generation by electro-optic modulation

2.4.3 State of the art in electro-optic comb generation

Using the approach described in Section 2.4.2, a frequency comb with a line
spacing of 10 GHz and 11 lines with a power flatness of 1.1 dB has been
generated with a conventional lithium niobate MZM [83]. Another application
of this approach is demonstrated in this thesis, using a silicon-organic hybrid
(SOH) MZM integrated on a silicon-on-insulator (SOI) chip to generate a
frequency comb with 40 GHz line spacing and 7 lines with a power flatness of
2 dB, see Section 6.

Other related approaches in literature use different setups to generate optical
frequency combs (OFC) electro-optically:

In [80], dual-parallel MZM (a so-called IQ modulator) are used to generate 9
comb lines with 10 GHz line spacing and a power flatness of 2 dB. Also using
dual-parallel MZM, in [170] several combs with line spacings from 10 GHz to
60 GHz are demonstrated, while the number of generated comb lines ranges
from 7 to 2. Another approach with dual-parallel MZM is presented in [171],
demonstrating generation of a FC exhibiting 7 comb lines with 1 dB power
flatness at a line spacing of 25 GHz.

Cascading several modulators is another approach to generate broadband
combs. By cascading two intensity modulators and a phase modulator, and by
driving them with tailored waveforms, the generation of 38 comb lines with a
line spacing of 25 GHz and 1 dB power flatness is demonstrated [84]. Another
work uses an intensity modulator followed by two phase modulators [172].
With this setup, the authors realize 29 comb lines spaced by 10 GHz with
a power flatness of 1.5 dB. Using tailored, multi-harmonic electrical driving
signals and 3 cascaded MZM, in [173] the generation of 36 comb lines spaced
by 10 GHz with a power flatness of 1.1 dB was demonstrated.

While some of these approaches demonstrate flatter and more broadband combs
than it would be achievable with a simple MZM, they do so at the cost of
more complicated setups with higher hardware effort. For many applications
however, the practicability of the approach is enhanced by the use of simpler
setups with less (costly) hardware. This is especially true for cases, where
two frequency combs with different comb spacings are desired, effectively
doubling the hardware expenses for comb generation. Thus, this thesis makes
use of relatively simple comb generators with a single RF oscillator and a
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MZM, providing a good trade-off between comb generation performance and
technical simplicity.
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3 Distance measurements for
surface digitization using
electro-optic frequency combs

This chapter describes a fiber-based system for distance measurements with
electro-optic frequency combs. A summary of the state of the art is given in
Section 3.1, and a detailed explanation of the measurement principle along with
a description of the experimental setup and a discussion of the measurement
results can be found in Section 3.2. Results from an application demonstration
are shown, where a fiber-based sensor head mounted to a coordinate measuring
machine was used to accurately digitize the surface geometry of technical
objects.

3.1 State of the art in comb-based distance
measurements

This section provides a summary of the state of the art in distance measurement
with optical frequency combs. The approaches can be divided into three
categories, according to the basic measurement scheme:

* Time-of-flight (TOF) measurements using beat signals generated by
direct detection of a single frequency comb [35,121, 127]

» Evaluation of interference patterns formed by a single frequency comb
in a Michelson interferometer [117,119, 126,174, 175]

¢ Dual-comb schemes using a pair of frequency combs with slightly de-
tuned line spacings for simultaneous heterodyne detection of many comb
lines (multi-heterodyne detection) [34,37,116,118,176].
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3 Distance measurements for surface digitization using electro-optic frequency combs

Additionally, some demonstrations combine two or more measurement schemes,
e.g., to enhance the unambiguous measurement range or to increase the mea-

surement precision [34, 119, 175]. An overview of experimentally realized

precision and the corresponding acquisition times for FC-based distance mea-

surements is compiled in Fig. 3.8.

3.1.1 TOF measurements using beat signals generated by
direct detection of a single FC as modulation

Direct detection of a frequency comb on a photodiode exhibits the beat signals
between the various comb lines. These inter-mode beat signals have frequen-
cies corresponding to integer multiples of the comb line spacing and thus form
a radio-frequency (RF) comb spectrum. All publications considered in this
category measure and evaluate the phase shifts of one or several inter-mode
beat signals to obtain a distance measurement. Typically, signals with frequen-
cies ranging from tens of megahertz to several tens of gigahertz are evaluated.
The former provide a long unambiguity range, while the latter provide high
precision due to their small associated synthetic wavelengths. The broadband
nature of a typical frequency comb would allow for frequencies in the tera-
hertz regime, but the highest evaluated frequency is eventually dictated by the
bandwidth of the photodiodes and the subsequent electronic circuits.

The first use of optical frequency combs for distance measurements was demon-
strated in [35]. A femtosecond mode-locked laser was used to generate a comb
with a line spacing of around 50 MHz, and the phase shifts of the 1% and the
19 harmonic (945.3 MHz) of the fundamental beat signal were evaluated to
measure the distance, leading to measurements with a standard deviation of
50 um for an measurement time of 10 ms. To increase the precision, subsequent
experiments using higher frequencies were conducted. In [127], inter-mode
beats with frequencies of 3.5 GHz and 10 GHz were used, leading to measure-
ments with a standard deviation of 1.6 um with 10 s measurement time. Using
a frequency comb with 100 MHz line spacing, in [121] inter-mode beat fre-
quencies of 100 MHz and 11.4 GHz are exploited, yielding a standard deviation
of 9.5 um for total measurement times of 6s, including the time needed for
calibration measurements to compensate for temperature-induced drift of the
measured distance using a fixed reference distance and mechanical shutters.
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3.1 State of the art in comb-based distance measurements

Directly using inter-mode beats of a single frequency comb for TOF ranging is
hence a viable approach as demonstrated by previous experiments. The broad
optical bandwidth provided by frequency combs allows for higher precisions
by using higher beat frequencies. However, this comes at the price of a need
for high-frequency photodiodes and electronics, limiting the scalability to the
bandwidth ranges addressable by electronic components, i.e., several tens of
gigahertz.

3.1.2 Interference patterns in Michelson interferometers

Another approach to measure an optical path length is the evaluation of inter-
ference patterns in Michelson interferometers. To this end, a frequency comb
is split, e.g., by a semi-transparent mirror. One part propagates to a reference
mirror, the other part to the measurement mirror. After reflection, both parts
are superimposed on a detector to form an interference pattern. Spectrally-
resolved evaluation of the pattern is achieved by either including a dispersive
element at the detector or by scanning the optical path length to the reference
mirror and applying a Fourier transform to the recorded pattern [117, 175].

In [117], a mode-locked Ti-Sapphire laser generating a frequency comb with
a line spacing of 1 GHz is used. The interferogram formed by the Michelson
interferometer is spectrally resolved using a diffraction grating. The intensity
as a function of optical frequency hence exhibits a periodic modulation that
depends on the path length difference between reference and measurement
path. As the interference pattern can only form when the pulses overlap in
space, this scheme can only measure displacements around optical path length
differences corresponding to multiples of the pulse-to-pulse distance. When
the overlap between pulses reflected from the reference and pulses reflected
from the measurement detector gets smaller, the modulation depth of the
interferogram diminishes. A standard deviation of 1 um is demonstrated when
measuring displacement around multiples of the pulse-to-pulse distance.

In [174], adifferent approach is used. The frequency comb is generated electro-
optically from a CW laser using a Mach-Zehnder modulator (MZM). The
MZM is driven by a direct digital synthesizer (DDS) with a linear frequency
ramp, generating a comb with a line spacing swept between 14.0 GHz and
14.5 GHz. In the time domain, this frequency sweep leads to varying pulse-
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3 Distance measurements for surface digitization using electro-optic frequency combs

pulse distances. Thus, every time the optical path length difference in the
Michelson interferometer is an integer multiple of the instantaneous pulse-
pulse distance, an interferogram is observed. The distance can be calculated
from the known frequency sweep. Measurements with a standard deviation of
10 um and a measurement time of 0.1 s are obtained.

In [175], a femtosecond mode-locked laser with 100 MHz repetition rate is
used. The Michelson interferometer contains a mechanically scanned ref-
erence mirror, referenced to a fringe-counting interferometer. Interference
fringes formed by superimposed pulses of the mode-locked laser are detected
for different positions of the reference delays. The fringe patterns are evaluated
using a Fourier transformation. A spatial resolution of only 21 c¢m is realized
(no standard deviation for repeated measurements is stated), but also an exten-
sion of the unambiguity range to 190.5 m is demonstrated. The unambiguity
range is extended by combining the spectrally resolved interferometry with
a TOF ranging based on modulation with a pseudo-random binary sequence
(PRBS).

A displacement measurement method is demonstrated in [126]. A mode-
locked laser with adjustable repetition rate is used, generating combs with
100 MHz + 200kHz line spacing. The pulses reflected from the reference
mirror and the measurement mirror are overlapped in a nonlinear crystal (peri-
odically poled KTiOPOy, short PPKTP), generating a second-harmonic signal
when the relative time delay is zero. This signal is used for a feedback loop,
which adjusts the line spacing of the comb accordingly, when the measurement
mirror is displaced. The displacement can be calculated from the current line
spacing. A standard deviation of 117 nm for a measurement time of 5ms is
obtained.

In [119], a femtosecond frequency comb with a line spacing of 1 GHz, sta-
bilized to a cesium atomic clock is used as an optical source. The output
of a Michelson interferometer is spectrally resolved by a spectrometer, that
is able to separate individual comb tones. To uniquely identify the different
comb tones, high-precision calibration of the spectrometer is needed. This is
accomplished by an optical parametric oscillator in conjunction with a wave-
length meter, which are used to calibrate the spectrometer. The absolute comb
line frequency is used to refine the measurement. The coarse measurement is
obtained from the slope of the phase as function of the optical frequency, the
fine measurement is obtained by evaluating the phases at single optical fre-

36



3.1 State of the art in comb-based distance measurements

quencies. The substantial experimental effort finally allows for measurements
with a 28 nm standard deviation for a 100 ms acquisition time.

Note that evaluation of interference patterns formed by a frequency comb in
a Michelson interferometer does not require any high-frequency electronics.
However, the pulses reflected by the reference mirror and the measurement
mirror need to overlap on the detector to interfere. This limits the range
where measurements can be conducted to rather small intervals around integer
multiples of the pulse—pulse distance. With this approach, disadvantageous
dead zones are introduced in the measurement range, where no measurements
are possible. Additional measures have to be taken to minimize these blind
spots. As reported in the literature, one way is scanning of the delay of the
reference arm mechanically [119, 175]. However, this method comes at the
disadvantage of having a potentially slow mechanical scan and a more complex
setup. Another way is a sweep of the pulse-pulse distance by changing the
repetition rate, as done electronically in [174]. While this paper utilizes the
flexibility of electro-optic frequency combs in an elegant manner, a fast DDS
providing a linear frequency ramp as driving signal is required.

3.1.3 Dual-comb schemes with multi-heterodyne detection

Instead of using a single frequency comb, dual-comb schemes employ two fre-
quency combs with slightly detuned line spacing. Typically, one of the combs
is employed as a signal, probing the distance to the measurement target, and
the other comb is employed as a local oscillator (LO) for heterodyne detection.
A multitude of intermediate frequencies (IF) is generated due to the detuned
line spacing. The IF are used to evaluate phase and amplitude information of
each individual comb line. As the detuning of the line spacing can be kept rela-
tively small (e.g., in the kilohertz to megahertz regime) compared to the actual
line spacing, a broad optical bandwidth can be sampled with low-frequency
electronics.

In [34], a fairly sophisticated setup is used, with two erbium-fiber frequency
combs with line spacings around 100 MHz, each phase-locked to two CW
reference lasers. The distance measurements presented in this section are a
combination of synthetic-wavelength interferometry and optical interferometry
at the wavelengths of the individual comb lines. A standard deviation of
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3um for a measurement time of 0.2ms is obtained when employing only
the synthetic-wavelength approach. Combining it with an interferometric
evaluation at the absolute comb line frequency, the standard deviation improves
to 5 nm for a measurement time of 60 ms. Extension of the unambiguity range
to 30 km is demonstrated by switching the roles of signal comb and LO comb,
effectively creating a large synthetic wavelength defined by the small 5 kHz
detuning of the two combs.

In [37], the setup is simplified, employing two free-running Er-doped mode-
locked fiber lasers with repetition rates around 207 MHz. As the lasers are
free-running and the absolute frequency of the comb lines is not known, only
the synthetic wavelengths derived from multiples of the comb line spacing are
evaluated. A standard deviation of 2 um with a measurement time of 140 us is
demonstrated.

In [118] two free-running femtosecond fiber laser generate frequency combs
with a line spacing around 100 MHz. By evaluating the synthetic wave-
lengths, a standard deviation of 15.2 um at a measurement time of 200 us
is obtained. Additionally, extension of the unambiguity range of the mea-
surement to 1.26 km is demonstrated by tuning the line spacing of the signal
comb.

In [116], frequency combs are generated via parametric nonlinear processes
in highly nonlinear fibers. Each comb generator comprises a phase modulator,
two injection-locked laser diodes, wavelength-division multiplexing splitters
and combiners, two high-power fiber amplifiers, and multiple nonlinear and
linear fiber sections. The frequency combs exhibit a line spacing around
100 GHz, yielding broadband combs with high optical power in each line.
With these relatively complex sources, a measurement standard deviation of
1.5 um with a measurement time of 0.5 ps is achieved.

In [176], phase modulators inside cavities, which are stabilized with piezo-
electric actuators, are used to generate electro-optic frequency combs from
CW lasers. Standard deviations of 11 um are obtained for distance measure-
ments. The acquisition times are not stated in the paper. The combination of
electro-optic modulators and feedback-stabilized optical cavities increases the
experimental effort and makes the scheme less robust against environmental
influences such as vibrations, as the authors also state in their paper.
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In [J8], two broadband Kerr combs and high-frequency detection electronics
are utilized to achieve standard deviations of 5Snm for a measurement time
of 100 us, when employing a high-pass filter to the measured values to com-
pensate the effect of drift induced by temperature fluctuations. However, the
generation of two Kerr comb involves complicated setups with high power
optical amplifiers and the utilized high-frequency detection electronics are
prohibitively expensive for many industrial applications.

Hardware complexity concerning the optical part of a setup is increased in
dual-comb approaches, as a second comb source with defined detuning in line
spacing is required. However, the complexity of the detection electronics is
greatly reduced, compared to measuring inter-mode beats with direct detec-
tion. Specifically, information from high optical bandwidths can potentially be
evaluated with relatively low frequency electronics due to the multi-heterodyne
detection. Another benefit is the possibility to detect weak signals by hetero-
dyne detection with a strong LO, making measurements of scattering surfaces
possible, see Section 3.2 for more details. In comparison to approaches using
Michelson interferometers, no moving parts or dispersive elements are required
for dual-comb approaches, and dead zones within the measurement range can
easily be avoided. Due to these benefits, the dual-comb approach is also chosen
for the work reported in the next section of this thesis. In contrast to many
other demonstrations in the field, electro-optic comb generation using fixed-
frequency sinusoidal modulation in MZM is employed. A defined detuning in
line spacing is easily achieved, as the line spacing is electronically defined by
the driving frequencies. The approach is also particularly well suited for pho-
tonic integration, with the potential to minimize the hardware effort typically
associated with dual-comb schemes, see Chapter 4 for details on integrated
optical receiver circuits and Chapter 6 for an experimental demonstration of
an integrated silicon-organic hybrid (SOH) frequency comb generator.
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3.2 Distance measurements for surface
digitization using electro-optic dual-color
frequency combs

The contents of the following section is taken from a publication in Optics
Express [J1]. The structure and the layout of this document was slightly
adapted to fit the format of this thesis.

[Start of paper [J1]]

Fast high-precision distance metrology using a pair of modulator-generated
dual-color frequency combs

Optics Express; Volume 26; Issue 26; pp. 34305-34335; December 2018
DOI: 10.1364/OE.26.034305

C. Weimann,">3 A. Messner,! T. Baumgartner,! S. Wolf,! F. Hoeller,?
W. Freude, 2 and C. Koos'-2

Unstitute of Photonics and Quantum Electronics (IPQ), Karlsruhe Institute of
Technology (KIT), 76131 Karlsruhe, Germany

2nstitute of Microstructure Technology (IMT), KIT, 76344 Eggenstein-Leo-
poldshafen, Germany

3Corporate Research and Technology, Carl Zeiss AG, Oberkochen, Germany

We demonstrate fast high-precision non-contact distance measurements to
technical surfaces using a pair of dual-color electro-optic frequency combs
for synthetic-wavelength interferometry (SWI). The dual-color combs are gen-
erated from continuous-wave (CW) lasers at 1300 nm and 1550 nm, which are
jointly fed to a pair of high-speed dual-drive Mach-Zehnder modulators. The
dual-color approach is used for continuous and dead-zone-free compensation
of temperature-induced fiber drift. We achieve standard deviations below 2 um
at an acquisition time of 9.1 ps for measurements through 7 m of single-mode
fiber. Despite the technical simplicity of our scheme, our concept can well
compete with other comb-based distance metrology approaches, and it can
maintain its accuracy even under industrial operating conditions. The viability
of the concept is demonstrated by attaching the fiber-coupled sensor head to an
industrial coordinate measuring machine for acquisition of surface profiles of
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various technical samples. Exploiting real-time signal processing along with
continuous fiber drift compensation, we demonstrate the acquisition of point
clouds of up to 5 million data points during continuous movement of the sensor
head.

3.2.1 Introduction

Optical distance metrology is at the heart of a wide variety of applications in
science and industry, such as quality control, wear inspection, reverse engineer-
ing, forensics, and 3D scanning. Important requirements are high measurement
precision, fast acquisition, and the ability to cope with natural technical sur-
faces characterized by roughness and strongly varying backscattered power
levels. In the context of fast and precise distance metrology, optical frequency
combs have emerged as valuable tools, either as light sources for the distance
measurement itself [34, 35,37, 116—129, J§], or as a means for calibrating
lasers, e.g., for synthetic-wavelength interferometry (SWI) [130, 131,J4] or
for frequency-modulated continuous-wave (FMCW) laser ranging [132, 133].
However, all these demonstrations rely on rather complex and sensitive setups
that cannot cope with the stringent requirements that are associated with in-
dustrial applications. As an example, the majority of these demonstrations
relies on free-space or fiber-based mode-locked lasers (MLL), which, despite
considerable progress towards ruggedized implementations [48], are still char-
acterized by considerable technical complexity, especially when it comes to
operation in an uncontrolled industrial environment. Additional challenges
arise in the context of dual-comb approaches, which generally require adjust-
ment of both line spacing and center frequency along with stable operation
without drift. Parametric comb generators [116] have that capability but rely
on complex arrangements of phase modulators, injection-locked laser diodes,
wavelength-division multiplexing splitters and combiners, high-power fiber
amplifiers, as well as multiple nonlinear and linear fiber sections. Moreover,
the majority of comb-based distance metrology experiments are limited to
laboratory demonstrations of the measurement system itself, using the fun-
damentally achievable precision as a benchmark. Recently, a system using
dual frequency combs generated by electro-optic modulators has been demon-
strated for measurements over baselines of up to 1.2 km [177]. However, only
measurements to retro-reflectors are carried out with relatively long averaging
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times of 1 s for a single measurement, making the approach incompatible with
the requirements associated with fast and dense digitization of technical sur-
faces. With a few exceptions [34, 37], these demonstrations do not consider
detrimental effects such as length drift of optical fibers and other thermal and
mechanical influences that are unavoidable in real-world applications. It has
been demonstrated that such effects can be compensated by using the partial
end facet reflex of an optical fiber or a dedicated free-space reflector for a
reference measurement [34,37], but this approach leads to dead spots in the
measurement range when target and reference pulses overlap. Hence, despite
the tremendous potential of many of the previously demonstrated comb-based
distance measurement concepts, none of these approaches has demonstrated
its applicability to industrial high-precision metrology.

In this section, we demonstrate a robust, technically straightforward, and yet
precise comb-based distance measurement concept that can maintain its pre-
cision even under realistic industrial boundary conditions. The concept re-
lies on synthetic-wavelength interferometry (SWI) using a pair of dual-color
frequency combs that are generated by a robust fiber-based system of com-
mercially available off-the-shelf components such as continuous-wave (CW)
lasers at 1300 nm and 1550 nm and standard telecom-grade dual-drive Mach-
Zehnder modulators (MZM). The MZM are operated by fixed-frequency si-
nusoidal electrical signals, generating a pair of frequency combs for each
wavelength. The pair of 1550 nm frequency combs is used for measuring the
distance to the target, while the pair of 1300 nm combs is used solely for con-
tinuous dead-zone free detection and compensation of temperature-induced
optical drift of the fiber that connects the comb measurement unit to a remote
passive sensor head. To the best of our knowledge, our experiments represent
the first demonstration of dead-zone-free drift compensation for comb-based
distance measurements through optical fibers. The accuracy of the distance
measurements relies on the line spacing of the respective frequency combs,
which can be freely adjusted with high precision using electronic frequency
references that are inherently traceable to widely available time standards. The
ability to compensate fiber drift enables flexible installations of the passive
sensor head on industrial kinematics such as a coordinate measuring machine
(CMM) without impeding the measurement accuracy. In our experiments,
we demonstrate standard deviations of 2 um at an acquisition time of 9.1 ps
for measurements through 7 m of standard single-mode fiber. Considering
the accuracy in relation to the measurement time, our concept outperforms
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the majority of competing comb-based distance metrology demonstrations,
despite its technical simplicity. Compared to time-of-flight based methods
using sinusoidal intensity modulation or pulsed laser sources [35, 160, 178],
where the accuracy is tightly linked to the bandwidth of the employed de-
tection electronics, the chosen synthetic wavelength approach decouples the
achievable accuracy from the detector bandwidth. This allows using detection
electronics with relatively moderate bandwidth under 2 GHz while achieving
accuracy in the micrometer regime. For demonstrating operation under in-
dustrial conditions, we implement dedicated signal-processing algorithms on
a field-programmable gate array (FPGA), achieving a real-time measurement
rate of 3.3 kHz, which is only limited by the signal processing speed. The com-
bination of continuous fiber-drift compensation and real-time signal processing
allows for fast and dense digitization of three-dimensional surface profiles of
technical samples featuring a wide range of rough naturally scattering surfaces.
This is demonstrated by the acquisition of point clouds of up to 5 million data
points, obtained from a sensor head that is continuously moved by an industrial
coordinate measuring machine.

The section is structured as follows: Subsection 3.2.2 provides details on
the experimental setup and the comb-based distance measurement principle.
Subsection 3.2.3 is dedicated to an in-depth characterization of the system
performance and to a comparison with competing concepts. In Subsection
3.2.4, we give a detailed description of our experimental demonstrations. The
Appendices A-F give mathematical details of the multi-heterodyne detection
scheme and of the impact of noise on the measurement accuracy.

3.2.2 Experimental setup and measurement principle
3.2.2.1 Experimental setup of measurement system

A schematic of the measurement system is depicted in Fig. 3.1. The optical
setup is entirely based on fiber-coupled, commercially available telecom-grade
equipment. The light from two CW lasers with wavelengths of A, = 1300 nm
and Aop; = 1550nm and power levels of 15dBm and 18 dBm respectively
is split and combined by fiber couplers, feeding two Mach-Zehnder modula-
tors (MZM1 and MZM2) for frequency comb generation. The light entering
MZM?2 is additionally frequency-shifted by a pair of acousto-optical modula-
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tors (AOM). The carrier at wavelength A, is shifted by 80 MHz, the carrier at
Aobj by 55 MHz. The lithium niobate MZM are driven by sinusoidal electrical
signals with frequencies of 39.957 GHz for MZM1 and 40.000 GHz for MZM?2.
Both signal generators are referenced to a common clock signal (not depicted).
The phase-modulated light shows broadband frequency comb spectra with line
spacings that are precisely defined by the respective driving frequencies. By
adjusting the bias voltage, the relative phase and the amplitudes of the driving
signals between both arms of the modulator, spectrally flat frequency combs
can be obtained [83,134]. The measured spectra are depicted in Fig. 3.1, insets
(1) and (2). The two frequency combs with a 39.957 GHz line spacing are re-
ferred to as signal combs, whereas the two frequency combs with a 40.000 GHz
line spacing are named local oscillator (LO) combs. The superimposed signal
combs are split by coupler CPL1 to propagate along a measurement path and
along a reference path towards the optical receivers. In the same manner, the
superimposed LO combs are split by coupler CPL2 and propagate towards the
optical receivers. Each of the balanced receivers RXpe,s and Rxf, which ter-
minate the measurement paths and the reference paths, comprise a directional
coupler followed by a pair of balanced photodiodes. Signal and LO combs are
superimposed for heterodyne detection. Photomixing of the signal comb lines
with their LO counterparts with detuned line spacing leads to a superposition
of sinusoidal photocurrents at distinct intermediate frequencies (IF).

The polarization states of the signal combs are adjusted once at each start-up
of the set-up via polarization controllers in order to maximize the amplitude
of the generated IF signals. Long-time polarization fluctuations, which could
lead to polarization-induced fading of IF signal levels, are ignored in this proof-
of-principle experiment and could in principle be compensated for by using a
polarization diversity receiver structure [179]. The photocurrent spectrum is
evaluated to find the relative distance to the surface of the measurement object
and to simultaneously locate the position of the calibration mirror. The relative
distances are calculated from the phase differences of the signals received by
Rxpmeas With respect to the signals received at Rxr. Object and calibration
information are discriminated by the respective carrier frequency shifts of
80 MHz and 55 MHz, which act as a label.

The signal combs are guided to a sensor head mounted on a coordinate mea-
suring machine (CMM) via 7 m of standard single-mode fiber. In the sensor
head, the signal combs exit the fiber and are separated by a dichroic beam
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Fig. 3.1: Experimental setup. Light from two continuous-wave (CW) lasers with wavelengths
of Aca = 1300nm and Agp; = 1550 nm and power levels of 15dBm and 18 dBm respectively is
split and fed to two Mach-Zehnder modulators (MZM1, MZM?2). Light guided to MZM?2 is
additionally frequency-shifted with acousto-optical modulators (AOM) by 80 MHz and 55 MHz,
respectively. The MZM are driven with strong sinusoidal signals (peak voltage 6.3 V) at frequen-
cies of 39.957 GHz and 40.000 GHz, respectively. Proper adjustment of phase and amplitude
of the driving signal in one arm of a MZM leads to broadband frequency comb generation. In
the following, optical paths are described in terms of the points A ... E depicted in the setup
sketch (bold, orange letters). The signal combs (Inset 1) are split in fiber coupler CPL1. One part
is incident on the balanced photodetector (BD) Rx,ef after propagation over the internal optical
path AC. The other part is guided through CPL3 to a sensor head via path AD. A dichroic beam
splitter (BS) in the sensore head separates Acy and Agp;. The calibration comb centered at Ay is
reflected from a fixed calibration mirror, the object comb centered at Aop; is scattered back from
the object surface. The reflected light is coupled back into the fiber and guided to Rxmeas Via
path ADD|DE and ADD,DE, respectively. On both receivers, the signal combs are superimposed
with the frequency-shifted local oscillator (LO) combs featuring detuned line spacing (Inset 2)
for heterodyne detection. Polarization controllers (Pol. control) are adjusted once at each start-up
of the setup. The generated photocurrents are acquired by an analog-to-digital (A/D) converter,
and a Fourier transformation is used to isolate the discrete beat notes of the signal and LO combs
lines. Digital signal processing is implemented on a field-programmable gate array (FPGA) and
a personal computer. The optical path lengths D,D and DD are denoted as z (object height) and
Zcal- PDFA: Praseodymium-doped fiber amplifier. CMM: Coordinate measuring machine.
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splitter cube (BS) upon collimation of the beam. The BS is transparent for the
frequency comb around the center wavelength A.,. This comb then propagates
to a fixed calibration mirror, is reflected and coupled back via the fiber and
coupler CPL3 to the receiver Rxpess. The frequency comb with center wave-
length Ay, is reflected by the BS and focused onto the object surface by a lens
with a focal length of 30 mm and a diameter larger than the diameter 3.4 mm
of the collimated beam. The resulting numerical aperture amounts to 0.057.
Assuming a Gaussian beam, the beam illuminating the object surface exhibits
a beam waist diameter of 17.4 um, which defines the lateral resolution. The
scattered light collected by the lens is coupled back into the fiber and guided
to the receiver RXeas as well.

The applied heterodyne reception technique enables sensitive detection of sig-
nals with low power [C4]. The IF signals are analog-to-digital converted
with 1.8 GSa/s and 12 bit resolution, and a discrete Fourier transform (DFT)
is performed. The DFT operates on 2! = 16384 samples and is implemented
on a field-programmable gate array (FPGA). The DFT results are then fed to
a personal computer (PC) for further processing. While the recording of the
samples takes only 9.1 ps, the complete real-time measurement rate is currently
limited to 3.3 kHz by the processing time required for the DFT. As presently
only two Fourier transforms are calculated in parallel, future implementation
could realize higher real-time measurement rates by a deeper parallelization.
The chosen acquisition time and associated DFT length represents a trade-off
between measurement rate and precision and allows us to achieve micrometer
precision while still maintaining the ability for fast and dense sample digiti-
zation. The PC controls the CMM via Ethernet and reads the position of the
sensor head with reference to the coordinate system of the CMM. By moving
the sensor head across the object surface while optically measuring the height
z, surface profiles can be recorded. The CMM is also used for tactile height
measurements, which serve as “true” reference data for comparison with the
optically obtained results.

3.2.2.2 Measurement principle and data processing

The measurement principle is based on synthetic-wavelength interferometry,
evaluating the phase difference of the propagators exp (—jwl,sigZZ /c) of the
reflected signal comb lines / with (angular) frequency wy i = 27 fisiz and ¢
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Fig. 3.2: Detection principle. (a) Schematic optical spectra of signal comb (continuous lines)
and LO comb (dashed lines). The line spacings of signal and LO comb are slightly detuned by
Af mod = [fmod, L0 —fmod, sigl and the center frequencies are offset by Afy. (b) Schematic one-sided
power spectrum of the photocurrent. Quadratic detection of signal and LO comb by a photodiode
leads to a multitude of sinusoidal IF signals with frequencies |Afy + mAfyoq| in the photocurrent.
Negative frequencies of the corresponding two-sided spectrum are drawn in gray and mirrored to
positive frequencies of the one-sided spectrum. The phases of the IF signals are directly linked to
the phase shifts accumulated by the lines of the FC during propagation.

as the vacuum speed of light [34, 124, 180]. Using two signal combs with
different center wavelengths A¢a and Agpj and a calibration mirror in a fixed
calibration distance Zcqjih, two independent distance measurements are made
simultaneously for compensating the temperature drift of the fibers.

The measurement principle is first explained for only one set of signal comb
and LO comb. The signal comb lines are numbered by the integer 1 and have
discrete optical frequencies fisig = fo,sig + [ fmodsig, Where fosie = ¢/ Aosig is
defined by the input CW laser, and where finodsig is the driving frequency for
the MZM. The LO comb’s center frequency is shifted with an AOM by A fy,
and its line spacing is detuned by the difference in MZM driving frequencies
A fmod- The integer m denotes the order of the LO comb lines with optical
frequencies fiL0 = fo,L0 + MfmodLo = (fosie + AS0) + m (finodsig + Afinod)-
The comb lines of signal comb and LO comb are superimposed on the receivers
Rx in Fig. 3.1. The superposition of signal and LO comb spectra is illustrated
in Fig. 3.2(a) with 7 comb lines for each comb, I,m = -3,...,0,...,3.
Quadratic detection leads to a multitude of sinusoidal photocurrents at distinct
intermediate frequencies (IF) in the baseband. With an integer m denoting the
order of the comb lines, the photocurrent shows N spectral lines at frequencies
|Afo + mA finodl, as depicted schematically in Fig. 3.2(b). A rigorous math-
ematical description of the measurement scheme can be found in Appendix
A.
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In the following, optical paths are described in terms of the points A ... E
depicted in the setup sketch of Fig. 3.1. The optical path lengths are denoted as
z for path D;D, Dyig meas for path ADE, Dy g meas for path BE, Dy rer for path
AC, and Dy o et for path BC. The phases ¢, (22 + Dyig,meas> D10, meas) 0f the IF
signal received by Rx ey fOr variable object positions z are compared to the ref-
erence phases ¢, (Dsig,ref, DLO’ref) of IF signal received by Rx.r. The optical
path length difference between the measurement and the reference path can be
extracted from the phase differences Ag,, (2) = ¢ (22 + Dsig,meass DLO,meas) —
©m (Dsig ret, DLo ret), see Appendix A, Eq. (3.36).

The Optical path lengths Dsig,mcas (t), Dsig,ref (t)’ DLO,meas (t) and DLO,ref (t)
inside fibers are subject to variations as a function of time t due to temper-
ature changes [181-183]. The quantities Lo meas (f), Lsigref (£), LLO,meas ()
and Ljoref (f) denote the actual geometric path lengths for the signal comb
and the LO comb at a given time r. Note that these path lengths already
consider the fact that the light may propagate back and forth through the
same physical section of a path. In detail, Lgjg meass LL0,meas> Lsigref> LLO,ref
represent the geometrical lengths of paths ADE, BE, AC, and BC, respec-
tively. We further denote n as the group refractive index, dn/dT as the
thermo-optic coefficient, @y = (dL/dT) /L as the thermal expansion coef-
ficient. Moreover, we use the length-averaged temporal temperature differ-
ences with respect to a reference time 7o of the various fiber paths. For
path ADE (length Lgg meas), these temperature differences are denoted as
ATig meas = Tsig,meas () = Tsig,meas (f0), and the temperature differences for the
other paths are obtained by replacing the subscript ‘sig’ by ‘LO’ and/or ‘meas’
by ‘ref’. The optical path length Dgig meas = 7Lsig,meas Varies with temperature
according t0 dDsigmeas = (7d (Lsig,meas) /AT + Lsig measd (1) /dT) dT. Using
the previous definitions, this leads to temporal optical path length variations

dn
ADsig,meaS (t) = (na’L + d_T) Lsig,measATsig,meas (t) . 3.1

The temporal optical path length variations for the other paths are obtained
by replacing the subscript ‘sig” by ‘LO’ and/or ‘meas’ by ‘ref’. The consid-
erably smaller temperature-dependent path length changes of the free-space
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segment z can be neglected. As a consequence, the phase differences between
measurement and reference path Ag,, (z, r) now depend also on time,

MWmod,sig
App (z,1) =——

[2Z + Dsig,meas (t) - DLO,meas (t) - (Dsig,rcf (t) - DLO,ref (t))]
+8 (Z, t) - (DLO,meas (t) - DLO,ref (t)) mAwmod/c~
(3.2)

The function g (z, ) depends on time, but not on m,

8 (27 1) = (ZZ + Dsig,meas (t) = D1.0,meas (t) - (Dsig,ref (t) = D10,ref (t))) U)O,sig/c

- (DLO,meas (t) - DLO,ref (t)) Aw()/c,
3.3)

see Appendix A, Eq. (3.36). The object height z is extracted by fitting a straight
line to the 2r-unwrapped data points Ag,, (z, t) and by evaluating its slope with
respect to a zero measurement at zg = 0, 7o = 0, see Appendix A, Eq. (3.38),

dAg, (2,1) _ dAg,, (z0 = 0,19 = 0)
dm dm
w .
modsie (2Z + ADsig,meas (t) - ADLO,meas (t) - (ADsig,ref (t) - ADLO,ref (t))) .
34

R

Obviously, the thermally induced variations of optical path lengths ADyjg meas (7).
AD1 0,meas (1), ADgig rer (1) and ADy g rer (1) lead to an error when extracting
the distance z from the slope of the phases as a function of comb line index
m. We estimate the magnitude of this error by using published data. In a
single-mode fiber with n = 1.4679 [184], ;. ~ 0.5 x 107°K~! [182,185,186],
dn/dT ~ 10 X 107°K~! [181, 182, 185-187], the temperature-induced relative
optical path length change can be quantified as (dropping the subscripts)

(AD/AT) /L = 10.7 um/(K m). 3.5)

In practically relevant systems, typical fiber lengths are in the meter range
(say, 10m) and temperature changes of a few Kelvin (say, 10K) are to be
expected in a normal industrial environment. As a consequence, accuracies
better than 1 mm require a calibration technique, which allows to indepen-
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dently determine the temperature-induced variations of the various fiber paths.
To this end, we perform a second measurement with frequency combs at a
different center wavelength A., = 1300 nm using a fixed calibration mirror at
position Dy, Fig. 3.1. The 1300 nm-combs along with the previous combs at
Aobj = 1550 nm are generated from two CW lasers by identical modulators,
propagate through the same fiber and are separated only in the sensor head by
the dichroic beam splitter. Calibration and object measurements are separately
evaluated by heterodyne down-conversion to different intermediate frequencies
— a measurement of a typical electrical power spectrum of the photocurrent is
depicted in Fig. 3.3(a). The IF signals for Aopj and Aca are centered around
different offset frequencies Afobj and Afoca as defined by the two AOM.
The associated lines can hence be extracted from the photocurrent spectrum,
and the associated optical path lengths can be evaluated separately. In the
following, the optical calibration path length is denoted as z¢y, which refers to
path DD, see Fig. 3.1. We apply Eq. (3.4) for the object and the calibration
comb, introduce the effective optical path lengths Dy () and Dy (¢) for the
object wavelength Aqp; and the calibration wavelength Acyi, with corresponding
refractive indices n,,, and n,,, and find for the difference

cal ?

Abomalet)  Abomatle)) _ o 2.3 — 09) + Dogy (1) = Deat (1)
Dobj (t) = Mgy (t) Lsig,rneas (t) — Mgy, (t) LLO,meas (t)
Ty (t) Lsig,ref (t) + Ay (t) LLO,ref (t) s
Dey (1) = NAcq (1) Lig meas (1) - N (t) LLo,meas (1)
—Nay (t) Lsig,ref (t) + N (t) LLO,ref (t) .
3.6)

If the group refractive index and the thermo-optic coefficient for the measure-
ment and the calibration combs were identical, we had Do (f) = Dcq (1), and
the temperature fluctuations would compensate exactly, see Eq. (3.1). How-
ever, there is an actual wavelength dependency of n and dn/dT [182, 184], and
this leads to a remaining differential temperature drift of the individual optical
path lengths of (dropping again all individual subscripts)

((ADgbj/AT) = (ADcai/AT)) /L = 32nm/(Km). 3.7
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Fig. 3.3: Detection principle and data processing. (a) Measured one-sided spectrum of the
photocurrent in a resolution bandwidth (RBW) of 110 kHz. The spectral lines of the photocurrent
are indexed by m as in Fig. 3.2. For the object comb (red) m = 0 refers to the spectral line at
the offset frequency Afy obj = 55 MHz, and for the calibration comb (blue) to the line at offset
frequency Afy ca = 80MHz. The appearance of negative frequencies (m < —1 in the present
configuration) in the one-sided electrical spectrum is explained in Fig. 3.2. (b) Differences of the
IF phases A@;yy, obj and Ay, cal as measured between the reference and the measurement receiver
for object and calibration comb as a function of the line index m. Phase values before unwrapping
(sawtooth-like shapes) are depicted in light colors, illustrating the 27t-periodicity. The unwrapped
phase values follow a linear relationship. The slopes of the fitted straight lines are proportional
to the respective optical length differences between reference and measurement paths. Triangles
mark the phase slopes according to Eq. (3.4), where Dqp; (¢) and D¢y (¢) are defined in Eq. (3.6).

Comparing this result to Eq. (3.5), we find that the calibration measurement
reduces the temperature influence by three orders of magnitude.

The slopes d (A obj (2, 1)) /dm and d (Agy, cal (z, 7)) /dm used in Eq. (3.6) are
determined by a linear regression, as illustrated in Fig. 3.3(b). Note that the
measurement does only permit to determine the phase values up to an integer
multiple of A-periodic, and that the measured phases have to be unwrapped
before extracting the slope. This determines the unambiguity range Az, of the
approach: In Eq. (3.4), the quantities D can be assumed to be constant. The
maximum change A (A, (z,1)) which can be uniquely measured is Dyx7m.
The associated maximum unambiguously detectable change of Az, hence
corresponds to a phase shift of 27t between neighboring comb lines (Am = 1)
and can be expressed as

1 c
AZgg=7——==A\1, Npy=—m. 3.8
“ 2U)m0d,sig 2 : " m fmod,sig ©.8)

The quantity A; corresponds to the biggest synthetic wavelength [137]
used in the measurement, see Appendix A Eq. (3.34). For our system
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we have fuoasie = 39.957GHz, leading to an unambiguity range of
Azya = ¢/(2fmodsig) = 3.7mm. This range could be extended by, e. g.,
subsequent measurements with different comb line spacings fmodsig [34,125],
by a combination with longer-range time-of-flight measurement schemes [J4],
or by using special schemes in which the LO comb also propagates to the
measurement target [188].

3.2.3 System characterization

In the following we demonstrate the efficiency of our path length drift com-
pensation scheme when the system is exposed to deterministic and stochastic
changes of the ambient temperature. If environmental changes are compen-
sated, the limiting measurement accuracy is determined by the system’s signal-
to-noise power ratio.

3.2.3.1 Deterministic time-dependent system uncertainties due to
thermal path length changes

The experimental results can be seen in Fig. 3.4(a) for a qualitative demonstra-
tion. A 5m long fiber leading to the sensor head is heated for a few seconds
with a heat gun, while continuously measuring the distance to a fixed spot on
an static object. The individual measurement results for the true heights z and
Zeal are named Z = z + 0.5Dgp; (f) and Zeq) = z + 0.5Dcy (¢) and are displayed
as red and blue curves in Fig. 3.4(a). These measurement data exhibit a strong
temperature drift — the optical path length expands during the heating phase,
and shrinks again while the fiber is cooling down. However, the difference,

fcomp =Z - Zeal 3.9

(black curve) stays constant, Fig. 3.4(a). A quantitative characterization was
done by a controlled heating of a 0.5 m-long section of the fiber in a water
bath, Fig. 3.4(b). No heatsinks were applied outside this 0.5 m-range. Each
temperature step was followed by sufficient settling time of around half an hour.
Increasing the temperature while measuring a constant object height results in
a relative optical path length change (AD/AT) /L = (14.8 £ 0.5) um/(K m).
This in fair agreement with the value of 10.7 um/(Km) that was estimated

52



3.2 Distance measurements for surface digitization using electro-optic dual-color frequency

combs
a) Zeomp T T b) T T T T T T
0 5.0+ Zeal 40
_ » oal |
§_ Heat on N 4&, 10.2pm
= 2sf ] 25} s z {-50
5 £ . T T
= 5 E
2 -s0f 1 500 _,#7,_.\./_J./\ {100 =
.“S’ (T ‘f 4 ‘ N
é -75} 4 N 25l - & {150 N
2 &
= 100} 1 * s
<+—Heat off 5.0 4-200
0 50 100 150 25 30 35 40 45 50

Time [s] Temperature [°C]

Fig. 3.4: Influence of fiber temperature drift on the measured object height, and compensation of
this drift. (a) Qualitative demonstration. A section of fiber CPL3-D in Fig. 3.1 is rapidly heated
for a few seconds with a heat gun. The measured object height Z decreases during the heating
period due to expansion of the fiber and approaches its true value z = 0 while cooling down (solid
red, A = 1550nm). The measured calibration height Z ., follows this curve closely (solid blue,
A = 1300 nm), but exhibits more noise because of the lower optical comb power, see inset. The
difference Zcomp = Z—Zcal, Which measures the true temperature-compensated object height (black)
z with reference to z.,1, remains unaffected. (b) Quantitative demonstration. A 0.5 m long section
of the optical fiber path CPL3-D is immersed in a water bath which is heated in 2 K steps. At each
temperature step, the distances Z and Z . to fixed targets at z and z¢,), respectively, are measured
500 times. Blue triangles and red crosses denote the measured averages (Z ) and (Z.1 ), respectively
(vertical axis on the right). The black squares represent the averages of the differences <2C(,mp>
(vertical axis left), and the error bars indicate +1 standard deviation oz comp. The optical fields
traverse the heated fiber section twice so that the relevant geometrical path length is L, =2x0.5 m.
While the true height z remains constant, the measured object and calibration heights Z and Z.y
change because the optical path length Dj, of the heated fiber section for 1550 nm and 1300 nm
changes with a linear coefficient of (2AZ/AT) /Ly, = (ADy, /AT) /L;, = (14.8 £0.5) pm/(K m)
according to Eq. (3.4), (3.5), while Zcomp remains constant.

from published data of other groups, Eq.(3.5). The discrepancy is attributed
to heat conduction along the fiber, which increases the effective heated length.
The temperature-compensated height Zeomp = 2 — Zcal Stays constant within the
measurement accuracy over the whole temperature range, demonstrating the
effectiveness of the compensation scheme.

3.2.3.2 Stochastic time-dependent system uncertainties due to path
length fluctuations

During extended measurement times, the optical path length varies due to
random refractive index fluctuations of the air in the free-space path, and
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Fig. 3.5: Allan deviations calculated from repeated measurements to a mirror at a fixed distance.
Result for uncompensated measurement shown in red, result for temperature-drift-compensated
measurement shown in black.

because of the remaining uncompensated optical fiber path length fluctuation
due to the wavelength dependency of n and dn/dT, see Eq. (3.7) and associated
text. For quantifying the stability of the system, we record a number of values Z
at time intervals At and subdivide the total measurement time into subperiods
of duration 7 = NAt, which are subscripted by n. Each subperiod n therefore
comprises v = 1,2,..., N data points Z,,. As a measure for the long-term
stability we use the Allan variance,

N
1 R R R 1 R
Oﬁllan,ﬁ () = E <(<Z"+1>T - <Z”>T)2>n’ <Z">T - N Z nys T = NAt,
v=1

(3.10)
where the brackets () denote the average of the respective quantity. For repeated
uncompensated measurements Z,,, under nominally stable environmental con-
ditions, the resulting Allan deviation oajap,z is plotted in Fig. 3.5. For short
averaging times 7, random fluctuations lead to a relatively large oajjan, 2, Which
decreases as the averaging time 7 increases. However, the averaging does not
help for long-term drifts, e.g., on a time scale of 1s or more, where the Allan
deviation of the uncompensated measurements starts increasing again. This
can be overcome by the dual-wavelength drift compensation scheme. In a
second experiment, we record the Allan deviation for the compensated mea-
surement value Zcomp = £ — Zcar as defined in Eq. (3.9). Note that, for small
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averaging times, the resulting Allan deviation ojjan,2,comp Of the compensated
measurements is larger than the Allan deviations oajjan, s of the uncompensated
scheme. This is caused by smaller comb power and hence the higher noise
levels of the calibration measurement in combination with the fact that the
variance of a sum of the two independent random variables (Z,,), and <fca1,n>T

equals the sum of the variances 0'22 + a'é’cal). For long averaging times or
for measurements over extended periods, long-term drifts dominate the Allan
deviation of the uncompensated measurements, while the compensated mea-
surement reduces the effect of such drifts significantly. Our current real-time
measurement rate is 1/Ar = 3.3 kHz. For typical surface scans as conducted
in our proof-of-principle demonstrations, we record around 10° data points
which takes around 300s. The Allan deviation of the compensated measure-
ment (black curve, Fig. 3.5) is as small as 60 nm. Without compensation (red
curve, Fig. 3.5), the additional measurement uncertainty would be much larger,
even in the case of a nominally stable laboratory environment. To achieve high
precision with a fiber-based system in an uncontrolled workshop environment,
temperature drift compensation is indispensable.

3.2.3.3 Measurement precision dependent on signal-to-noise power
ratio

When temperature-related measurement errors are compensated, the measure-
ment precision of the system is eventually limited by noise. We therefore
quantify the influence of various sources of noise: Phase noise and relative in-
tensity noise (RIN) of the comb sources, shot noise (quantum noise) to be seen
in the photodiode current, noise of the transimpedance amplifiers (TIA) that
amplify the photocurrent, quantization noise of the analog-to-digital converter,
and stochastic crosstalk from the finite isolation of the 3 dB splitter (CPL3 in
Fig. 3.1).

It turns out that for the operating conditions of interest, quantization noise
is negligible. Because we employ a self-heterodyne detection scheme, phase
noise of the source is not transferred to the photodetector current. The influence
of the remaining noise sources on the signal-to-noise power ratio (SNR) and
on the overall distance measurement accuracy is discussed in the following
paragraphs.
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Relative intensity noise: Although mitigated by the balanced detection scheme,
relative intensity noise (RIN) of the optical carriers still leads to some fluctu-
ations of the photocurrent amplitude and the associated voltage signal. The
corresponding relations are derived in Appendix B and C. The quantity S, (unit
A/W) is the detector sensitivity, Rtra (unit ) denotes the transimpedance gain
of the TIA unit, RINgpec 1 is the height of the RIN spectral density of the re-
spective laser with center wavelength A, and Af is the detection bandwidth.
Assuming total optical comb powers Pgjq 2 and P o 1, respectively, the resulting
noise variance of the voltage is given as [189]

Tay = ) (SaRTiAY RINgee 1PLOt Prig aD 3.11)
A

where the sum }’, comprises the two wavelengths Aop; = 1550 nm and Ay =
1300 nm.

Shot noise: The shot noise (quantum noise) variance of the voltage (unit V32)
at the output of the balanced photodetectors (BD) in the receivers RXpeas and
Rxef depends on the total optical comb power Pgig 1 + PLo,2 impinging on the
detector for each center wavelength A = {/lobj, /lcal},

Thot = 26 ) St (Piga + PLoa) RipAf. (3.12)
A

Noise-equivalent power: Noise of a photodetector system is usually specified
in terms of its noise-equivalent power (NEP), which includes the effects of
photodetector quantum noise and electronic noise of the TIA. The resulting
noise variance of the voltage is

0a = (RTIANEP - Sxpp)? Af. (.13)

The quantity Sxgp stands for the photodetector sensitivity at the wavelength
where the NEP was measured by the manufacturer of the device. In Appendix
D, we show that O’%I A is dominated by electronic noise contributions.

These noise contributions lead to a finite signal-to-noise ratio (SNR). Accord-
ing to Eq. (3.32) in Appendix A, the signal amplitude V,, ; of a sinusoidal
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voltage generated by heterodyne mixing of the m-th lines of signal comb and
LO comb (see Fig. 3.2) is given by

Vina = SaN2Ppsig. 1 2Pm 10, Rrias (3.14)

where Py, sig 2 and Py, 10,4 denote the comb line powers of the signal and the
LO comb. Relative intensity noise of the source, photodetector shot noise, and
TIA noise are independent so that their variances can be added for a total noise

2 + 02, The SNR for the m-th IF line from combs

variance oy = o-RIN + O'ShOt
with a center wavelength A is then

e LS2RY, 2Pygea 2P
2 "m,A m,sig,A m,LO, 1

SNR,, , = =3~ = 24 1A . . (3.15)
Tiot TRIN * Tanoc T 1A

From this SNR,,, ; the variance of the measured electrical phase can be cal-
culated. To this end, the m-th line in the measured electrical spectrum Fig.
3.2(b) is represented by a sinusoidal with frequency f,, = Afy + mA fiod-
Finite SNR,,, 1 then leads to a fluctuation of both amplitude and phase of
this sinusoidal. These fluctuations are represented by an in-phase component
x = ficosy and a quadrature component y = 7isiny, where ¢ is equally
distributed in the interval 0. . .27,

Vina = (Vm,,l + x) cos (wyt) — ysin (wy,t), x=7hAcosy, y=nsiny.
(3.16)
The phase ¢, 1 of signal V,, ;1 is determined by tan ¢, 1 = y/( A+ x)
which canAbe approximated by tan ¢,, 2 = y/ Vm’ 1 X @ma because x < Vm 2
and y <V, for a large SNRm 1- The noise components are unbiased and

equal in variance, x2 = F tot, therefore the phase variance becomes [190]

2 152 2
y n g 1
Tt L
m m,/l m,/l

The phase variance for the IF lines as detected by RXpeas and Rx.e¢ are then

1 1
0—2 = 0'2

, - @8
@ dmeas T o o SNR,;,, 1, meas e drel T % SNR 4, ref ( )
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Sensor head

E
To opt. receiver RXmeas Object surface

Fig. 3.6: The signal field Esig in at point A is coupled to the sensor head via the 3 dB coupler
CPL3. The field is reflected at the object surface with an amplitude reflection coefficient «, and
the reflected field k Ej;g in /2is redirected to the optical receiver Rxmeas. A small portion I' Egjg in
of the input light propagates directly to Rxmeas due to the finite isolation I' of coupler CPL3. For
a precise measurement, /2 > I'should hold.

The signal-to-noise power ratios SNR;, 1. meas and SNR;, 1t are found by
SUbStitUting in Eq. (3.15) Pm,sig,/la Pm,LO,/l by Pm,sig,/l,mcaSa Pm,LO,/l,meaSa and
Pin,sig, A refs Pm,LO, A ref» TESpECtively.

3.2.3.4 Impact of stochastic crosstalk

For low backscattered power levels, the measurement precision is limited
by crosstalk via the finite isolation of the 3 dB output coupler CPL3 in Fig.
3.1, which is used to couple the light to and from the sensor head, see Fig.
3.6. For the coupler used in our experiments, the crosstalk amounts to I' =
Esig cross / Egigin, I'ag = 201gI" = =57 dB. The input component of the electric
field is denoted by Ejg in, and the crosstalk component by Egig cross = I'Egig in-
The actual signal component Egg out = kEjig in/2 includes the 1/ V2 coupling
factor of the 3dB coupler in the forward and in the backward direction as well
as the amplitude reflection coefficient x associated with the sensor head and
the object surface.

In the following, we denote the optical path length from CPL3 through the
7m long fiber leading to the sensor head and back to CPL3 (path CPL3-D-
CPL3 in Fig. 3.1) as Dyx7m. The optical path length for the signal component
is denoted as D, (path A-CPL3-D-D,-D-CPL3-E). The optical path length
D¢ross (path A-CPL3-E) for the crosstalk component can then be expressed by
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Dcross = D; — Daxym — 2z. The amplitude of each comb line m arriving at the
detector is a superposition of the actual signal component and the crosstalk,

L 1 . w
Epnsig (Wm) = Emsig,in%{zk exp (] (wmt - Dz—m))
¢ w (3.19)

+I exp (j (a)mt - Dcmss—))} .
c

With the auxiliary relations
’ Wm , . Wm
x' =T cos ((DMm +22) —) y’ = Tsin ((D2X7m +22) —), (3.20)
¢ ¢

we can simplify Eq. (3.19)and write in analogy to Eq. (3.16)

Esio (@ 1
M = (—K + x’) cos (wmt - Dzw—m) —y’sin (a)mt - Dzw—m) .
Em,sig,in 2 ¢ ¢
3.21)
Our calibration measurement compensates any fluctuations in the optical path
length D,. The in-phase crosstalk x’ <« %K is a small contribution, but the
quadrature crosstalk y’ leads to a phase error tan ¢, cross = ¥'/(k/2) = @m.cross-
Without stochastic fluctuations of the path length Doy, this systematic error
is A-periodic when changing 2z, ¢m.cross K% sin ((Dax7m + 22) wy/c), and
is called cyclic error [191]. However, due to thermal fluctuations of the fiber
path length Dy, the phases of x” and y’ in Eq. (3.20) vary randomly on the
time scale of environmental thermal fluctuations. Considering the first term
in Eq. (3.19) as signal and the second term as noise, we define a cross-talk

related signal-to-noise power ratio

(4¢) (k2P

SNR s = ~——— =
Cross %rz rz

. (3.22)

In our experiments, we measure the object distance z with a sampling rate
of 3.3kHz and evaluate the mean and the variance of this distance by av-
eraging over 1,000 samples. This corresponds to an observation time of
1000/3.3kHz = 303ms. The cross-talk related variance of these mea-
surements is hence dominated by fluctuations with bandwidths bigger than
1/(2 x 303 ms) = 3.3kHz/(2 x 1000) = 1.65 Hzand smaller than 3.3 kHz/2 =
1.65 kHz.
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Typical spectra of stochastic room temperature fluctuations cover a range up
to 4 Hz [183]. For frequencies from 1.65 Hz up to 4 Hz the standard deviation
of the room temperature is approximately oy = SmK. The dynamic thermal
response of a standard Hytrel jacketed singlemode optical fiber has a 3 dB
bandwidth of roughly 10 Hz [192] and reacts much faster than the room tem-
perature can fluctuate. With a geometrical path length L = 2 X 7 m for Dyx7m,
and with the relation dDyyx7m /(LdT) = 11um/(K m) from Eq. (3.5), the effec-
tive optical path length fluctuation during the observation time is of the order
0Dy = AD2x7m/(LAT) Lo = 0.8 um. For simplicity, we approximate the
Gaussian probability density function (pdf) for the randomly changing optical
path length Dyy7,by a rectangular pdf with a width of 20p, ,, = 1.6um,
centered at the expectation value (Djx7m). With an object wavelength of
Am = 2nc/wy, = 1.55um, the phase terms 271 Dyx7m /A, of x” and y’ are
equally distributed in the interval 0. ..2x, and we can proceed in analogy to
Eq. (3.17). The phase variance due to stochastic crosstalk is therefore

o2 R (3.23)

FILEIOSS ) % SNR¢ross 2

For the calibration wavelength, the reflection coefficient « of the calibration
mirror is so large that the crosstalk influence can be neglected.

3.2.3.5 Calculation of the distance uncertainty from the phase variances

The measured distance is calculated from the slope dAg,,/dm of the phase
differences between measurement and reference signal, see Eq. (3.4). The
phase fluctuation of the m-th IF line pair with a standard deviation oAy m 2
comprises contributions originating from both IF lines as seen by Rxneas and by
Rxef, see Eq. (3.18), and from the crosstalk as specified in Eq. (3.23). Because
these three random processes are uncorrelated, the respective variances are to
be added,

2 _ 2 2 2 e 2
O-Acp,m,/l - O-ga,m,/l,meas + O-Lp,m,/Lref + O—t,ﬂ,m,crOSS T O—Atp,/l' (324)

If we assume spectrally perfectly flat combs, the SNR is the same for each line
m, and therefore all lines have the same variance 0'2 , of the phase difference.
To obtain the slope, a linear regression is used. From the analytic formula for

the slope uncertainty of a linear regression [193], the variance of the measured
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Fig. 3.7: Standard deviation of distance measurements (filled symbols) and theoretical curves
(solid lines) as a function of the reflection coefficient kqg = 201g « for the 1550 nm signal comb.
The theoretical curves were obtained from calculations that are based on measured shapes of the
comb spectra. For the 1550 nm signal comb, the total emitted signal comb power is —2.5 dBm at
point D in Fig. 3.1. Noise and temperature fluctuations dictate the standard deviations for the
distance measurements at the object wavelength (red, o obj) and at the calibration wavelength
(blue,0; cq1). The standard deviation decreases with an increasing reflection coefficient when
measuring at the object wavelength, while the return path for the calibration wavelength and
therefore the measured standard deviation remains essentially constant. However, because there
is less power available for the calibration measurement, we find that 0, ca1 > 0, obj for a high

reflection coefficient in the object path. The variance o2

z,comp
2 and o _,. The smallest standard deviation
z,0bj z,cal

iS 07z, comp = 2 um and is dominated by the standard deviation of the calibration measurement.

for the compensated distance
measurement results from adding the variances o

distance z at center wavelength A can be calculated when using a number of N

comb lines,
2
2 _ TAp,2 3

(o = .
. N (‘Umod,sig/c)2 (N2 - 1)

The evaluation of N =7 comb lines with finoqsic = 40 GHz corresponds to the
interrogation of an optical spectrum with 240 GHz bandwidth. Itis akey feature
of the dual comb-based heterodyne detection that robust and inexpensive low-
frequency (<200 MHz) electronic detection is sufficient for high-precision
distance measurement, while exploiting optical bandwidths of hundreds or
even thousands of gigahertz. To fully understand the system capabilities and
limitations, we use a numerical model considering that the combs are not
spectrally flat. Measurement results together with calculated data are plotted

(3.25)
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in Fig. 3.7. The standard deviations of both individual measurements o qp;
and o7 ca1 as well as the standard deviation of the temperature-compensated
measurement o comp are plotted as a function of reflection coeflicient kg =
201g « for the 1550 nm signal comb (total power —2.5 dBm at point D in Fig.
3.1). The standard deviation o op; Of the distance measurement to the object
surface decreases with an increasing reflection coefficient «, while the standard
deviation 07 ¢, of the measured distance to the calibration mirror remains
essentially constant. The results of the compensated distance measurements
(red circles) confirm the theoretical prediction (solid line) according to Sect 3.3.
The parameters used for the calculations are listed in Appendix E. For large
reflection coefficients of the object surface, the precision of the compensated
measurement is limited by the uncertainty of the calibration measurement. The
high uncertainty of the calibration measurement results from the fact that the
comb generators see a higher modulator insertion loss at 1300 nm. For small
reflection coefficients, the object measurement dominates the uncertainty of the
compensated measurement. A detailed analysis of the effect of the distribution
of optical power between object and calibration measurement is offered in
Appendix F. Nevertheless, the reflection coefficient has a dynamic range of
20 dB for a standard deviation of distance measurements below 8 pm. Therefore
the distance to a large variety of surfaces can be measured accurately. For
characterization independent of speckle-induced phase noise, which depends
on the specific surface roughness, a mirror was used as a measurement target
for the measurements presented in Fig. 3.7. Measurements to optically rough
surfaces include an additional error due to speckle-induced phase noise with a
magnitude depending on the surface characteristics [133,194, 195].

3.2.3.6 Performance comparison with the state of the art

In addition to measurement accuracy the time needed for one measurement
is an important parameter, especially if motion blur should be avoided when
scanning an object by moving a measurement spot over its surface, or if fast
and dense sample digitization is required.

A compilation of standard deviations o and measurement times 7 for pub-
lished comb-based distance measurement systems is plotted in Fig. 3.8. The
dashed line represents the relation o = p 7 !/2 for averaging statistically
independent noisy samples. The proportionality factor p is determined by
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Fig. 3.8: Standard deviation o of distance measurement and acquisition time 7 in a double-
logarithmic display for published comb-based distance measurement systems exploiting synthetic-
wavelength interferometry. The assignment of the labels (numbers in round brackets) to the
associated literature reference is documented in Table 3.1. The dashed line represents the relation
o = p 7712 for averaging statistically independent noisy samples. The proportionality factor
p =2umy9.1ps = 6 x 1077 m s'/2 is determined by our experimental data (label %, o =
2um, 7 = 9.1ps). Demonstrations with smaller p are found below the dashed line and have a
smaller standard deviation for a given measurement time. Demonstration (7)** stands out due to
a standard deviation of 5nm at 60 ms acquisition time, which was achieved by combining SWI
with classical optical interferometry at a single comb tone. Considering the SWI part only, the
standard deviation of demonstration (7) amounts to 3 um at 0.2 ms acquisition time, indicated
by data point (7)*. Considering pure SWI measurements only, our experiment outperforms all
previous demonstrations except for (10) and (15), both of which relied on broadband parametric
combs with associated complex setups.
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Table 3.1: Labels used in Fig. 3.8, denoting the published performance parameters of comb-based
distance measurement systems, and the associated literature reference

Label Literature reference
(1) [35] K. Minoshima et al., Appl. Opt. 39(30), 5512-5517 (2000)

2) [127] K. Minoshima et al., 13th Int. Conf. on Ultrafast Phenomena
(OSA, 2002), TuB3

3) [121] N. R. Doloca et al, Meas. Sci. Technol. 21(11),
115302-115309 (2010)

“4) [126] J. Lee et al., Nature Photonics 4(10), 716-720 (2010)

5) [124] S. Yokoyama et al., Opt. Express 17(20), 17324—17337 (2009)
6) [37] T.-A. Liu et al., Opt. Express 19(19), 18501-18509 (2011)

@) [34] I. Coddington et al., Nature Photonics 3(6), 351-356 (2009)
®) [118] J. Lee et al., Meas. Sci. Technol. 24(4), 45201-45209 (2013)
) [125] X. Wang et al., Precis. Eng. 37(3), 635-639 (2013)

(10) [116] V. Ataie et al., in Opt. Fiber Comm. Conf. (OSA, 2013),
OTh3D2

(11) [133] E. Baumann et al., Opt. Express 22(21), 24914-24928 (2014)
(12) [J4] C. Weimann et al., Appl. Opt. 54(20), 6334-6344 (2015)

(13) [128] H. Zhang et al., IEEE Photonics J. 7(3), 1-8 (2015)

(14) [129] M.-G. Suh et al., Science 359, 884-887 (2018)

(15) [J8] P. Trocha et al., Science 359, 887-891 (2018)

our experimental data denoted by the label %. Measurement systems with
smaller p lie below the dashed line and have a smaller standard deviation for a
given measurement time. System (7) (ref. [34]) excels in terms of precision,
but at the cost of an elaborate setup: Two MLL frequency combs are used,
which are phase-locked to achieve linewidths of a few Hertz, and the accu-
racy of the synthetic-wavelength interferometry is improved by an additional
interferometric measurement, which is only possible for mirror-like flat object
surfaces.

System (10) (ref. [116]) achieves an impressively small measurement time,
again at the cost of setup complexity: The system comprises two paramet-
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ric comb generators, each with one phase modulator, two injection-locked
laser diodes, wavelength-division multiplexing splitters and combiners, two
high-power fiber amplifiers, and multiple nonlinear and linear fiber sections.
Recently, in system (15) (ref. [J8]), two broadband Kerr combs and high-
frequency detection electronics are utilized to achieve an impressive combina-
tion of small measurement time and high precision. However, the generation
of two Kerr comb involves complicated setups with high power optical am-
plifiers and the utilized high-frequency detection electronics are prohibitively
expensive for many industrial applications. In contrast to that, our demonstra-
tion relies on a comparatively simple concept that only comprises electro-optic
modulators and the associated drive circuitry, enabling detection and data pro-
cessing with relatively low-frequency electronics, and is amenable to photonic
integration [J5,J10,J11].

3.2.4 Experimental demonstration
3.2.4.1 Outlier removal

The slope dAg,, /dm for determining the distance is calculated from a linear
regression model. This allows the implementation of a robust distance outlier
removal: The two parameters of a linear regression model are determined by
minimizing the squared differences between measured phase values Ay, and
the model values A®,,,. The quality of the fit is quantified with the coefficient
of determination r2 = 1 — SSres/SStor, Which is specified by the sum of the

squared errors SSies = 2 (A@m — Ad)m)2 between measurements and model,
_\2
and by the sum of the squared deviations SSioc = 2, (A(pm - A(,om) of the

measurements from the mean Ag,,. Setting a suitable threshold to 7> allows
the removal of outliers, which may, e.g., be caused by particularly noisy phase
measurements in case of a small object reflection «, or by phase unwrapping
errors.

We demonstrate the viability of the outlier removal technique for an extreme
case with large reflected power variations. To this end, we use an ordinary
printed-circuit board as depicted in Fig. 3.9(a) as a test sample and scan its
surface topography along a line indicated as x. The sensor is moved with
the help of a CMM and is kept at a constant height. The variety of surface
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Sy, oy
L e

Fig. 3.9: Demonstration of outlier removal. (a) Photograph of a printed-circuit board (PCB),
comprising a variety of surfaces including an integrated circuit (IC) with a black polymer package.
(b) Height profile of the sample along a line in x-direction, across the black package of the IC,
see Subfigure (a). Black: Raw data. Red: Data after outlier removal. (c) Color-coded surface
profile with 1.5 million measurement points resulting from a measurement scan without outlier
removal. (d) Color-coded surface profile after outlier removal, comprising 0.8x 10 measurement
points with an r2 better than the threshold 0.99.

types, the surface height variations, and the limited depth of field (300 um)
of our objective lens lead to large variations of the reflected optical power
and therefore to uncertainties in the measured height profile. Moreover, the
measured distances cover almost the whole of the unambiguity range of 3.7 mm,
making unwrapping errors of the noisy phases more likely at the edges of the
unambiguity range. This leads to a significant number of outliers as can be
seen in Fig. 3.9(b), which shows the raw data (black filled circles) of the
height profile along an x-directed scan in Fig. 3.9(a). However, if we consider
only the subset of data points which leads to a coefficient of determination
r> > 0.99, a clean height profile can be extracted, see red dots in Fig. 3.9(b).
This is also to be seen when comparing the fussy display of the raw data in
Fig. 3.9(c) with the crisp display in Fig. 3.9(d) where almost 50 % of the
data points were removed as outliers. In practice, the number of outliers is
not as extreme, because the CMM adaptively adjusts the sensor height with
respect to the surface according to the measured distance, thereby avoiding
disadvantageous defocusing and measurements at the edge of the unambiguity
range. Lateral scanning is stopped during height adjustments and continued
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after the height has been adjusted to within a chosen range intervall above
the surface. This procedure avoids the record of range data with additional
potential errors caused by simultaneous movement in z-direction and range
data acquisition. By operating close to the focal length of the objective lens,
the amount of collected back-scattered light is maximized, which increases
the obtained SNR, thus improving the measurement precision, as analyzed in
Sections 3.2.3.3 —3.2.3.5.

3.2.4.2 Verification by tactile measurements

To confirm the accuracy of our distance measurement scheme, we compare
optical profile measurements of steps in milled aluminum blocks with tactile
reference measurements. Also here, we used the outlier removal technique
described in the previous section. For scanning we use again a CMM (Carl
Zeiss O-Inspect 442 with VAST XXT probe) with a maximum scanning speed
of 300 mm/s in x- and y-direction and 100 mm/s in z-direction. For tactile
height measurements, the system has a maximum permissible probing error
MPEp = 1.9um, [196,197]. Five samples were prepared with typical surface
treatments encountered in industrial applications to provide exemplary results
for a variety of surfaces, see Fig. 3.10(a). The surface profile is measured along
a line (x-axis) across the first five steps #1.,#2, . . ., #5, taking 60 measurements
with the tactile probe and 40,000 measurements with the optical sensor, see
Fig. 3.10(b). The differences between the averaged optical sensor values Zop
and the averaged mechanically measured values Zi, are plotted in Fig. 3.10(d)
for each step surface. For all samples, these differences are in the range of
a few micrometers only. A full 3D point cloud from optical measurements
is shown in Fig. 3.10(c), showing clearly the topography of the “KIT IPQ”
engraving.

3.2.4.3 Application examples

In this section we give two more examples for surface profile measurements.
In Fig. 3.11, a photograph and the measured height profile of the backside of
a 20 Euro-cent coin are shown. The waist radius 8.7 um of our measurement
beam together with the high mechanical resolution of the CMM allows to
resolve fine details that are not accessible with a conventional tactile measure-
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Fig. 3.10: Comparison of optical measurements to tactile reference measurements. (a) Photograph
of steps milled in an aluminum block and prepared with different surface treatments. (b) Scan
along the line marked by the arrow on the polished sample. Optical measurements (black) and
tactile measurements (red) agree well. Tactile measurements were performed with an industrial
coordinate measuring machine (CMM). (c) Color-coded surface profiles of the samples shown in
(a), 5.1x10° points in total. The measurements show clearly the topography of the “KIT IPQ”
engraving (d) Differences of mean values of optical (Zopt) and of tactile measurements (Zyact) for
each step. For all samples, these differences are in the range of a few micrometers.
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Fig. 3.11: Surface topography measurements of a 20 Euro-cent coin. (a) Photograph of the coin.
(b) Color-coded surface profile with 0.7x10 points resulting from a scanning optical topography
measurement.

Fig. 3.12: Surface topography measurements. (a) Photograph of the backside of a used bullet
casing. (b) Color-coded surface profile with 0.6x10° points resulting from a scanning optical
topography measurement. Inset: Zoomed view of a volume, detailing a cross section through the
indention caused by the firing pin.

ment system. Another example is shown in Fig. 3.12, where the photograph
of a used bullet casing together with the height profile scan is depicted. The
dent made by the firing pin can be seen clearly. Imperfections of the firing pin
geometry leave characteristic marks on the bullet casing which may be used in
forensic studies to identify the gun that was used to fire the bullet [198-200].
The inset in Fig. 3.12 provides a zoomed view of a volume, detailing a cross
section through the indention. Our outlier removal technique described in
Section 3.2.4.1 leads to less densely sampled regions, where a high angle
of incidence together with the specular surface characteristics of the specific
sample are the cause of low returned power levels. Only reliable measurement
points are recorded. The high accuracy of the measured height profile paves
the road for an application in other fields such as in forensics.
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3.2.5 Summary and conclusion

We have demonstrated a robust, technically straightforward, and yet precise
comb-based distance measurement concept based on dual-color modulator-
generated frequency combs. The technique can maintain its precision even
under realistic industrial boundary conditions. An acquisition time of 9.1 ps
per point avoids motion blur. We have further introduced a compensation
scheme that eliminates temperature-induced drift of the fiber optic compo-
nents and thus permits placement of critical optical and electronic components
many meters remote from the sensor head. This scheme enables operation
of the sensor on a coordinate measuring machine and is key to deploying the
technique in a harsh industrial environment. To the best of our knowledge, our
experiments represent the first demonstration of dead-zone-free drift compen-
sation for comb-based distance measurements through optical fibers. In the
current implementation, measured distances are output at a rate of 3.3 kHz,
which allows a rapid recording of a large numbers of points while continu-
ously scanning the sensor head. We demonstrate the viability of the concept
by height profile measurements on a wide range of samples, where we achieve
precisions in the single-digit micrometer regime.

Appendix A: Multi-heterodyne detection

In the following section, we give a rigorous mathematical description of the
measurement scheme, which relies on quadratic detection of detuned frequency
combs (FC) by the measurement and reference detector. Analytical signals E(t)
are used to describe the time-domain electric fields, with the real part of the
analytical signal representing the physically relevant field, E(t) = R {E (t)}.
The optical power is then given by P = Z;' (E* (1)), where (—) denotes the
average over a few cycles of the optical carrier and Zy = 376.7 Q) represents the
wave impedance of free space. For simplicity, we describe here only one set
of frequency combs at a single center wavelength Aca or Aobj. In a first step we
consider the measurement detector (RXyeas) only. In accordance to the system

detailed in Fig. 3.1, we consider the complex optical amplitudes E, .,  for

70



3.2 Distance measurements for surface digitization using electro-optic dual-color frequency
combs

the signal comb arriving at the measurement detector. Each signal comb line
[ has an (angular) optical frequency wysig,

Wisig = Wo,sig T l(’-)mod,sig~ (3.26)

The amplitudes of the signal comb lines are denoted as El,sig,meas, and the
associated optical path length to the detector amounts to 2z + Dyjg meas. Where
Dsig meas denotes the optical path length through the measurement setup to and
from the origin z = 0 of the measurement coordinate system, see Fig. 3.1.
Similarly, the complex optical amplitudes of the LO comb at the measurement
detector are denoted as | and each comb line m has an (angular) optical
frequency wp, L0,

O, meas’

WmLO = WO,L0 +MWmod,L0 = (W sig + Awg) +m (Wmod,sie + Awmod) , (3.27)

with a center frequency detuning Awy, a detuning of the line spacing of Awmod,
and an amplitude Em’ LO,meas- The LO comb arrives at the measurement detector
after propagation over the optical path length Dy o, meas, Which is entirely located
within the measurement setup. The complex amplitudes of the two FC at the
measurement detector are then given as

Egig’meag (1) = Z El,sig,meas exp (jwl,sigt) exp (_] (22 + Dsig,meas) ‘Ul,sig/c)
1

ELO,meas (t) = Z Em,LO,meas exp (jwm,LOt) exp (_jDLO,measwm,LO/C) .
m

(3.28)

The superposition of the signal and LO comb on perfectly balanced photode-
tectors (BD) with sensitivity S leads to a photocurrent containing multiple IF
tones. The photocurrent ipe,s Of the measurement detector is given by

imeas (t) = ZO_IS : % {Esig,meas (t)* ELO,meas (t)}

Z Z El,sig,measEm,LO,meas

l m
=715 R .
0 -exp (j (Awo + (m = I) Wmod,sig + MAWmod) 1)

- €Xp (.] ((2Z + Dsig,meas) Wi,sig — DLO,meas‘”m,LO) /C)
(3.29)
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The photocurrent i.¢ of the reference detector can be derived in an analogous
way by replacing “meas” by “ref” in the subscripts,

Iref (t) = Z(;l S-R {Esig,ref (t)* ELO,ref (t)}

E\l,sig,refEAm,LO,ref
Z ; (3.30)

7
=7Z's-R .
0 -exp (j (Awo + (m — 1) Wmod,sig + MAWmod) )

- €Xp (j (Dsig,refwl,sig - DLo,refwm,Lo) /c )

In this relation, the quantities Dy;g ref and Dy o ref denote the optical path lengths
between the respective comb source and the reference detector.

The frequency detunings A fy = Awp/(27) and A fnod = Awmoed/(271) amount
to tens of megahertz and are small compared to the line spacing wmod,sig Of
roughly 40 GHz. In theory, the photocurrent spectrum shows beat signals at
distinct intermediate frequencies fy, ;,

fm,l = |Afb +(m—1) fmod,sig +m Afmod| . (3.31)

However, only a subset of these lines can actually be acquired by the pho-
todetector and the subsequent A/D converter. For the FC deployed in our
experiments, the analog bandwidth B of the used photodetectors amounts to
350 MHz and is much smaller than the ~ 40 GHz line spacing of the frequency
combs, B < fmod;sig ¥ fmod,L0- Moreover, the number of comb lines is limited
such that m A fiod, L0 < fmod,sig  fmod,Lo for all comb line indices m.

As a consequence, for a given LO comb line m, only the beat note with the
corresponding signal comb of same index m = [ is visible in the photocurrent.
IF lines are hence found at distinct frequencies fir;,; = |Afo + m A fmod|- These
signals are amplified by a transimpedance amplifier with a transimpedance of
Rr1a. The resulting voltage signal Viyeqs (7) at the measurement detector is then
given as

Vineas (t) = Z Vm,meas cos ((A(’JO + mAwrnod) I+ ‘Pm,meas) s
m (3.32)

Vm,meas = SRTIA \/2Pm, sig,meassz,LO, meas -
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The corresponding phases ¢, meas Of the IF lines at the measurement detector
can be derived from Eq. (3.29),

®m,meas (22 + Dsig,meas, DLO,meas)
= ((ZZ + Dsig,meas) Win,sig — DLO,measwm,LO) /c
= ((2z + Dsigmeas) — DLO,meas) (wo,sie + MWmod si) /¢
— DLO,meas (Awo + mAwmod) /¢ (3.33)
=27 ((22 + Dsigmeas) — DLO,meas) Ape
+27 ((22 + Dsigmeas) = DLo,meas) Ag sig

- DLO,meas (AUJO + mAU-)mod) /C~

The last part of Eq. (3.33) contains the so-called synthetic wavelength

Am = ¢ (M fmodsig) (3.34)

and shows the relation to classical interferometry with a single optical wave-
length A, where the phase shift gexperienced by an optical signal after propa-
gation over the optical path length D is determined by ¢ = 27D~

The beat signals at the reference detector have the exactly same frequencies
as the beat signals at the measurement detector and serve as phase references.
Their phases are determined analogously to Eq. (3.33) and are given as

Pm,ref (Dsig,ref, DLO,ref) = (Dsig,refwm,sig - DLO,refwm,LO) /c. (3.35)
The phase differences of the various beat signals are given by:

Apm (2) =Pm,meas (22 + Dsig meass Di0,meas) — Prmref (Dgig’ref, D10,ref)
= (22 + Dsigmeas — DLo,meas — (Dsigref — DLOref)) MWmod,sig /€
+ (2Z + Dyig meas — DLO,meas — (Dsig,ref — DLO’ref)) CUO,sig/C
- (DLO,meas - DLO,ref) Awo/c

- (DLO,meas - DLO,ref) MmAWmed/c.
(3.36)
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The distance information is extracted from evaluating the slope of the un-
wrapped phase differences Ay, (z) as a function of the comb line index m.
This slope is given by

dA‘,Dm (Z) _U-)mod,sig
C

dm (ZZ + Dsig,meas - DLO,meas - Dsig,ref + DLO,ref)

At : (3.37)

DLO,meas - DLO,ref) .

If the optical path lengths inside the fiber was constant, all terms containing
Dsig meass DLO,meas» Dsig,ref and Do rer in Eq. (3.37) could be eliminated by a
simple calibration to an arbitrary zero point zo by subtracting a constant offset
such that dAg,,(zo = 0)/dm = 0. For any other distance, the quantity z - zo
could then be determined accurately from the measured slope as wmog,sig and
c are precisely known. However, due to temperature fluctuations of the
effective optical path length fluctuation setup and the optical fibers, the various
optical path lengths change by ADyig meas, ADLO,meas» ADsig ref and ADyo ref
within a time of ¢ — 7y, see Eq. (3.1). The difference of the slope with respect
to zo = 0, #p = 0 is then given by

A (2.1)  dAgy, (30 = 0,19 = 0)

dm dm

Wmod,sig
= c (22 + Al)sig,meas - ADLO,meas - (ADsig,ref - AL)LO,ref))

3.38
Awmod ( )

(ADLO,meas - ADLO,ref) .

Wmod,sig

>~

(ZZ + Al)sig,mcas - ADLO,meas - (ADsig,ref - ADL,O,ref)) .

The third line in Eq. (3.38) can be neglected, as Awmod < Wmod,sig holds, and
because for a typical fiber installation |ADyo,meas — ADLOref| < |ADsigmeas
- ADLO,meas - (ADsig,ref - ADLO,rcf) | is true.

Appendix B: Balanced detection in the presence of noise

In the following section, we analyze the influence of relative intensity noise
(RIN) in the balanced reception scheme. Using a signal representation as in
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Eq. (3.16), the RIN is treated as a complex noise component N () = x"' (¢) +
jy"" (¢) with a real in-phase noise component x’’ (¢) and a real quadrature noise
component y” (¢). The noise is Gaussian, unbiased, (x” (¢)) = 0, (¥ (¢)) =

0, and the corresponding variances are o-f,, = O'yz,, = worINAf, where we

assume flat optical spectral noise power density of @O,RIN within the detection
bandwidth Af.

Like the shot noise in Eq. (3.12), the RIN is determined by the total optical
comb powers Pgig » and Proa [201]. The detection process is thus treated as
heterodyne reception of a monochromatic signal with a monochromatic LO,
each with an optical power equal to the corresponding total optical comb power.
Signal and LO field are derived from the same source, but are decorrelated
with respect to the RIN (f)-bandwidth of B = 1 GHz by a spatial separation
larger than ¢/(nB) = 0.67m inside fibers with a refractive index of n = 1.5. As
a consequence, both contributions are statistically independent. Furthermore,
the contributions of both lasers (wavelengths Agpj and Aca) are statistically
independent. For a simpler description, we first consider only a single laser
source. The variances of the voltage fluctuations caused by both lasers are then
added, see Eq. (3.11).

The real electric fields of signal and LO, Egg () and Epo (¢), with amplitudes
Egs 10 and frequencies fio10 = wsigLo/(27) are perturbed by the in-phase

and quadrature RIN components, xs'i’g’]_o (7) and ys’i'g,Lo (0):

Egq (1) = [Es,-g + Xy (t)] cos (wsigl) = v, () sin (wsig?) (3.39)

Eio (1) = |ELo + X[ (1)] cos (wrot) — y{'o (1) sin (wrot) -

The fields in Eq. (3.39) are incident on the two ports of a 3 dB coupler in front
of a balanced receiver. Assuming an ideal 3 dB coupler with perfect splitting
ratio, the fields E » () incident on each photodiode 1 and 2 are given as:

Ei(1) = L (Egig (t) — ELo (1)) Ey (1) = % (Egig (t) + ELo (1)) . (3.40)

V2

The photocurrents i; (¢) and i; (¢) of each photodiode with a sensitivity S are
calculated as

i1 (t) = Zy ' S(E} (1)) i (t) = Zy'S(E5 (1)) . (3.41)
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Evaluating Eq. (3.41) by forming the square, averaging over an optical period
and neglecting all terms containing only as small noise contributions, the
difference of the photocurrents i_ () = i (t) — i (¢) is given as

i (1) =i (1)~ i1 (1)
ZZSIS [E'sigELO CcoS ((wsig - a)Lo) t)
+ Eqg (x{'o (1) cos ((wsig — wr0) 1) + y{ () sin ((wsig — wL0) 7))

+E1o [ (1) c0s ((wyg = w10) 1) = 3 (0 sin ( (e — w10) 1) |
(3.42)

The first term in Eq. (3.42) is the noise-free intermediate frequency term (IF),
the second term corresponds to noise of the LO laser down-converted by
the signal, and the third term corresponds to noise of the signal laser down-
converted by the LO. RIN leads to a random fluctuation of the photocurrent
amplitude at the intermediate frequency (IF) wsig — w0, which is given by the
sum of the variances of the statistically independent noise terms in Eq. (3.42),

2 . 2 . 2
(fRiv o) = lirRinsig|” ) + ([irn.Lol
_ 12 (52 2 2 2
_EZ S (Emg ( Owro™T Tyr LO) + ELO ( O sig + Ty, slg))
=712 (E2 w EXow | A
=Z, SgWoRINLO + EfoWo RINsig | Af

=25 (Psig@o,RIN,Lo + PLOQn,RIN,Sig) Af,
(3.43)

for optical powers Pggr0 = Z;' < 3210 (t)> 1Z;'E? oLo- For given RIN

power spectral densities @0, RIN wo, RIN,sig and w Wo RIN,LO, the current fluctuation
due to RIN can now be calculated. However, manufacturers of laser sources
do not specify the fluctuation of optical fields, but rather the spectrum of
the fluctuating optical power as measured by recording the spectrum of the
fluctuating current with a directly detecting photodiode. The relation between
these quantities is derived in Appendix C.
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Appendix C: Optical field fluctuation and RIN

The height @O,RIN of the constant optical RIN power spectral density (PSD)
for both the signal and the LO source can be calculated from the associated
electrical PSD w; rin (f). Many laser manufacturers specify this value in terms

of
RIN (f) = LERIN wir (f) (3.44)

(iy?

To derive the relation between RIN(f) and QO,RIN, we use a signal represen-
tation as in Eq. (3.16). A harmonic electric field with real amplitude £ and
frequency fy is perturbed by complex noise N (f) = x"” (¢) + jy””’ (¢) with a
real in-phase noise component x””’ () and a real quadrature noise component
Y7 (),

E(t) = [E +x" (t)] cos (wot) =y () sin (wot) . (3.45)
The noise is Gaussian, unbiased such that (x””’ (t)) = Oand (y"” (¢)) = 0, and
the corresponding variances are 0'3,,/ =02, = @0, rINB assuming a flat optical
PSD within an optical bandwidth B. With the photodetector sensitivity S, the
photocurrent becomes

i(0) = 2;'S(E* (1) = = Z;'S (E2 +(x"2(0)) + (y? (t)>). (3.46)
Using the Wiener-Khintchine theorem, the (two-sided) PSD ©; (f) can be

found by calculating the covariance of the photocurrent, and by applying a
Fourier transform,

0; (f) = [ G@)i(t—1))yexp(=j2ntf)dr. (3.47)

(o)
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With Eq. (3.46), Eq. (3.47) and when converting the two-sided spectrum ©; (f)
to a one-sided spectrum, w; (f) = 2@; (f) for f > 0, w; (f) =0 for f < 0, the
result is

2
1 .. —
(EZOIEz'f'Wo,RINB) 5(f)

wi (f) =282 (3.48)

+ ,v;O,RINZ(;lEAZ |:H(f) -H (f a g)] .
+ o (B = f)H() ~H(f - B)]

The Heaviside function is defined by H(f) = 1 for f > 0 and H(f) = 0 for
f < 0. If we exchange S — «, E — P,and compare the terms in Eq. (3.48) to
[202], Eq. (4.5-11) and Eq. (4.5-13), we see that the relations are identical. The
first term is disregarded, as an electrical spectrum analyzer measures spectra for
frequencies f > 0 only such that a spectral DC component 6 (f) is suppressed.
The third term stems from photomixing noise with noise and is neglected here
because for the given bandwidth B ~ 1 GHz it is a small contribution. The
second term wy (f) = 2Z5'S*w,rinE? [H(f) — H(f — B/2)] represents the
specified electrical RIN (f) for an optical power P, = $Z;'E? in terms of the

height @O’RIN of the optical PSD,

227152® RINEZ 4@

. 0 o, — ,RIN B

Wiz (f) — SZP,Z, = Fl’),, for 0 < f < 5
@iy?

0 else.

RIN (f) = (3.49)

For calculating the height ;v\o,RIN,sig and ;V\O,RIN’LO of the optical noise power
densities of signal and LO, we need the constant height RINg,e.c = RIN(f <
B/2) of the measured RIN (f)-spectra together with the optical powers Py
and PLO .

—~ ~ 1
Wo,RIN,sig = ZRINspecPsig’ Wo,RIN,LO = ZRINspecPLO' (3.50)

Substituting Eq. (3.50) in Eq. (3.43) yields (as also obtained in [189]),
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<i12{IN,tot> = SzRINspecPLOPsig Af. (3.51)

Appendix D: Noise-equivalent power (NEP)

The NEP of a photodetector (unit: W/VHz) is defined by the optical signal
power Pxgp needed to detect the signal within a bandwidth A f with a power
SNR of one, Pngp = NEP \/A_f . Considering thermal electronic noise with
a current variance (i3 ) and shot noise (i% ) = 2eSxepPnepAf, where Sxep
stands for the photodetector sensitivity at the wavelength where the NEP was
measured by the manufacturer, the following relation has to hold:

Puen)?
(SnxepPnEP) — 1 (3.52)

(i) + (i)

With the values for our system, NEP = 20pW/VHz, Sxgp = 1 A/W and

Af = 110kHz we calculate (i%) = 4.4x107'7 A%and (i3 ) =2.3x107* A2,
thus (i2) > (i3 ). The NEP thus is dominated by electronic noise.

Appendix E: Parameters used for calculation of theoretical
curves

The parameters used for the calculations in Section 3.2.3.5 and Section 3.2.3.6
are summarized in Table 3.2. The values are derived from data measured
during the experiments or in some cases from the specifications provided by
the equipment manufacturer.

Appendix F: Distribution of optical power between object
and calibration measurement

This section is based on the error analysis introduced in Sections 3.2.3.3 to
3.2.3.5. The signal-to-noise power ratio SNR,,,  of the heterodyne IF line sig-
nals is proportional to the powers of the comb lines Py, sig 2, Pm,1.0,2 received
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Table 3.2: Parameters used for the calculated predictions in Section 3.2.3.5 and Section 3.2.3.6

Parameter

Values used for calculations

Number of evaluated lines N

P sig, Ay, meas form = -3...3 for k =
1 [dBm]

Pm,LO,/lobj,meas for m=-3...3 [dBm]
P sig Agpyref form=-3...3 [dBm]
Pm’LO,,lobj,ref form=-3...3 [dBm]
Py sig, Aoy, meas Tor m =-3...3 [dBm]
P10, 2,meas for m=-3...3 [dBm]
P sig, Aopjpref form=-3...3 [dBm]
Pon, L0, Agyret for m = -3...3 [dBm]

RINpec 1,5, [dBe/Hz]
RINpec 1., [dBe/Hz]
Sag [A/W]

S [A/W]

Rria [V/A]

Af [kHz]

NEP [pW/VHz]

[y [dB]

Smod,sig [GHZ]

7

{-25.6, —=17.3, —17.7, =20.2, —20.1,
~17.6, —24.5}

{~23.2, -16.8, —18.2, —20.9, —20.7,
~17.8, —22.4}

{-26.3, —18.0, —18.4, —20.9, —20.8,
~18.3, —25.2}

{~28.9, —22.5, —23.9, —26.6, —26.4,
-23.5, -28.1}

{-30.5, —27.6, —31.1, =31.9, —29.6,
-26.6, —33.3}

{~26.9, —24.8, —28.3, —29.4, —26.9,
-23.9, —=29.1}

{=30.6, —27.7, —31.2, =32.0, —29.7,
-26.7, —33.4}

{~39.0, —36.9, —40.4, —41.5, —39.0,
-36.0, —41.2}

-138

_145

1.05

0.95

700

110

20

.57

40
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by the detectors, see Eq. (3.15). Signal and calibration combs are generated
with the same modulators, which tolerate a limited input power only. This
input power limitation restricts the achievable SNR and thus the achievable
measurement precision. Therefore the relative optical power distribution be-
tween the object and the calibration laser has to be considered as a function of
the reflection coefficient « associated with backscattering of power from the
sample surfaces. The power received at 1300 nm from the calibration mirror
remains constant, so no dependency on « is to be expected for the standard
deviation o ¢4 of the calibration measurement.

Fig. 3.13 illustrates the system performance for the reflections xgg = -9 dB,
Fig. 3.13(a) and Fig. 3.13(c), and xgg = —22dB, Fig. 3.13(b) and Fig.
3.13(d), and for different laser power levels entering the MZM comb generators.
The calculated standard deviations of object and calibration measurements,
Fig. 3.13(a) and Fig. 3.13(b), as well as of the compensated measurements,
Fig. 3.13(c) and Fig. 3.13(d), are displayed as surface plots. The limited
launch power of maximum 20 dBm into the used MZM poses an additional
constraint and is marked by the red line. The standard deviation belonging to
the experimental power settings are marked in each subfigure with a black dot.
Comparing Fig. 3.13(a) and Fig. 3.13(b), it can be seen that for kg5 = -9 dB
the standard deviation o ¢, of the calibration measurement dominates, while
for smaller object reflections kgg = —22 dB the standard deviation o op; of the
object measurement is larger. This is also illustrated in Fig. 3.7.

The compensated measurement has a standard deviation which is always larger
than either o ca1 Or 0 obj. In our experiments, standard deviations of 2 um
for kgg = —9dB and 5um for kg5 = —22dB, can be achieved, Fig. 3.13(c)
and Fig. 3.13(d). As many technical samples lead to reflection coefficients in
that range, the experimental power settings represent a well-chosen trade-off,
resulting in standard deviations close to minimum values for the compensated
measurement.
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3 Distance measurements for surface digitization using electro-optic frequency combs

a) ke =-9dB: D) ke =-22 dB:
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Fig. 3.13: Calculated standard deviations of the distance measurements as a function of laser
input powers into the MZM comb generators for two different values of the object reflection
kqp. Experimental power settings are marked by black dots (calibration laser: 15dBm, object
laser: 18dBm). The 20dBm input power limitation of the MZM is indicated by a red line.
(a) Individual calculated standard deviations o opj and 0 ¢ for kgg = -9 dB. (b) Individual
calculated standard deviations o opj and 0 ¢y for kqg =—22 dB. (c) Calculated standard deviation
Tz, comp for kgg = -9 dB. (d) Calculated standard deviation 07 comp for kgg = -22 dB.

[End of paper [J1]]
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4 Silicon photonic receiver system
for dual-comb distance metrology

This chapter describes the implementation and demonstration of an integrated
photonic receiver circuit for dual-comb distance measurements. Section 4.1
contains an overview on the general state of the art in the field silicon photonic
integration, and Section 4.2 gives an overview on silicon photonic integrated
circuits for distance measurements. The principle of the silicon photonic
receiver circuit for dual-comb distance metrology is finally explained in Sec-
tion 4.3, and the experimental setup as well as the obtained results are discussed
and analyzed.

4.1 Silicon-on-insulator photonic integrated
circuits

Silicon photonics has become a mature platform for photonic integrated cir-
cuits (PIC) over the past few years, with many essential building blocks being
readily available for a system-level design [203,204]. The basic portfolio of
passive building blocks of a photonic system includes waveguides, grating cou-
plers, and splitters, while the basic active building blocks include modulators,
thermo-optic phase shifters, and photodetectors. This section gives a short
overview over these elements.

The device geometries and a cross sectional view of a typical silicon PIC
are sketched in Fig. 4.1. Silicon PIC are currently mostly fabricated on
8-inch silicon-on-insulator (SOI) wafers that were originally developed for
CMOS electronics. The device layer consisting of crystalline silicon has
a typical thickness of 220nm. It is separated from the substrate by a so-
called buried oxide layer (BOX) consisting of silicon dioxide with a typical
thickness of 2 um. Depending on the foundry, 248 nm lithographic processes
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Waveguide Grating 2x2 MMI Germanium p-i-n modulator

coupler photodetector

500 nm 60 nm 45um _ 500 n& T’OO_HT
Sil T 220 nm | “gum-] 130 nm,

BOX 2 umI p-doped n-doped

Si substrate

Fig. 4.1: Sketch of common passive and active elements used in silicon photonic integrated circuits
(top), along with the corresponding cross sections and the associated typical dimensions (bottom).
Aluminum vias and multi-layer interconnects ensure electrical connectivity of active elements.
MMI: Multimode interference coupler. BOX: Buried oxide layer. Figure redrawn with adaptions
from [203].

or 193 nm lithographic processes followed by anisotropic etch steps are used
for structuring the waveguides. Epitaxially grown germanium is used to form
photodiodes. Ion implantation is used for doping with various doping levels.
After fabrication of the optical and opto-electronic elements, a metal stack
with vias, interconnects and contact pads is added. Depending on the specific
process flow, aluminum, copper, AlCu or tungsten is used.

Waveguides: Due to the high refractive index contrast between the silicon
core (refractive index ng; ~ 3.48 at a wavelength of 1550 nm) and the silicon
dioxide cladding (nsio, = 1.44), waveguides with sub-wavelength transverse
dimensions and tight bend radii can be designed. A typical single-mode
channel waveguide for a wavelength of 1.55 um has a width of 500 nm with
typical propagation losses of about 2-3 dB/cm [203-205]. Bend radii as small
as 3 um with excess loss of 0.009 dB can be realized [206].

Grating Couplers: Grating couplers are commonly used for coupling light
between optical fibers and PIC [207-210]. The light is diffracted out of the
substrate plane of the PIC by a diffraction grating formed by periodic pertur-
bations in the etch depth, where the grating period is chosen such that light
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propagating in the waveguide is efficiently diffracted into a specific direction to
the top of the substrate plane. The size mismatch of mode diameters between
optical fibers and silicon waveguides is taken into account by a taper section.
Compared to edge coupling, grating couplers provide the advantage of being
deployable at any location on the chip surface. Typical insertion losses of
grating couplers range from 2 dB to 6 dB, depending on design and additional
process steps [204,211].

Multimode interference couplers (MMI): MMI are widely used in PIC as
optical couplers and power dividers [212]. MMI make use of the so-called
self-imaging effect first observed by Talbot [213], realized in multi-mode wave-
guides [214,215]. Compared to directional couplers, MMI offer an attractive
combination of small footprint, relaxed fabrication tolerances, low losses and
high bandwidth [216-218]. Excess insertion losses are typically in the range
of 0.5dB [205].

Photodetectors: Photodetectors on silicon are commonly made from germa-
nium (Ge) as an absorbing material. Germanium can be grown with high
quality on Si substrates [145,219] and is compatible with CMOS processes
such that monolithic integration becomes possible [220]. Another benefit is a
strong photon absorption in the telecommunication wavelength range, thereby
enabling short devices. Waveguide-integrated photodetectors use evanescent
coupling of light from a solicon waveguide to a germanium vertical p-i-n junc-
tion forming the photodiode. The photodetectors currently offered as building
blocks by the foundries exhibit responsivities of 0.5-0.74 A/W and bandwidths
of 20-58 GHz [203-205].

Modulators: Many modulators on SOI PIC employ the plasma dispersion
effect, where the refractive index inside the waveguide is changed by a variation
of the free carrier density [143,221-225]. To this end, two basic schemes
are used: Carrier injection through a forward-biased p-i-n structure that is
integrated into the waveguide core or carrier depletion using waveguides with
reversed-biased lateral p-n junctions. Carrier injection yields very compact
devices, for which m-voltage-length products as low as UL = 0.36 Vmm
have been shown [226]. However, with this approach, the bandwidth is limited
by the free carrier lifetime to a few gigahertz [227]. Carrier depletion-type
modulators, on the other hand, achieve higher bandwidths of several tens of
gigahertz [228]. However, the typical modulation efficiency is considerably
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lower with voltage-length products of U, L ~ 10 V. mm [224], leading to larger
devices with typical lengths of several millimeters.

Thermo-optic phase shifters making used of thermo-optic changes of the refrac-
tive index are also available, however they are relatively slow with bandwidths
in the kilohertz regime and they are subject to thermal crosstalk [229,230].
With the given trade-offs, the appropriate type of modulator can be chosen
depending on the requirements of the application. A relatively new approach
with less limitations concerning bandwidth and modulation efficiency is the
use of silicon-organic hybrid (SOH) modulators, which is discussed separately
in Section 6.1.

4.2 State of the art in silicon photonic integrated
circuits for distance measurements

Photonic integration has a large potential for applications in optical metrol-
ogy, allowing to realize complex optical systems within a very small footprint.
The silicon photonic platform is particularly attractive, offering mature high-
yield fabrication processes, which are accessible through established foundry
processes and which offer the potential for co-integration of photonic and elec-
tronic circuits. These advantages can be leveraged to realize optical distance
measurement systems or components thereof as PICs. So far, demonstra-
tions of distance measurements with silicon photonic chips are either based on
schemes using frequency-swept lasers [101, 105,231] or interferometry with a
single wavelength [106].

In [101], frequency-modulated continuous-wave (FMCW) ranging is demon-
strated using an electronically tuned distributed Bragg reflector (DBR) laser.
The frequency ramp of the laser is linearized by using a silicon photonic PIC
containing a Mach-Zehnder interferometer and a photodiode, heterogeneously
integrated with CMOS control electronics, whereas the optical system per-
forming the actual distance measurement is realized with classical fiber-optical
components. A root-mean-square precision of 8 um for 5.5 us measurement
time is realized, however, this precision is limited to a depth range of +5 cm
from the range baseline, where the path length difference between signal and
LO is zero. Due to phase noise induced by the frequency tuning, the preci-
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sion is a function of the path length difference between signal and LO, and it
degrades to 4.2 mm at the edges of the measurement window.

In [105], a frequency-swept optical signal is generated from a CW laser using
a modulator and chirped driving signals. Detection is realized on a silicon
photonic chip, achieving a depth resolution of 15 um with an acquisition time
of 500 ps.

In [231], a laser is swept in frequency to realize a FMCW ranging. The optical
system for detection with waveguides, couplers and photodiodes is contained
on a silicon photonic chip. Absolute distance errors of less than 10 mm within
a measurement range of 2m and 10 ms measurement time are demonstrated.

A different concept is realized in [106]. Here an integrated heterodyne inter-
ferometer for measurements of small relative displacements is demonstrated.
The silicon photonic chip contains single-sideband modulators, which are used
to generate signal and LO from a single, off-chip CW laser. Waveguides, power
splitters and detectors are realized on the chip as well. Distance measurements
with a standard deviation of 2nm are demonstrated. However, due to the
single-wavelength interferometric scheme, the unambiguity range is limited to
775 nm — too low for many industrial applications.

In contrast to the state of the art, the work presented Section 4.3 relies on a sili-
con PIC for distance measurements with electro-optically generated frequency
combs. The measurement results are directly traceable to the electronically
defined modulation frequency, and no linearization of a laser sweep is needed.
Waveguides, power splitters and photodiodes are realized on a silicon photonic
chip. The chip also contains a tunable power splitter, which allows for tuning
between reference and measurement signals as an added functionality. Dis-
tance measurements with root-mean-square errors of 3.4 um are demonstrated
for measurement times of 14 us. While the frequency combs are still generated
off-chip within the framework of these experiments, electro-optic frequency
comb sources can also be realized on the silicon photonic platform using the
silicon-organic hybrid (SOH) approach, as demonstrated in Chapter 6.
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4.3 Silicon photonic integrated circuit for fast
distance measurement with frequency
combs

The contents of the following section is taken from a publication in Optics
Express [J11]. The structure and the layout of this document was slightly
adapted to fit the format of this thesis.

[Start of paper [J11]]

Silicon photonic integrated circuit for fast and precise dual-comb distance
metrology

Optics Express; Volume 25; Issue 24; pp. 30091-30104; November 2017
DOI: 10.1364/0OE.25.030091

C. Weimann, >3 M. Lauermann, 2 F. Hoeller,> W. Freude,"? and C. Koos!2

Vnstitute of Photonics and Quantum Electronics (IPQ), Karlsruhe Institute of
Technology (KIT), 76131 Karlsruhe, Germany

2nstitute of Microstructure Technology (IMT), KIT, 76344 Eggenstein-Leo-
poldshafen, Germany

3Corporate Research and Technology, Carl Zeiss AG, Oberkochen, Germany

4.3.1 Introduction

High-precision distance sensors are of great importance for a wide range of ap-
plications such as inline inspection of mechanical parts or precise referencing
of translation axes in industrial machinery. These sensors need to be compact,
robust, and capable of providing absolute distance measurements with single-
digit micrometer accuracy and short acquisition times. So far, miniaturization
of optical sensors has mainly been achieved by emulating conventional macro-
scopic optical configurations using discrete micro-optical components such as
micro-lenses and micro-optical benches [232,233]. These schemes, however,
require costly assembly and highly precise alignment of a multitude of compo-
nents and are therefore not well suited for mass production. At the same time,
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photonic integrated circuits (PIC) have gained considerable maturity. Silicon
photonics emerges as a particularly attractive platform, lending itself to large-
scale photonic-electronic integration on the basis of mature high-yield CMOS
processes that are offered by widely available foundry services [234,235]. Pho-
tonic integration is currently mainly driven by data- and telecommunication
applications such as high-speed optical interconnects, but it is indisputable that
there is also large application potential for PIC in optical sensing and metrol-
ogy. However, while early demonstrations of PIC for interferometric distance
measurements made use of GaAs/AlGaAs and Lithium-Niobate (LiNbO3) as
integration platform [236-238], there are only very few examples where large-
scale silicon photonic integration has been exploited for applications in optical
metrology. Using the silicon-on-insulator (SOI) platform, laser Doppler vi-
brometers and optical frequency shifters have been demonstrated [103,239,J10]
and an optical coherence tomography system has been realized [C7]. An inte-
grated heterodyne interferometer for measurements of relative displacements
with a standard deviation of 2 nm was demonstrated in [106]. However, like
all optical single-wavelength interferometric schemes, this approach is limited
to an unambiguity range of half the optical wavelength, i.e., approximately
775 nm, which prohibits its use for many applications in industrial metrol-
ogy. A silicon PIC for absolute distance measurements with an electrically-
generated laser frequency chirp was demonstrated in [105], achieving a depth
resolution of 15 um for an acquisition time of 500 us. While this represents
an important demonstration, the approach cannot yet fulfill the requirement of
sub-10 um measurement accuracy in conjunction with measurement rates well
in excess of 10kHz that are associated with many applications in industrial
high-precision metrology. Measurement principles based on optical frequency
combs have recently shown to deliver the sought-after combination of preci-
sion and measurement speed [37, 116,240, J6]. However, these works employ
classical macroscopic optical setups, e.g. using fiber-optical components.

In this paper, we expand on our previous work [C5] and demonstrate a silicon-
on-insulator PIC for fast and precise absolute distance measurements using a
pair of frequency combs (FC) as optical sources for multi-heterodyne synthetic-
wavelength interferometry. The precisely known frequency spacing of the
comb lines provides a number of precisely known synthetic wavelengths, the
phases of which can be measured simultaneously via heterodyne detection
with a detuned optical frequency comb used as a local oscillator. The com-
bination of a dual-comb measurement scheme with photonic integration on
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silicon presented in this paper results in a fast, precise and very compact op-
tical distance sensor. We achieve standard deviations of less than 5 um for
an acquisition time of 14 us, enabling measurement rates well beyond 50 kHz.
Our system consists of a heterodyne interferometer, comprising a multitude of
components such as power splitters and waveguides as well as phase shifters
and photodetectors, all integrated into a single silicon PIC covering an on-
chip footprint of 0.25 mm?. An on-chip tunable power splitter (TPS) is used
to distribute the available power of the local oscillator in an optimum way.
The PIC relies entirely on the standard device portfolio offered by a silicon
photonic foundry and does not require any customized components or fabri-
cation steps. The FC are generated externally by modulating cw lasers with
standard telecom-grade dual-drive Mach-Zehnder modulators (MZM). The
MZM are driven by fixed-frequency sinusoidal electrical signals in push-push
operation to generate frequency combs that typically comprise 5 — 20 equidis-
tant lines [83, 134]. In future implementations, silicon receiver PIC may be
monolithically co-integrated with high-performance frequency comb gener-
ators using the silicon-organic hybrid (SOH) approach [J5,J13]. Moreover,
when combined with ultra-broadband Kerr comb generators in a hybrid multi-
chip assembly, such silicon receiver PIC will pave the path towards ultra-fast
high-precision distance measurements with chip-scale systems [59,60,240,J9].

4.3.2 Experimental setup with silicon photonic chip and
measurement principle

A schematic of the experimental setup is depicted in Fig. 4.2(a). Light from
a continuous-wave (CW) laser with a wavelength 19 = 1550nm is ampli-
fied to a power of 18 dBm in an erbium-doped fiber amplifier (EDFA), then
split by a fiber coupler, and fed into a pair of Mach-Zehnder modulators
(MZM) for frequency comb generation (FC 1 and FC 2). The use of a cen-
tral wavelength within the C band (1530 nm -— 1565 nm), which is commonly
used for fiber-optic telecommunication, allows to employ commercially widely
available components as well as to make use of the standard device portfolio
offered by any silicon foundry. The lithium-niobate MZM are driven by sinu-
soidal electrical signals with frequencies of fimod1.0 = 40.000 GHz for FC 1
and fmodsig = 39.957 GHz for FC 2. The corresponding modulation depth
amounts to 1.57. The phase-modulated light exhibits a comb-like spectrum

90



4.3 Silicon photonic integrated circuit for fast distance measurement with frequency combs

with a line spacing precisely defined by the respective driving frequencies,
Insets (I) and (II) in Fig. 4.2(a). By adjusting the bias voltage, the relative
phase and the amplitudes of the driving signals between both arms of the mod-
ulator, the frequency combs are spectrally flattened [83, 134]. Both MZM are
temperature-stabilized via thermoelectric coolers and their corresponding con-
trollers, ensuring stable bias points. We did not measure the time dependency
of the comb spectra, but we could not observe any short-term or long-term
degradation of the flatness of the spectral envelope of the frequency combs dur-
ing our experiments. FC 1 is additionally frequency-shifted by A fy = 55 MHz
using an acousto-optic modulator (AOM). The FC are coupled to the PIC using
a fiber array and grating couplers. FC 2 enters the PIC at the port marked by (1)
in Fig. 4.2. A multimode interference coupler (MMI) is used to split the comb
into two parts. One part of FC 2 is directly guided to the reference detector, the
other part exits the chip again at port (2), is guided to the measurement path
and emitted by a collimator towards the measurement target, here represented
by a mirror. After back-and-forth propagation over the measurement distance
z, this part of FC 2 is coupled back to the PIC through port (4) and fed to
the measurement detector. FC 1 enters the PIC at port (3) and is distributed
to both measurement and reference detector via a power splitter with tunable
splitting ration (tunable power splitter, TPS). The TPS is realized by p-i-n
phase shifters in a MZM configuration and allows for a flexible power distri-
bution of FC 1 on both detectors. The detectors consist of vertical Germanium
p-i-n junctions [203] and are realized as balanced photodetectors for optimum
suppression of common-mode signal components. A microscopic image of
the PIC is depicted in Fig. 4.3. The occupied on-chip area of all elements
amounts to 0.25 mm?.

FC 1 serves as local oscillator (LO) for heterodyne detection of FC 2, which
is further also called signal comb. The line spacing of FC 1 is detuned by
A fmod = 43 MHz and its center frequency is detuned by A fy = 55 MHz with
respect to FC 2, as illustrated in Fig. 4.2(b). The comb lines of FC 1 and FC 2
are superimposed on the balanced photodetectors and quadratic detection leads
to a multitude of sinusoidal photocurrents at distinct intermediate frequencies
(IF) in the baseband. With an integer m denoting the order of the comb lines,
the photocurrent shows N spectral lines at frequencies |Afy + m A fmod|, as
depicted schematically in Fig. 4.2(c). A rigorous mathematical description of
the measurement scheme can be found in Appendix A.
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Fig. 4.2: Experimental setup and detection principle. (a) Light from a CW laser is amplified in
an erbium-doped fiber amplifier (EDFA) to a power of 18 dBm, split, and directed to two MZM.
Two slightly detuned frequency combs (FC 1 and FC 2, see insets I and II for optical spectra) with
a line spacing of finoq,Lo = 40.000 GHz and fioq,sig = 39.957 GHz are generated by sinusoidal
phase modulation. FC 1 is additionally shifted by Afy = 55 MHz in an acousto-optical modulator
(AOM). The light is coupled to the SOI interferometer PIC from above via a fiber array and
grating couplers. FC 1 is coupled to the PIC through port 3, is split with a tunable power splitter
(TPS),and is further distributed by a tunable power splitter (TPS) to the measurement and the
reference detector, where it acts as local oscillator (LO) for multi-heterodyne detection of FC
2. FC 2 is coupled to the PIC through port 1 and split by a multimode interference coupler
(MMI). One part of FC 2 is guided directly to the reference detectors, where it is superimposed
with FC 1. The other part exits the PIC through port 2, is guided via single-mode fibers to a
collimator and propagates over the free-space measurement path of length z. The reflected light
is coupled back into the fiber, sent to the PIC through port 4, and finally superimposed with FC
1 on the measurement detectors. (b) Schematic optical power spectra of FC 1 (dashed blue lines)
and FC 2 (continuous red lines). The line spacings of FC 1 and FC 2 are slightly detuned by
Afmod = [fmod,LO —fmod,sigl> and the center frequencies are offset by Af. (c) Schematic one-sided
spectrum of the photocurrent (negative frequencies grayed out). Quadratic detection of FC 1 and
FC 2 by a photodiode leads to a multitude of sinusoidal IF signals with frequencies |Afy + mAfod|
in the photocurrent (heterodyne detection). Negative frequencies of the corresponding two-sided
spectrum are drawn in gray and mirrored to positive frequencies of the one-sided spectrum. The
phases of the IF signals are directly linked to the phase shifts accumulated by the lines of the FC
during propagation.
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Silicon PIC Grating coupler array

Grating couplers

Phase
Bt shifters

Measurement Refe]
detectors detectors

Fig. 4.3: Microscope image of the silicon PIC. The main elements used by the distance sensor
system are highlighted by colored frames and depicted magnified on the right-hand side. Con-
necting waveguides are routed between additional optical circuits for other purposes, which are
co-integrated on the same chip. The occupied on-chip area of the distance sensor system amounts
to 0.25 mm?.

To find the distance z to the mirror, the spectrum of the photocurrent is analyzed.
The phases of the IF beat notes are directly linked to the phase shifts that
the FC accumulate during their propagation to the respective detectors. The
measurement distance z is extracted from the IF phase differences between
reference and measurement detectors [34,C4,J6]. With the exception of the
measurement distance z, all other optical path lengths in the system are fixed.
Their influence on the phases can be removed by a calibration measurement
(for details see Appendix A). The phase differences Ag,, between reference
and measurement detector are linked to the distance z by the propagators
exp (—jwm,sig2z/c) of the reflected signal comb lines m of FC 2 with (angular)
frequency Wy sig = 27 frnsie = 27 (fosig + M fmodsig)» Where fosie = ¢/Ag is
defined by the input CW laser and c is the vacuum speed of light. As described
in Eq. (4.14)) of Appendix A, the unwrapped phase differences of the IF signals
with respect to a calibration at zp can then be expressed as

0Pm (Z) = AQOm (Z) - A‘pm (ZO) =2 (Z - ZO) mwmod,sig/c +2 (Z - ZO) wO,sig/C-
“.1H

The last term in Eq. (4.1) corresponds to the phase evaluated in classical in-

terferometry at an optical wavelength 19 = 27cw iig. However, due to the
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4 Silicon photonic receiver system for dual-comb distance metrology

27-periodicity of the phase and the back-and-forth propagation to the mirror,
this would only provide an unambiguity range of 1yp/2 = 775 nm. Addition-
ally, drifts of the laser wavelength would introduce errors. The first term in
Eq. (4.1), however, corresponds to the phases evaluated in interferometry with
so-called synthetic wavelengths A,, = 27¢ (mwm0¢sig)_l [136], see Appendix
A. This considerably extends the unambiguity range to A;/2 = 3.75mm,
while at the same time the measurement result is traceable to the stability of
the electronically provided drive frequency wpodsig- The unambiguity range
could be extended further by, e.g., subsequent measurements with different
comb line spacings [34, 125], or by a combination with longer-range time-of-
flight measurement schemes [J4].To extract the information contained in the
N — 1 synthetic wavelengths provided simultaneously by the use of a frequency
comb, the slope with respect to m is calculated from Eq. (4.1),

oy, (z) _
dm

) Wmod,sig

2(z - 4.2)
AS wnod sig and ¢ are accurately know, the distance z withrespect to a calibration
position zp can be precisely determined. This approach is illustrated in Fig.
4.4. The measured IF power spectra for both measurement and reference
detector are depicted in Fig. 4.4(a), showing the evaluated 7 lines with m =
-3,...,0,...,3. The heterodyne detection scheme with a slightly detuned LO
comb (FC 1) allows sampling of an optical bandwidth of (7 — 1) x 40 GHz =
240 GHz with an electrical bandwidth of less than 200 MHz. The phases
of the individual beat notes are extracted by performing a discrete Fourier
transform (DFT) after analog-to-digital conversion (A/D) of the IF signals
with a resolution of 12 bit and sample rate of 3.6 GS/s. The DFT operates
on 5 x 10* samples per channel, which corresponds to an acquisition time of
14 ps. The slope of the unwrapped phase differences is determined by a linear
regression, as illustrated in Fig. 4.4(b), and is proportional to the measurement
distance z—zp. The signal processing steps to extract the measurement distance
can be realized efficiently on an FPGA to enable real-time operation [C6].

4.3.3 Measurement results

For performance characterization, we measure the distance to a plane mirror
mounted on a motorized translation stage. The stage has a feedback-controlled
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Fig. 4.4: Data processing for dual-comb synthetic-wavelength interferometry. (a) Measured
one-sided spectrum of the photocurrents of measurement and reference detectors acquired at a
resolution bandwidth (RBW) of 72kHz. The IF lines are indexed by m as in Fig. 4.2. Lines
with index m < —1 that, in the present configuration, would appear at negative frequencies in the
two-sided electrical power spectrum, are mirrored to the positive frequency range in the one-sided
spectrum as explained in Fig. 4.2. (b) Differences of the IF phases §¢,,, as measured between the
reference and the measurement detectors as a function of the line index m. Phase values before
unwrapping (sawtooth-like shapes) are depicted in light colors, illustrating the 27t-periodicity.
The unwrapped phase values follow a linear relationship. The slope of the fitted straight line is
proportional to the optical path length difference between reference and measurement paths, see
Eq. (4.2).

positioning accuracy of 50 nm and serves as a reference for our distance mea-
surements. The power emitted into free space amounts to -4.5dBm. The
distance measurement results are shown in Fig. 4.5(a). The unwrapped mea-
sured distance z is plotted as function of the distance set on the translation stage
Zset> S€€ blue crosses in Fig. 4.5(a). Each distance measurement corresponds
to an acquisition time of 14 us. The mean of the distance error z — zge iS
calculated from 10 subsequent measurements at the same position, see black
dots in Fig. 4.5(a). Error bars indicate a range of twice the standard deviation.
The absolute value of the mean error stays below 4 um, while the standard
deviation stays below 5 um for all positions. The root-mean-square position
error calculated over the whole measurement range amounts to 3.4 um. The
small deviations of the mean distance error from O pm are partly due to thermal
path length fluctuations in the optical fibers used in the current measurement
setup and partly due to crosstalk caused by reflections of on-chip devices such
as MMI or grating couplers. While the latter can be alleviated by using devices
with low back-reflection [241], we further analyze the effect of thermal path
length fluctuations. The systematic error due to thermally varying optical path
length differences AD inside the optical fibers with a geometric length of L is
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estimated in the following using published data. The group refractive index
is denoted as n, the thermo-optic coeflicient as dn/dT, the thermal expansion
coefficient as @y, = (dL/dT) /L and the length-averaged temporal temperature
difference of the optical fibers as AT. The optical path length D = nL varies
with temperature according to dD = (nd(L)/dT + Ld(n)/dT)dT. With the
previous definitions, the temperature-induced optical path length variations
are given as

AD = (nar + d_n) LAT 4.3)

S\ ar ' '

With n = 1.4679 [184], oz ~ 0.5x107°K~! [182], and dn/dT ~ 10x 10-°K~!
[182, 186], the relative optical path length change amounts to

(AD/AT) /L = 10.7 um/(K m). (4.4)

Typical room temperature fluctuations during the time period of approximately
1 min needed to move the measurement target to the next position are approxi-
mately AT = 0.1 K [183]. The dynamic thermal response of a standard Hytrel
jacketed single-mode optical fiber has a 3 dB bandwidth of roughly 10 Hz [192]
and thus the temperature of the fiber is expected to follow the temperature fluc-
tuations of the room temperature on this time scale. With Eq. (4.4) and the
geometric fiber length of L = 5 mused in our experiment, we expect systematic
deviations in the order of AD ~ 5um, which fits well to the experimentally
observed deviations of the mean values, see Fig. 4.5(a). This systematic error
source can be overcome by reduced fiber lengths, by active compensation, e.g.,
by a simultaneous calibration measurement at a second center wavelength [C6],
or by full integration of the sensor system on the chip, which, due to its low
mass and volume, could potentially be temperature-stabilized without great
technical effort.

A mirror was used as a measurement target for the presented characterization
measurements, but in principle also optically rough surfaces could be mea-
sured, albeit at a reduced precision due to decreased signal-to-noise power
ratio and because of speckle-induced phase noise [194, 195, 242]. The in-
fluence of the tunable power splitter (TPS) can be seen in Fig. 4.5(b). The
measured optical powers of the LO comb FC 1 arriving at the reference de-
tector and the measurement detector are plotted in blue as a function of the
current applied to the p-i-n phase shifter in one arm of the TPS. The standard
deviation for repeated measurements is plotted in magenta. The power split-
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Fig. 4.5: Measurement results. (a) Unwrapped measured distances z (blue) and errors z-zget (black)
vs. set distance zger. Error bars indicated a range of twice the standard deviation obtained from
10 subsequent measurements at the same position. Acquisition time per measurement is 14 ys.
The accuracy of the positioning stage used for setting the distance zg is specified to be better
than 50 nm. The small deviations of the mean distance error from O pm are attributed to thermal
path length fluctuations in the optical fibers and to crosstalk caused by reflections from on-chip
devices such as MMI or grating couplers. (b) Optical power of FC 1 (LO) at measurement and
reference detector (Ppo meas and Pro rer) along with corresponding standard deviation for the
distance measurement, both plotted vs. the current of the p-i-n phase shifter in the TPS. The
power splitting ratio resulting in minimum standard deviation is indicated by ymin dB-

ting ratio ygp can be adjusted via the current through the p-i-n phase shifter
to yield the lowest standard deviation for given power levels. The optical
power of signal comb FC 2 arriving at the measurement detector Psig meas 1S
subject to additional power losses 17 = Pgig meas/ Psig,ref compared to the power
Pgig rer arriving at the reference detector. With total grating coupler losses of
2 x 5 dB, free-space to fiber coupling losses of 7 dB and the 6 dB loss for twice
propagating through an additional 3 dB coupler, the additional loss amounts to
nas = 101g () = —23 dB. To compensate this lower signal power arriving at
the measurement detector, the TPS is set in a way that most of the power of the
LO comb FC 1 is distributed to the measurement detector. The input power into
the TPS is denoted Py, the power splitting ration y. The two optical power
levels Prorer = YPro and Promeas = (1 —7¥)PLo denote the optical powers
of the LO comb FC 1 arriving at reference detector and measurement detector
respectively. Experimentally, we find a value of ygg = 101g(y) = —10.2dB
to result in the minimum standard deviation and use this value for the char-
acterization measurements. This is close to the theoretical optimum value of
YdB.theo = —11.8 dB, see Appendix B. For other measurement path losses, the
splitting ratio can be dynamically adapted to always operate at optimum condi-
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tions. It is a strong advantage of photonic integration that such functionalities
can be realized at virtually no additional cost.

4.3.4 Vision for further photonic integration

Our vision of a future fully integrated distance sensor chip is illustrated in Fig.
4.6. The envisaged sensor chip consists of a multi-chip assembly where elec-
tronic and photonic wire bonds [243-245] are used to connect the individual
chips. This approach allows to combine the distinct advantages of complemen-
tary photonic integration platforms: The cw carriers can be provided by III-V
semiconductor lasers and FC can be generated by sinusoidal phase modula-
tion in highly efficient silicon-organic hybrid (SOH) comb generators [J5,J13]
driven by conventional RF oscillators with slightly detuned frequencies. Signal
splitting and combining as well as heterodyne detection can be accomplished
by the standard silicon photonic device portfolio, comprising also on-chip Ger-
manium photodiodes. For coupling of light to and from the measurement path,
chip-attached micro lenses could be used, fabricated by the same direct-write
three-dimensional two-photon lithography used for photonic wire bonding [J7].
Read-out and processing of electric signals is realized with standard electronic
components connected through electrical wirebonds. As a specific advantage
of the hybrid integration approach, the scheme can easily be adapted for use
with other chip-scale comb sources such as ultrabroadband Kerr comb gener-
ators which could further enhance the performance [240]. We see the main
challenges in the minimizing the optical insertion losses, in realizing of a
cost-effective packaging for hybrid integration, and in fabricating miniaturized
comb sources. In general, chip-scale sensor systems stand out due to their
ultra-compact footprint, which is an important asset for many applications.
Moreover, the devices are mechanically robust and lend themselves to massive
parallelization, e.g., by integrating a multitude of measurement channels on a
single photonic chip.

4.3.5 Summary

We demonstrated an integrated silicon PIC capable of fast and accurate distance
measurement with 3.75 mm unambiguity range using the concept of synthetic-
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Silicon photonic CMOS chip for A/D
conversion and FPGA

interferometer with Ge
photodiodes (this work)

RF oscillators
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Fig. 4.6: Vision for a future chip-scale distance measurement system. The photonic elements com-
prise light sources (III-V CW lasers), frequency comb generators realized by silicon-organic hybrid
(SOH) modulators [J5,J13], and an interferometer with photo detectors as demonstrated in this
work. The electronic components comprise DC voltage supply (not depicted), RF oscillators for
driving the comb generators, and readout and processing circuitry, e.g., A/D converters connected
to an FPGA. The individual elements are assembled on a common submount. Electrical connec-
tions are realized by standard wire bonding techniques. Light is routed by silicon single-mode
on-chip waveguides and by photonic wire bonds, the latter being fabricated by direct-write three-
dimensional two-photon lithography [243-245]. Using the same fabrication technique, a tailored
free-form micro lens can be printed directly to the facet of the optical chip to collimate the light
radiated to and from the chip edge used to collimate the light used for distance measurement [J7].

wavelength interferometry with externally generated frequency combs. A
root-mean-square error of 3.4 um is achieved for an acquisition time of 14 ps.
The PIC covers an on-chip footprint of approximately 0.25mm? and relies
entirely on the standard device portfolio offered by a silicon photonic foundry.
There are many possibilities of further extend of the concept, such as co-
integration of lasers sources, comb generators [J5] or electronics. We believe
that large-scale photonic integration will enable completely new sensing and
measurement systems of unprecedented scalability and functionality in the
near future.
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Appendix A: Mathematical description of measurement
scheme

In the following section, we give a rigorous mathematical description of the
measurement scheme, which relies on quadratic detection of two detuned fre-
quency combs by the measurement and reference detector. Analytical signals
E(t) are used to describe the time-domain electric fields, with the real part of the
analytical signal representing the physically relevant field, E(t) = R {E(1)}.
The optical power is then given by P = Z; ! (E 2 (t)), where (—) denotes the
average over a few cycles of the optical carrier and where Zy = 376.7 Q rep-
resents the wave impedance of free space. In a first step we consider the
measurement detector only. In accordance to the system detailed in Fig. 4.2(a)
we consider the complex optical amplitudes E sig,meas for the signal comb FC 2
arriving at the measurement detector. Each signal comb line / has an (angular)
optical frequency wy g,

Wi sig = Wo,sig + lwmod,sig~ 4.5)

The amplitudes of the signal comb lines are denoted as El,sig,meas, and the
associated optical path length to the detector amounts to 2z + Dyjg meas. Where
Dyig meas denotes the optical path length through the measurement setup to
and from the origin z = 0 of the measurement coordinate system. Similarly,
the complex optical amplitudes of the LO comb FC 1 at the measurement
detector are denoted as E and each comb line m has an (angular)

=LO,meas’
optical frequency wy, 1.0,

WmLO = WO,L0 + MWmod L0 = (Wo,sig + Awp) + M (Wmod sig + Awmod) » (4.6)

with a center frequency detuning Awg and a detuning of the line spacing of
Awmoed, an amplitude E,;1.0,meas- The LO comb arrives at the measurement
detector after propagation over the optical path length Dio meas, Which is
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entirely located within the measurement setup. The complex amplitudes of the
two FC at the measurement detector are then given as

Esig,meas ()= Z El,sig,meas exp (jwl,sigt) exXp (_] (ZZ + Dsig,meas) ‘Ul,sig/c)
1

ELO,meas ()= Z Em,LO,meas exXp (jwm,LOt) exp (_jDLO,measCUm,LO/C) .
m

%))

The superposition of the signal and LO comb on the measurement detector
with sensitivity S leads to a photocurrent containing multiple IF tones. The
AC-part of the photocurrent iac meas Of the measurement detector is given by

iAC,meas (t) = 261 §-R {Esig,meas (t)* ELO,meas (t)}

Z ZEI, sig,meas Em, LO, meas

I m
=7;'s-R .
0 - exp (j (Awo + (m = 1) Wmod,sig + MAWmed) )
- eXp (J ((2Z + Dsig,meas)wl,sig - DLO,measwm,LO) /C)
4.8)

The AC-part of the photocurrent isc rer Of the reference detector can be derived
in an analogous way by replacing “meas” by “ref” in the subscript,

iAC,ref (t) = Z(;IS : ‘?\ {Esig,ref (t)* ELO,ref (t)}

Z ZEI, sig,refEm,LO,ref

l m
=77's R .
0 -exp (j (Awp + (m = 1) Wmod sig + MAWMod) 1)

- €Xp (J (Dsig,refwl,sig - DLO,refwm,LO) /C)
4.9)

In this relation, the quantities Dy;g ref and Dy o ref denote the optical path lengths
between the respective combs source and the reference detector. Note that, in
contrast to Eq. (4.8) the external measurement distance 2z does not appear in
the reference path length.
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The frequency detunings A fy = Awg/(27) and A finod = Awmod/(27r) amount
to tens of megahertz and are small compared to the line spacing fmodsie =
Wmod,sig /(27) of roughly 40 GHz. In theory, the photocurrent spectrum shows
beat signals at distinct intermediate frequencies f,, ,

fm,l = |Afb + (m - l) fmod,sig +m Afmod| . (410)

However, only a subset of these lines can actually be acquired by the pho-
todetector and the subsequent A/D converter. For the FC deployed in our
experiments, the analog bandwidth B of the A/D converter used to record the
signals amounts to 1.3 GHz and is much smaller than the 40 GHz line spac-
ing of the frequency combs, B < fimodsig & fmod,Lo. Moreover, the number
of comb lines is limited such that mA finod Lo < fmodsie ¥ fmodsig for all
comb line indices m. As a consequence, for a given LO comb line m, only
the beat note with the corresponding signal comb of same index m = [ is
visible in the photocurrent. IF lines are hence found at distinct frequencies
Siem = |Afo + m A finod|. The corresponding phases ¢, meas Of the IF lines at
the measurement detector can be derived from Eq. (4.8),

©mmeas (22 + Dsig,meass DLO, meas)
= ((22 + Dsig meas)Wm,sie — DLO,measWm,1.0) /¢
= ((22 + Dsigmeas) — DL0O,meas) (w0,sig + MWmod sig) /¢
= DL0,meas (Awp + mAwmea) /¢ 4.11)
=27 (22 + Dyig meas) = DLO,meas) Ay

+ 21 ((ZZ + Dsig,meas) _DLO,meas) /l(;,lig

- DLO,mcas (Awo + mAwmeq) /.

The last part of Eq. (4.11) contains the so-called synthetic wavelength A, =
c (m fmo¢sig)_l and shows the relation to classical interferometry with a single
optical wavelength A, where the phase shift ¢ experienced by an optical signal
after propagation over the optical path length D is determined by ¢ = 27DA~!.
The beat signals at the reference detector have the exactly same frequencies
as the beat signals at the measurement detector and serve as phase reference.
Their phases are determined analogously to Eq. (4.11) and are given as

Om,ref (Dsig,ref’ DLO,ref) = (Dsig,ref"-)m,sig - DLO,ref"-)m,LO) /C- (4.12)
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The phase difference of the beat signals is given by:

Apm (2) =@m,meas (21 + Dyig meas DLO,meas) — Pm,ref (Dsig,ref, DLO,ref)
= (22 + Dsigmeas — DLO,meas — (Dsigref — DLOref) ) MWmod,sie /€
(22 + Dsigmeas — DLO,meas — (Dsig.ref — DLOret)) @osig/ €
— (Dro,meas — DLoret) Awo /¢

- (DLO,meas - DLO,ref) mAwmod/C-
(4.13)

Subtracting the values Ag,, (zo) from a calibration measurement at the position
z0, we arrive at Eq. (4.1),

A‘pm (Z) - AQOm (ZO) =2 (Z - ZO) mwmod,sig/c +2 (Z - ZO) wO,sig/C- (4.14)

The distance z — zp can thus be extracted by extracting the slope of the linear
relationship between Ag,,, and m.

Appendix B: Optimum power splitting ratio

In the following section we derive an expression for the optimum splitting ratio
of the TPS, see Fig. 4.2(a), used to distribute the power of the LO comb FC 1
onto measurement and reference photodetectors. Due to the relatively low
optical powers impinging on the photodetectors, the current system is limited
by thermal noise. The noise current variance is thus independent of the optical
power and denoted as ainoise. For simplicity, we assume that both detectors
feature the same noise current variance. The optical power of a comb line
is given as P, = Zal <E31(t)> = Z(;l (E,zncos(a)mt)> = %Z&lﬁfn, where (—)
denotes the average over a few carrier periods. Using this relation and Eq. (4.8)
with m = [, the power signal-to-noise ratio SNR,,, of a single IF line with index
m is given by

%SZZPm,sigzpm,LO

2
I,noise

SNR,, = (4.15)
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For distance measurement, we valuate the phase of theses IF lines. The

accuracy is thus dictated by the phase variance a'f,’m, which is given by [190]
1

o2

S 4.16
¢m = 3 SNR,, (4.16)

The distance z is calculated from a linear regression of the phase differences
A = Pmmeas — Pm.ref Detween measurement and reference detector. For
simplification, we assume a number of N spectrally uniform IF lines with
equal SNR and drop the index m. The noise of measurement and reference
detector is statistically independent such that the phase variances can be added,
2 _ 2 2

Tpp = Tpmeas T T e 4.17)
Then the variance of the measured distance z is given from the analytic formula
for the slope uncertainty of a linear regression [193] and is proportional to the

variance of the phase difference o= =

2
o 3
P . (4.18)

TN (@mease)” (V- 1)

With Eq. (4.15) and Eq. (4.16), Eq. (4.17) can be written as

2
2 O-I,noise 1 1

The T Ty

(4.19)
P sig,measP LO,meas P sig,refP LO,ref

We consider Fig. 4.7 to express the optical powers of the comb lines im-
pinging on the respective detectors in Eq. (4.19) in the following way: The
input power into the TPS is denoted Pro. With the power splitting ratio v,
Promeas = (1 —y)PLo and Prorer = yPro. The additional power loss of
Psig meas compared to Pyig ref is denoted 1, 7 = Psig meas / Pig ret, as discussed in
Section 4.3.3. With these relations, we can write Eq. (4.19) as

2
A, = f.noise ( + —) ) (4.20)
4 4S8 PLOPsig,ref n (1 - 7) Y

The power splitting ratio y can easily be adapted by changing the interference
conditions of the MZM forming the TPS. For a maximum measurement pre-
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Psngmeas =n Psig,ref
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Fig. 4.7: Schematic of power distribution on measurement and reference detectors. Psjg meas
is subject to an additional loss of 17gg = 101g(17) = —23dB when compared to Pgig ret due to
coupling losses, see Fig. 4.2 and the discussion in Section 4.3.3. The power of the LO comb FC 1
is distributed between both detectors by the TPS with a tunable power splitting ratio of y.

cision, the goal is to minimize a-i‘p (y) o 02, Eq. (4.20). We find a minimum

at
1

1+n71/2°
In our case ngg = 101g(n) = —23 dB. Inserting this value in Eq. (4.21), we

calculate a theoretical optimum value of ymin dB.theo = 101€(¥Ymin) = —11.8 dB.
This is close to the experimentally measured value of yminqg = —10.2 dB.

421

Ymin =

[End of paper [J11]]
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5 Referencing of synthetic
wavelengths with electro-optic
frequency combs

This chapter describes a distance measurement system in which a coarse time-
of-flight measurement with a wide range of unambiguity is combined with
an interferometric distance measurement using synthetic wavelengths to refine
the measurement accuracy. The synthetic wavelengths are generated by the
frequency differences between four continuous-wave (CW) lasers. To make the
use of free-running continuous-wave lasers possible, said frequency differences
continuously tracked during the distance measurement by a referencing module
that exploits electro-optic frequency comb generation. The background of the
presented work in this chapter is summarized in Section 5.1, and an overview
of the state of the art is given in Section 5.2. Section 5.3 finally introduces the
measurement principle and the experimental setup and provides an analysis
and a discussion of the obtained results.

5.1 Background

The results presented here were obtained in a joined effort together with the
Fraunhofer Institute for Physical Measurement Techniques (IPM) in Freiburg
during a project funded by the Baden-Wiirttemberg Stiftung (project ,,Synthetic
Lambda®).

In the framework of this cooperation, Harald Wolfelschneider contributed
all elements related to the coarse time-of-flight measurement, Markus Fratz
mainly contributed the elements concerning the synthetic-wavelength inter-
ferometry as such, while the author contributed all elements concerning the
referencing module for calibration of the synthetic wavelengths simultaneously
to the distance measurement.
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5.2 State of the art in synthetic-wavelength
interferometry referenced by frequency
combs

This section provides a summary of the state of the art in referencing of syn-
thetic wavelengths using frequency combs. Essentially, the regular and precise
spacing of comb lines in the frequency domain is exploited as an optical
frequency ruler. Depending on the employed measurement scheme, this ruler
needs to provide absolute or relative information. While for interferometry with
optical wavelengths knowledge of absolute frequencies is essential, measure-
ments of relative frequency differences are sufficient for synthetic-wavelength
interferometry.

In [131], synthetic-wavelength interferometry is combined with optical inter-
ferometry. To this end, an Er-doped femtosecond fiber laser, stabilized to a
Rb atomic clock, is combined with four distributed feedback lasers (DFB) at
different wavelengths. A rough measurement of the DFB-laser wavelengths
with a wavelength meter provides an initial value. The wavelengths are then
stabilized by feedback loops with respect to adjacent comb lines by detecting
beat frequencies on photodetectors. Using an optical switch, measurements
are conducted sequentially for one wavelength at a time. A Twyman-Green
interferometer is used in conjunction with a piezoelectric transducer for a
well-defined phase shift, which is needed for the underlying evaluation algo-
rithm. The interferogram is recorded by a charge-coupled device (CCD). Due
to the combination of synthetic-wavelength interferometry and conventional
optical interferometry, a standard deviation of 3 nm and an unambiguity range
of 50 mm is obtained. The measurement time is 400 ms, partly limited by the
switching time for the subsequent measurements.

In [133], a MEMS-based external-cavity diode laser (ECDL) with a fre-
quency sweep spanning 1 THz is used for frequency-modulated continuous-
wave (FMCW) ranging. To linearize the sweep in frequency, a comb generated
by a femtosecond fiber laser is used. A distance standard deviation of 2 um
with a measurement time of 0.5 ms is demonstrated for ranging to a brushed
aluminum surface.

In [132], a frequency-tunable external-cavity diode laser (ECDL) is calibrated
by a frequency comb generated from a femtosecond mode-locked laser with
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5.2 State of the art in synthetic-wavelength interferometry referenced by frequency combs

a repetition rate of 250 MHz. To this end, a wavelength meter provides an
initial rough measurement of the frequency of the ECDL. For stabilization
of the ECDL emission frequency, the beat signal between the ECDL tone
and the nearest comb line is detected after superposition on a photodiode.
The frequency of said beat signal is then used in a feedback loop to control
the frequency of the ECDL. This scheme allows for highly precise frequency
tuning of the ECDL over the range of 200 GHz. Distance measurements
with standard deviations of 4.6 um are obtained by evaluation of the phase
at different frequencies with heterodyne detection. No explicit measurement
time is stated in the paper.

The work presented in [139] also relies on a ECDL laser referenced to a
frequency comb generated from a femtosecond mode-locked laser with a line
spacing of 81 MHz. After a coarse measurement with a wavelength meter,
the beat frequency of the ECDL to the nearest comb line is measured, and
the ECDL is locked to that frequency. Distance measurements are done with
four different wavelengths, evaluating both synthetic and single wavelengths.
A standard deviation of 64 nm is achieved for a measurement distance of 1 m,
using a real-time compensation for the refractive index of the air by monitoring
several environmental parameters.

In contrast to the state of the art, the work presented here employs simple, free-
running CW lasers without any locking electronics [J4], see Section 5.3. The
differences in emission frequencies, and thus the synthetic wavelengths, are not
tightly controlled, but merely monitored continuously during the measurement.
Relative frequency drifts of the lasers can thus be corrected when calculating
the distance from the phase differences measured at the different wavelengths.
No additional frequency comb sources are required — the combs are generated
by electro-optic modulation from the same CW lasers that are used for the
synthetic-wavelength interferometry. This approach lends itself to photonic
integration, see Chapter 6, with the potential for chip-scale optical frequency
referencing devices.
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5.3 Synthetic-wavelength interferometry
improved with frequency calibration and
unambiguity range extension

The contents of the following section is taken from a publication in Applied
Optics [J4]. The structure and the layout of this document was slightly adapted
to fit the format of this thesis.

[Start of paper [J4]]
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5.3.1 Introduction

Precisely measuring the geometry of large technical objects is important for
many applications in science and engineering such as high-precision align-
ment, wear inspection, as well as in-line or at-line quality control in pro-
duction. Optical distance measuring methods are inherently well suited for
these applications, offering, e.g., non-contact probing within large measure-
ment volumes. For practical measurements, a number of challenges need to
be addressed. As an example, objects are often made by machining metal,
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thus exhibiting discontinuously stepped surfaces with considerable roughness.
Insensitivity to optical surface properties and a large unambiguity range are
key requirements. Moreover, to allow dense digitization of free-form surfaces
in a harsh production environment, high measurement speed and robustness
against environmental influences are indispensable while accuracies in the
micrometer range should be maintained.

An overview of various optical measurement methods is given in [113]. Clas-
sical time-of-flight (TOF) methods using pulsed laser sources or lasers with
sinusoidally modulated intensity [160, 178] offer unambiguity ranges of up to
several hundred meters and measurement rates of more than 1 MHz, but the ac-
curacy is typically limited to the millimeter region. For an increased accuracy,
one can use an envelope with a higher frequency by utilizing the inter-mode
beats of an optical frequency comb [35] as measured by a photodetector. Using
a specific target, namely a corner retro-reflector, distance measurements with
sub-micrometer standard deviations o were already demonstrated by evaluat-
ing the phases of comb beat notes with frequencies as high as 40 GHz [115].
At these frequencies, expensive photodetectors with its associated broadband
electronics are indispensable. Optical heterodyne detection schemes overcome
the problem of RF analysis by using a second reference frequency comb with
a slightly shifted center frequency and a different line spacing for shifting and
scaling the RF beats to a lower frequency range. A sufficiently broad comb
covers a high optical bandwidth leading to a good accuracy, while evaluating
the beat between the closely spaced lines of measurement and reference comb
requires only low-frequency electronics [34,37]. Because the power of the
reference comb (acting as a “local oscillator”) can be large, the sensitivity is
strongly increased. This allows to measure the distance to scattering techni-
cal surfaces with an accuracy in the micrometer range, and with microsecond
acquisition times [C4]. It has recently been demonstrated that a heterodyne
receiver can be efficiently integrated on a silicon photonic chip with a foot-
print less than a square-millimeter [C5]. Nevertheless, the practical use of
dual-comb heterodyne distance metrology is still hampered by the consider-
able technical effort that is needed to ensure stable operation of two broadband
frequency combs with fixed offsets of center frequency and line spacing.

As an alternative to TOF methods or dual-comb heterodyne schemes, multi-
wavelength interferometry (MWLI) can be used. This technique relies on two
or more continuous-wave (CW) lasers with different wavelengths to extend
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the unambiguity range of conventional optical interferometry [135, 136]. The
phases of all CW carriers can be obtained individually in a low-frequency
range. While it is advantageous to employ simple CW lasers, the measurement
accuracy is limited by the wavelength stability [137, 138]. To overcome this
problem, lines of a stabilized frequency comb from a mode-locked laser can be
used to lock the wavelengths of distributed feedback (DFB) laser diodes [131].
For measuring the optical phases, an interferogram is evaluated by a charge-
coupled device (CCD) camera, employing a piezoelectric transducer for a well-
defined phase shift, which is needed for an appropriate evaluation algorithm
[131]. However, this scheme requires considerable technical effort for locking
the DFB lasers to the femtosecond master laser. Moreover, the measurement
rate in [131] is limited to only 2.5 Hz by the fact that the measurements are
done subsequently for each wavelength using an optical switch.

In this thesis, we show that high-precision measurements are also possible with
free-running CW lasers, for which the differences of the emission frequencies
are continuously monitored. We combine the large unambiguity range of a TOF
scheme with the high precision of a synthetic-wavelength interferometry (SWI)
technique. The phase differences for the various light sources are evaluated
simultaneously from a single frame of a CCD line camera by combining
spatial and spatial-frequency multiplexing. For continuously referencing the
synthetic wavelengths, we modulate the CW laser lines with a sinusoidal signal
of accurately known frequency. We then detect low-frequency beat notes
between higher-order sidebands that belong to adjacent lines. This allows to
determine the synthetic wavelengths with highest precision and hence to trace
the results back to widely available frequency standards. When measuring the
displacement of a machined aluminum target in a stand-off distance of 1 m
with a measurement rate of 300 Hz, we achieve standard deviations o~ between
3um and 15 um. The accuracy of the current system is limited by the update
rate of the wavelength-referencing scheme, and an improvement to o < 1 pm
should be feasible in future implementations.

5.3.2 Measurement system

The system layout is depicted in Fig. 5.1. It consists of three main modules: A
time-of-flight (TOF) module to measure the distance within a large unambigu-
ity range, a synthetic-wavelength interferometry (SWI) module to increase the
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measurement accuracy to the micrometer range, and a synthetic-wavelength
reference (SWR) module to continuously monitor the synthetic wavelengths
and to compensate the influence of laser frequency drifts. All three modules
operate simultaneously. TOF measurements share the same beam path to the
target as the SWI measurement by using a dichroic mirror to combine the
associated lasers. A set of four self-injection locked laser diodes (Laser 1 ...
4; OEWaves, linewidth 300 Hz) are used for the SWI. The output power of
these lasers is split evenly between the SWI module and the reference module
using 3 dB fiber couplers. The operation principle and the implementations of
the modules are described in the following sections.

5.3.2.1 Time-of-flight measurement

The setup for the TOF measurements is depicted in more detail in Fig. 5.2. A
fiber-coupled laser diode emitting light at a wavelength of 1470 nm is intensity-
modulated with a modulation frequency fynoa = 128 MHz and shines on the
target. The back-scattered light is detected with an InGaAs avalanche photo-
diode (APD). The intensity-modulated light generates an electrical signal with
a frequency of 128 MHz, which is amplified in a first amplifier. Heterodyne
down-mixing with a local oscillator (LO) at 120 MHz generates an intermedi-
ate frequency (IF) signal at § MHz. This IF signal is sent through a logarithmic
amplifier to ensure a high dynamic range. A low-pass filter (LP) suppresses
sum-frequency terms and high-frequency distortions that arise from the log-
arithmic amplification. The baseband signal is then digitalized by a 14-bit
analog-to-digital converter (ADC). To calculate the distance, the phase differ-
ence to an 8 MHz reference signal, derived from the same frequency basis as
the modulation and the LO signal, is calculated with a field-programmable
gate array (FPGA) using a coordinate rotation digital computer (CORDIC) al-
gorithm [246,247]. The 8 MHz reference signal is passed through an identical
LP to compensate the influence of temperature drifts of the filter component
on the phase measurement to a certain extent. The whole setup realizes a
lock-in amplifier with a measurement rate of 1 MHz. With a measured phase
difference A¢, the distance ztor then is calculated from

cA¢p
47Tfm0d ’

ZTOF = 5.1
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Fig. 5.1: Optical setup, combining a time-of-flight (TOF) module for a large unambiguity range,
a synthetic-wavelength interferometry (SWI) module for increasing the measurement accuracy,
and a synthetic-wavelength reference (SWR) module for monitoring the frequency spacings of the
CW laser sources (Laser 1 ... 4). (TOF) The TOF module measures the coarse distance with
a large unambiguity range. A laser diode is sinusoidally modulated in intensity, and the phase of
the modulation signal in the reflected beam is a measure of the time of flight. (SWI) Four CW
lasers with frequencies in a range +375 GHz around 193.4 THz (1.55 pm) send their light to a
target from where it is reflected. This object beam is superimposed with reference beams A . . . A4
and detected by a line camera for measuring the phase differences in the SWI module. This is
done by recording four interferograms of the four lasers, where each laser beam interferes with a
delayed copy of itself (reference beam, blue). For each laser, the copy is inclined at a different
angle with respect to the original due diffraction gratings G; and G;. A line camera then records
four interferograms which are distinguished by different spatial periodicities. (SWR) The SWR
module measures the frequency differences of the lasers. Pairs of lasers are phase modulated
with dual-drive MZM such that the generated comb of sidebands overlap for neighboring lasers.
We then detect beat signals of closely spaced sidebands and infer the respective carrier frequency
offsets from the well-known MZM drive frequencies, see Section 5.3.2.

where c is the vacuum speed of light. Considering that the phase is only defined
in a [0, 27] range, the unambiguity range amounts to 1.17 m. The results for
TOF distance measurements to a fixed target can be seen in Fig. 5.3. At the
given measurement rate of 1| MHz, the distance is determined with oo = 2.2 mm,
Fig. 5.3(a). The acquisition time amounts to only 1us whereas the SWI
measurement rate is only 300 Hz, enabling averaging to improve the accuracy.
For averaging over 2000 samples, the TOF standard deviation drops to 250 um,
Fig. 5.3(b). This is larger than the expected value of 2.2 mm/v2000 = 50 ym
due to small systematic fluctuations of the measurement result, caused by
slightly different temperature dependencies of the electric low-pass filters used
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Fig. 5.2: Setup used for TOF measurements. A 1470nm laser is intensity-modulated with
128 MHz. The backscattered signal is detected with an InGaAs avalanche photodiode (APD),
amplified (Amp)) and mixed down to an 8 MHz intermediate frequency. Logarithmic amplifica-
tion (log) enables a high dynamic range. After low-pass filtering (LP), the signal is analog-digital
converted (ADC) and the phase difference to a reference signal is calculated on an FPGA with
1 MHz measurement rate.
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Fig. 5.3: Results of TOF measurements to a fixed target. (a) Measurements with the full TOF
measurement rate of 1 MHz, exhibiting a standard deviation of oo = 2.2 mm. (b) Measurements
employing averaging over 2000 values lead to a standard deviation of oo = 250 um. Due to
temperature drifts of the low-pass filters, o~ reduces by less than V2000.

in the measurement and the reference path, see Fig. 5.2. However, these
fluctuations are unimportant, because the final accuracy will be determined by
the SWI module.
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5.3.2.2 Synthetic-wavelength interferometry

The fine-scale measurement is based on synthetic-wavelength interferome-
try [248-250] with four different wavelengths A; ... 4. The light from each
laser is split into an object beam, a reference beam, and a calibration beam. The
object beam propagates to a measurement object and back to a CCD line cam-
era, the surface of which is perpendicular to the incident beam; the two-way
distance to and from the object is denoted as z. The reference beam is tilted by
two subsequent gratings, so that the beams with 4; ... A4 hit the CCD camera
at different angles after a propagation distance z.f. Object and reference beam
superimpose on the CCD camera, which records four so-called object inter-
ferograms with different spatial frequencies. The calibration beam propagates
over a distance z¢, and hits the CCD camera at a different position than the
object beam. Calibration beam and reference beam superimpose, and the CCD
camera records another set of four so-called calibration interferograms, again
with four different spatial frequencies, see Fig. 5.4. The phase ¢; opject Of the
resulting fringe pattern depends on the optical path length difference z — Zpef
between object and reference beam:

2 — Zref
®Pi,object = 2r 1 =, 5.2)

i

To compensate thermal and mechanical influences of the setup, an additional
calibration measurement is taken. To this end, a part of the reference beam is
tapped and forms a calibration beam. After propagation over a fixed distance
Zcal, the calibration beam is superimposed with the reference beam on a different
pixel range of the line camera. This yields a fringe pattern with the same spatial
frequency as the object beam, the phase of which is given by

Zcal — Zref

Py (5.3)

@i, cal = 2m
To calculate the compensated distance z — z¢,1, we consider the phase difference
A@; = @i object — Pi,cal between object fringes and calibration fringes,

Z — Zcal

Ag; =2
oi = 21—

(5.4)

As the calculated phase values are 2r-periodic, the obtainable measurement
unambiguity range is limited to half of the laser wavelength A;/2. Additionally,
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the use of the phases of single wavelengths is significantly limited in the case of
rough targets, where laser speckles lead to a random phase distribution [251].
To overcome this problem, rather than considering the phases of individual
wavelengths, we evaluate the phase differences Ap;; = Ag; — Agp; obtained
from different wavelengths A; and 4;,

27—z
Apij = Agi — Agj = zﬂTcal, (5.5
ij
with the so called synthetic wavelengths A;; [252,253]:
/li/lj c
P E— (5.6)
Dol Ay

In essence, considering the differences of the phases obtained from two CW
signals at wavelengths 4; and A; corresponds to an interferometric measure-
ment at a synthetic wavelength that is associated with the frequency difference
Af;; between the signals. A small frequency difference leads to a large syn-
thetic wavelength, thus greatly increasing the unambiguity range. On the other,
for given accuracy of the phase measurement, a large frequency difference and
hence a small synthetic wavelength are desirable for an accurate distance mea-
surement.

In our setup, we use four different laser wavelengths A; ... A4, requiring 8
phase measurements for simultaneously acquiring the calibration and the ob-
ject beam. These phase measurements can be obtained from a single readout
of the CCD camera by using the principle of holographic phase detection. The
concept is illustrated in Fig. 5.4. Both object beam (red) and calibration beam
(green) are incident on the CCD line camera from surface-normal direction,
whereas the reference beam (blue) impinges at a defined angle. This leads
to interference fringes at a characteristic spatial frequency. For spatial multi-
plexing, object and calibration beam cover different pixel regions of the line
camera, whereas the reference illuminates the entire line. The phases ¢; object
and ¢; ca1 can hence be separated by simply evaluating the corresponding pixel
range. Moreover, by using individual reference beam angles for each optical
wavelength, the associated interference patterns exhibit characteristic spatial
frequencies and can be separated by a spatial Fourier transform [135,254,255].

117



5 Referencing of synthetic wavelengths with electro-optic frequency combs

Object beam Ay...A4 Calibratiog\beam M. A
A

—— Calibration beam

—— Object beam

—— - Reference beam A4

—— Reference beam A,

LTI T TP T TP I T T T 111 ]CCDlinecamera
_7 N_~ 4 ~ 7

Intensity

Fig. 5.4: Detection principle for the synthetic-wavelength interferometry (SWI). Both object beam
(red) and calibration beam (green) are incident on the CCD line camera from surface-normal
direction, whereas the reference beams (blue) impinge at different angles. For sake of simplicity,
only the phase fronts of a single wavelength in object beam and calibration beam, and only A; and
A of the reference beam are depicted. The superposition on the line camera leads to interference
fringes with different spatial frequencies for each optical wavelength; the associated interference
patterns can be separated by a spatial Fourier transform. Object and calibration beam cover
different pixel regions of the line camera, whereas the reference illuminates the entire line. The
optical phases of the object or calibration and the reference beam are associated with the phase of
the spatial interference pattern in the respective pixel range.

The complete setup of the SWI module is depicted in Fig. 5.1. Four fiber-
coupled CW lasers (Laser 1 —4) with wavelengths of 1547.11 nm, 1548.65 nm,
1550.48 nm and 1552.92 nm are coupled to the same polarization-maintaining
(PM) single-mode fiber using PM fiber couplers. The fiber is connected to
a collimator, where the light of all lasers is emitted into the free-space path.
Polarization beam splitters are used to split the light onto the object beam
(red), the calibration beam (green) and the reference beam (blue), thereby
enabling control of the splitting ratios by half-wave plates (HWP). The object
beam propagates to the target and the backscattered light is reflected into the
direction of the CCD line scan camera. A slit aperture is used to select the pixel
range which is illuminated by the object beam. The calibration beam has an
optical path in close proximity to the object beam, thus cancelling effects of the
environment such as temperature fluctuations. Another slit aperture is used to
choose a pixel range to be illuminated by the calibration beam that is different
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from that illuminated by the object beam. In addition, four reference beams,
illuminating the entire line camera, are incident under distinct angles which
lead to the distinct spatial frequencies of the associated interference fringes.
The four reference beams are obtained by splitting the combined signal of all
four wavelengths. To this end, we use a setup comprising two blazed gratings
(600 lines/mm, blaze angle 28.7°), see Fig. 5.1. This optical setup produces
different incident angles of the reference beams for each laser. The generated
fringes on the line camera can be seen in Fig. 5.5(a). The intensity distribution
is formed by the interference of the different reference beams with the object
and the calibration beam, where the latter two are incident on different pixel
ranges. The various interference patterns are separated by a spatial Fourier
transform of the intensity distribution, Fig. 5.5(b). This leads to four distinct
patterns P1, P2, P3, and P4, each corresponding to the interference fringes of
the reference beam with the calibration and the object beam coming from the
same laser. To obtain the individual phase information of each wavelength,
each of the patterns is band-pass filtered in the spatial frequency domain. The
analytical signals in the spatial domain are obtained by means of a discrete
Hilbert transform, which is approximated by setting all spectral components
at negative spatial frequencies to zero and using an inverse Fourier transform.
This leads to complex amplitudes in the space domain, the magnitudes of
which are plotted in Fig. 5.5(c). For each laser wavelength A;, the fringe
phase difference Ag; between object beam and calibration beam can now be
determined by calculating the mean phase difference between the complex
values at the corresponding pixels.

5.3.2.3 Absolute referencing of synthetic wavelengths

The accuracy of the SWI results depends on the accuracy of the phase mea-
surement as well as on accurate knowledge of the frequency differences Af;;
between the four lasers, which define the synthetic wavelengths, A;; = c/Af;;.
In our system we permanently monitor these frequency differences during op-
eration, thereby enabling highly precise distance measurement and reducing
requirements posed on the wavelength stability of the lasers. Moreover, the
distance measurement is linked to a highly precise electronic frequency refer-
ence, ensuring direct traceability of the results to widely available frequency
standards typically featuring relative accuracies of better than 10712, As a
consequence, high-precision calibration objects are not required. The prin-
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Fig. 5.5: Signals processed for the synthetic-wavelength interferometry. (a) Intensity distribution
detected on the line camera. Object beam and calibration beam can be evaluated separately using
different pixel ranges. (b) Fourier transform of the intensity distribution on the line camera.
For each wavelength, an individual reference beam is used, impinging on the line camera at an
individual angle. The interference with the object beam and the calibration beam leads to different
spatial frequencies for fringes generated by each wavelength. Since the interference patterns
cover only a small part of the pixel range, broadened patterns P1, P2, P3, and P4 rather than
distinct peaks are visible in spatial power spectrum. (c) Magnitude of inverse Fourier transforms
for bandpass-filtered patterns P1. .. P4 corresponding to lasers 1-4. The fringe phase differences
between object beam and calibration beam can now be evaluated individually for each laser by
calculating the mean phase difference between the complex values at the corresponding pixels.

ciple of referencing the synthetic wavelengths is illustrated in Fig. 5.6. The
concept is similar to the one described in [256], with the main difference that
our technique does not require a high-Q resonator to which the modulation
frequency is adapted. This greatly simplifies the scheme and enables imple-
mentation in a robust metrology system. The lasers used in this work exhibit
frequency differences in the order of several hundreds of gigahertz, thereby
creating synthetic wavelengths that are small enough to achieve the desired
measurement accuracy in the micrometer regime. Due to the large frequency
spacing, direct detection of the heterodyne beat signal between neighboring
laser wavelengths is impossible with state-of-the-art electronics. This can be
overcome by modulating each CW carrier with precisely defined frequencies of
36 GHz and 40 GHz using standard telecommunication electro-optic modula-
tors. The modulation leads to a multitude of equidistant sidebands, the spacing
of which is precisely defined by the modulating frequency, see Fig. 5.6. Con-
sidering sidebands of up to 6™ order, the spacing between nearest-neighbor
sidebands is relatively small and ranges from several hundred megahertz to just
above 1 GHz. Upon quadratic detection on a standard photodiode, the associ-
ated beat signals can be detected using inexpensive low-frequency electronics.
If the frequency differences between the lasers are roughly known a priori,
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Fig. 5.6: Schematic illustration of referencing scheme for synthetic wavelengths: Standard
telecommunication electro-optic modulators are used to generate multiple sidebands around each
laser line, Fig. 5.1. The spacing of the laser lines is dictated by the respective modulation fre-
quency. Direct detection on an standard photodiode leads to low-frequency beat signals fiear,
between pairs of closely spaced side lines that have been derived from carrier i and j. Measure-
ment of these beat frequencies allows for referencing of synthetic wavelengths. In the depicted
example, the four laser lines are spaced by 294.8 GHz, 187.6 GHz, and 232.8 GHz. Lasers 1 and
3 are modulated by 36 GHz, whereas lasers 2 and 4 are modulated by 40 GHz. This leads to beat
frequency differences of Af |, = 1200 MHz, Af3 = 400 MHz, and Af34 = 800 MHz.

e.g., from measurements with an optical spectrum analyzer, the measured beat
frequencies fyea,i; allow for a precise determination of the laser frequency
differences Af;;. Given the order of the corresponding sidebands n;, n; and
the RF modulation frequencies finod,i» fmod,j» the spacing Af;; of the optical
carriers can be calculated from

Afij = 1 fmod,i + njfmod,j + fbeat,ij- (5.7)

The sign of the beat frequency fyear as well as the attribution to a certain pair of
lasers is determined by a small thermal detuning of the frequency of a certain
laser during the initialization procedure of the setup, which leads to a shift in
frequency of the corresponding beat.

The technical implementation of the synthetic-wavelength reference module
is depicted in Fig. 5.1. The lasers 1 ... 4 are connected to optical 3 dB-
splitters to combine the laser outputs pairwise and to split the power between
the distance measurement and the reference measurement. The optical car-
riers are modulated by dual-drive lithium niobate Mach-Zehnder Modulators
(MZM) using sinusoidal drive signals with frequencies of 36 GHz and 40 GHz
respectively. The amplitude and phase relation of the drive signals in the two
arms of the MZM is optimized to generate broadband frequency combs [134].
The electrical drive signals are derived from a common 10 MHz frequency

121



5 Referencing of synthetic wavelengths with electro-optic frequency combs

reference and are amplified, achieving a peak-to-peak modulation depth of up
to 37t which leads to higher-order sidebands with sufficient power. In our
experiment, the used frequency reference comprises a common temperature-
compensated quartz crystal oscillator with an estimated relative accuracy of
less than 4 x 1077, which sufficient to ensure that the measurement accuracy
is limited by the phase measurement accuracy and not by the frequency un-
certainty of the reference. Nevertheless, higher referencing accuracies could
easily be achieved, e.g., by using an oven-controlled crystal oscillator or by
deriving the frequency reference from widely available time signals as pro-
vided by the Global Positioning System (GPS) or the DCF77 transmitter. The
modulated carriers are brought to interference and the generated beats between
neighboring sidebands are detected on a balanced detector (BD). The detec-
tor features a 3 dB bandwidth of 800 MHz and acts as a low-pass filter that
suppresses unwanted beat signals with considerably higher frequencies. After
analog-to-digital conversion (A/D) of the photocurrent at a sampling rate of
3.6 GS/s, the beat frequencies are evaluated in the digital domain using Fourier
analysis and peak fitting with Lorentzian model functions. Both the sinusoidal
modulator drive signals as well as the clock of the A/D converter are derived
from the frequency reference, thereby enabling highly precise and traceable
measurement of Af;;.

Experimental results of the frequency measurement are depicted in Fig. 5.7.
The four lasers in the 1550nm range are distributed over a spectral range
of almost 6 nm, corresponding to approximately 750 GHz, Fig. 5.7(a). The
generated sidebands for measurement of the frequency differences are shown
in Fig. 5.7(b), covering the spectral range between the laser lines to generate
beat signals with relatively low frequencies.

The electrical spectrum of the photocurrent is depicted in Fig. 5.8. Laser
4 exhibits a bigger line width than the other lasers, leading to a broadened
beat signal in the electrical spectrum around Af34 = 800 MHz, Fig. 5.8(a).
After a first peak detection step, the peak positions are refined by fitting
Lorentzian model functions to the measured spectra. This enables highly
precise calculation of the frequency differences between the lasers. The lasers
are not stabilized with respect to each other, and environmental influences like
slight temperature changes lead to a frequency drift and hence to a temporal
variation of the frequency differences, Fig. 5.8(b). If disregarded, this random
change in synthetic wavelengths would significantly affect the accuracy of the
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Fig. 5.7: Recorded optical spectra. (a) Spectrum of the four CW lasers without sideband gen-
eration. The optical carriers are distributed over a spectral range of almost 6 nm, corresponding
to approximately 750 GHz. (b) Optical spectrum including higher-order sidebands generated
by modulation. Beat signals between closely spaced pairs of sidebands can be detected with a
photodiode and allow to determine the spacing of the optical carriers.

distance measurement. From an error-propagation analysis, we estimate the
allowed uncertainty of the frequency differences to be of the order of 1 MHz
for a measurement accuracy of better than 1 um. Our scheme fulfills this
requirement — by simultaneously measuring the mutual frequency differences
of three closely spaced laser lines, we estimate the accuracy of our referencing
scheme to be better than 400 kHz.

5.3.2.4 Choice of wavelengths and data fusion

By calculating the phase differences for all combinations of the four laser wave-
lengths, six different synthetic wavelengths between 0.41 mm and 1.56 mm can
be evaluated, see Table 5.1. To maximize measurement accuracy, a synthetic
wavelength as small as possible is advantageous, which means the wavelength
difference of two lasers should be large. At the same time, the unambiguity
range of the SWI measurement should be significantly larger than the noise
of the TOF measurement to enable error-free combination of the large-scale
measurements with the fine-scale ones. One way to realize a large unambigu-
ity range would be to choose two lasers with very closely spaced wavelengths.
However, this would lead to reduced accuracy: The referencing scheme de-
scribed in Section 5.3.2.3 limits the maximum frequency difference between
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Fig. 5.8: (a) Electrical spectrum of beat signals between neighboring sidebands. Laser 4 exhibits
a broader linewidth, which is mapped to the electrical domain. (b) Measured beat frequencies over
time during a measurement. The lasers are not stabilized, and highly precise measurements are
enabled by the ability to monitor frequency spacing simultaneously to the distance measurement.

Table 5.1: Optical, synthetic and second-order synthetic wavelengths used in the experiment.
A Vo A3 A4
Opt. wavelength [nm] 1547.11 1548.65 1550.48 1552.92
ASE) ZASE! Aig Az Moy Azg
Synth. wavelength [mm]  1.56 0.71 0.41 1.31  0.56 0.99
Aoz Asza Aizoa

2nd synth. wavelength 8.38 3.97 2.69
[mm]

two spectrally adjacent lasers. To realize one synthetic wavelength as small
as possible, all wavelengths differences should hence be as large as possible
to maximize the total wavelength difference between laser 1 and laser 4. This
leads to a configuration with similar wavelength differences between neighbor-
ing lasers. To still maintain a large unambiguity range, second-order synthetic

wavelengths A;;i; can be generated from synthetic wavelengths in analogy
NAijAri
|Aij=Art|”
used in our experiment are listed in Table 5.1. The unambiguity range of the
SWI is enhanced to more than 4 mm, which is 16 times the standard deviation

of the TOF measurement.

to equation (5.6), A = The second-order synthetic wavelength
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To merge the SWI phases measured for different synthetic wavelengths and the
TOF measurement results to a single distance value, we developed an approach
similar to the one described in [257]. A phase value measured for a distinct
synthetic wavelength Aj; permits a multitude of distances with a Ajj-periodic
probability distribution, Fig. 5.9. The measurements at each wavelength have
a measurement uncertainty, which dictates the variance of the probability
peaks. As expected, the distance measurement uncertainty is smaller for
smaller synthetic wavelengths, as the phase measurement accuracy is the same
in all cases. To resolve the ambiguity, the product of the probabilities for all
evaluated wavelengths is formed and the maximum is detected. The position
of the maximum corresponds to the most probable distance and is used as
measurement result. This method proved to be very robust in practice.

The evaluation of the phase values and the merging of the different mea-
surement scales were realized on a graphic card (GeForce 480), achieving a
total measurement rate of 300 Hz. The speed is mainly limited by the data
evaluation of the SWI signals where the digital Fourier-filtering is the most
time-consuming process. We believe that the measurement rate can be in-
creased further to several kilohertz by using dedicated computer architectures
such as FPGAs or more powerful graphic cards.

5.3.3 Results

The distance measurement scheme was tested on scattering technical surfaces.
In a first experiment, we repeatedly measured the distance to the same spot
on a rough aluminum plate, see Fig. 5.10. During the measurements the
distance between the target and the measurement setup was kept constant.
The SWI module was turned on and off during the measurement to study
the impact on the measurement accuracy. Two effects can be seen from
Fig. 5.10: First, the measurement uncertainty decreases significantly as soon
as the SWI is turned on. The standard deviation from the local mean value
for the pure TOF measurements is of the order of 200 ym, whereas only 8 pm
of standard deviation are observed during the periods when both modules are
used simultaneously. Second, a slight drift of the TOF measurement results
can be observed. As stated in Section 5.3.2, this drift is caused by slightly
different temperature dependences of the electrical low-pass filters. As long as
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Fig. 5.9: Ambiguous probability distributions of measurements at different synthetic wavelengths
for a given distance. For each wavelength, the distribution is assumed to be Gaussian, centered
at the measured distance value with a variance corresponding to the measurement uncertainty.
Evaluating the maximum of the product of all distributions leads to the most probable distance.

the sum of noise and drift is smaller than the 4 mm unambiguity range of the
SWI module, these effects have no negative effect on the refined measurement.

In a second set of measurements, the rough aluminum target was moved step-
wise from an arbitrarily chosen zero position in 5 mm-steps towards the sensor,
see Fig. 5.11. The linear translation stage used to move the target has a specified
absolute accuracy of 50 nm (PI M-511.HD) and serves as reference. The dis-
tance covered by the movement was 100 mm. During this stepwise movement,
6500 single measurements were performed. We consider only measurement
results taken for a static target. The distances to the target are accurately
measured, see Fig. 5.11(a). The standard deviation of each of the distance
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Fig. 5.10: Distance measurements to a fixed aluminum target having a scattering machined surface.
The SWI considerably increases the measurement accuracy, which is shown by turning the module
on and off. Some drift is seen for the TOF module, but this has no negative influence on the result as
long as the drift is below the 4 mm unambiguity range of the synthetic-wavelength interferometry.

steps is plotted in Fig. 5.11(b), exhibiting values between 3 um and 15 um.
We attribute the remaining fluctuations to fast drifts of the laser wavelength
which cannot be monitored by our current reference module. In the current
implementation, the update rate is limited to 1 Hz by data transfer via USB
and by the interfacing with the SWI module. The frequency referencing itself
is based on A/D-converted waveforms with durations of 8.3 us. This would
enable update rates of more than 10 kHz using enhanced data processing, e.g.,
on an FPGA.

We experimentally confirm that the measurement accuracy is indeed limited
by fast frequency drifts of the laser: As seen in the electrical beat spec-
trum, Fig. 5.8, one of the lasers (laser 4) generates a broader RF beat signal.
This is due to a stronger short-term frequency drift of this particular de-
vice. Measurements without this laser give standard deviations in the range of
0.6 um. .. 1.8 um, but increase the probability to select the wrong unambiguity
range.

5.3.4 Summary and conclusion

We demonstrate an optical distance measurement system using a combination
of TOF and holographic SWI with synthetic wavelengths referenced to highly
precise frequency standards. The system is capable of measurements to scat-
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Fig. 5.11: Distance measurements on a static target moved by 5 mm steps on a translation stage.
(a) Measured and actual distances. Inset: Detailed view of typical measurement values on one
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step. (b) Standard deviation of measurements on each distance step.

tering machined surfaces with an unambiguity range of 1.17 m and micrometer
accuracy at measurement rates of 300 Hz. The synthetic wavelengths are de-
termined simultaneously to the distance measurements, providing a referenced
scale without the need for additional wavelength stabilization schemes or more

complex calibration procedures.

[End of paper [J4]]

128




6 Silicon-organic hybrid (SOH)
frequency comb sources

This chapter describes the first demonstration of electro-optic frequency comb
generation on silicon-on-insulator using the silicon-organic hybrid (SOH) ap-
proach. To demonstrate the viability of the approach, the generated comb lines
are used as carriers in wavelength division multiplexing data transmission ex-
periments, in which terabit/s data rates are achieved. In Section 6.1, the SOH
approach is introduced and an overview of the properties of the organic mate-
rials and the associated modulator structures which are utilized is given. The
state of the art in chip-scale frequency comb generators is summarized in Sec-
tion 6.2. Section 6.3 finally gives an explanation of the used comb generation
principle and the experimental setup and discusses the obtained results.

6.1 Silicon-organic hybrid (SOH) modulators

All-silicon modulators based on the plasma dispersion effect have a very limited
applicability for electro-optic generation of broadband frequency combs. Ei-
ther they have a limited bandwidth, or their U, L-product is too large to achieve
the high modulation depth needed for frequency comb generation with avail-
able high-frequency electrical amplifiers, see Section 4.1. The silicon-organic
hybrid (SOH) approach overcomes these limitations by combining silicon slot
waveguides with highly efficient organic electro-optic materials [150-153],
which are tailored to exhibit high electro-optic coefficients [89,154-156]. SOH
electro-optic modulators exhibit high bandwidth and ultra-low U, L-products,
thereby enabling devices with small footprints [86-88,90,91, 157, 158]. This
allows for efficient electro-optic frequency comb generation, which is demon-
strated in Section 6.3 and employed in a WDM data transmission experiment.
A condensed overview of the SOH approach is given in the following subsec-
tions.
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6 Silicon-organic hybrid (SOH) frequency comb sources

6.1.1 Organic electro-optic materials formed by
chromophores

This brief summary of organic electro-optic materials is based on the overview
given in [154]. The second-order nonlinear organic materials discussed here
contain so-called chromophores. These molecules are nonlinear and optically
active due to a delocalized electron density stretched over an extended =-
conjugated bridge between an acceptor group and a donor group, see Fig. 6.1(a)
for the DLD164 chromophore used in this work [156]. Thus the molecule is
easily polarized in response to an external electric field. The microscopic
dipole moment of a single molecule containing higher-order nonlinear terms
can be described as

pi = po,i + Z ;i E; + Z,BijkEjEk + Z Yijkl EjEcEp + ..., (6.1)
j I I

with pg ; as element of the permanent electric dipole moment, «;; as element of
the linear polarizability tensor, §;;x and vy;jx; as elements of the second-order
polarizability tensor and third-order polarizability tensor, respectively. The
magnitude of the Pockels effect is governed by f;;x.

To find the relation of the microscopic parameters to the macroscopic mate-
rial properties, additional considerations are necessary. The indices i, j, k €
{x, y, z} denote the orthogonal axes of the coordinate system of the molecule.
In typical chromophores, the molecular coordinate system can be chosen such
that only one component along the dipole axis z, 3,.., contributes significant
terms. However, to achieve a macroscopic nonlinear susceptibility )(%), the
molecules forming the bulk material need to be aligned in a noncentrosymmet-
ric anisotropic manner in a dedicated poling step. To account for the alignment
of the molecules, the average molecular acentric order parameter (cos® 6) is in-
troduced. With 6 being the angle between axis z of an individual chromophore
and the desired poling direction along laboratory axis 3, along which optical
and electrical field vectors are assumed to be oriented, <cos3 0) denotes the
average orientation of the chromophores. Together with the number density of
active molecules N and the Lorentz-Onsager local field factor g correcting for

partial screening effects, the macroscopic )(g) is given by [258]

X3 = NB.z. (cos® 0) g. 6.2)
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6.1 Silicon-organic hybrid (SOH) modulators

Inserting Eq. (6.2) in Eq. (2.32) yields a macroscopic linear electro-optic
coefficient r33 given by

1
r33 = =2Np;z; (cos’ 8) v (6.3)

As shown in Section 2.4.2, a high magnitude of the modulation depth is
necessary to generate broadband optical frequency combs by electro-optic
modulation. Inserting Eq. (6.3) in Eq. (2.34), the modulation depth Asony =
AU m0d /Uy of a modulator using the SOH approach reads

N

U 1
Ason = = NBzzz (cos” 0) g~ kolL. (6.4)

Within some practical limitations, the quantities in Eq. (6.4) are chosen to max-
imize Asog. The voltage amplitude Umod is limited either by the maximum
available output voltage of high-frequency amplifiers or by the breakdown volt-
age of the organic electro-optic material. The number density N is determined
by the density of the neat material used in this work, which cannot be increased
arbitrarily, as otherwise the material would crystallize in a centrosymmetric
head-to-tail orientation. The second-order polarizability ., is determined by
the molecular properties of the chromophores, and the length L of the modu-
lator is limited by microwave propagation loss and bandwidth considerations
due to RC cut-off. The average molecular acentric order parameter <cos3 6>
is maximized by aligning the chromophores with respect to the external field.
This is done in a so-called poling procedure.

The poling procedure is illustrated in Fig. 6.1(b). In the initial unpoled
material, the orientation of the chromophores is random, and the electro-optic
coefficient is zero. For poling, the material is heated above its glass-transition
temperature 7, to allow free motion of the molecules. An electric field is
applied, exerting a force upon the dipolar chromophores and thus aligning
them. With the field still being applied, the material is cooled back to room
temperature, conserving the obtained acentric alignment of the chromophores
even after the field is switched off. With this procedure, a material with a
macroscopic electro-optic coefficient is obtained.
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Fig. 6.1: Chemical structure and poling process. (a) Structure of the DLD164 chromophore used
in this work [156]. The electro-optically active chromophore core (green) comprises a donor
group (blue), connected to an acceptor group (red) via a pi-conjugated bridge. Pendant side
chains (black) with coumarin groups (violet) inhibit partial crystallization of the material and
enhance the acentric order upon poling due to intermolecular electrostatic interactions. (b) Poling
procedure: The dipolar chromophores (blue-red ellipses) are initially randomly oriented. The
material is heated above its glass-transition temperature 7' to allow free motion of the molecules.
An electric field is applied to align the molecules. While the field is still applied, the material
is cooled back to room temperature to conserve the acentric alignment of the chromophores.
Afterwards, the poling field is switched off.

6.1.2 DLD164 — The chromophore material used in this
work

As discussed in Section 2.4.2, a high modulation depth is necessary to generate
broadband frequency combs via electro-optic modulation. To achieve this, the
m-voltage-length product,

2nd

UL = ——,
d n3r33k0

(6.5)
needs to be as small as possible. This calls for materials with high electro-optic

coefficients r33. This works builds on a material comparison of three different
state-of-the-art electro-optic materials, reporting electro-optic coefficients of
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6.1 Silicon-organic hybrid (SOH) modulators

Table 6.1: Adapted from [259]. Summary of electro-optic parameters achieved with different
materials.

r33 in-device ndr33 in-device U,L

Material n [pm/V] [pm/V] [Vmm] Ref.
DLDI164 1.83 190 1164 0.48 [87,156]
YLDI124

(25 wt.%), 1.73 230 1130 0.52 [260]
PSLD41

PSLD41 1.72 97 494 1.23 [154]
YLDI124

25wt.%), 1.7 29 142 4.10

;MM N ) (87,156,261]

more than 200 pm/V [87,259]. The findings are summarized in Table 6.1.
Comparing the values of U, L, DLD164 is clearly the material of choice for use
in electro-optic frequency comb generators. In comparison to a conventional
electro-optic material such as LiNbO3 with nr33 ~ 400 pm/V, the advantage
of organic chromophore materials becomes evident.

DLD164: As material of choice in this thesis, a short summary of its properties
is given here. DLD164 was developed by the group of Larry R. Dalton at the
University of Washington, Seattle. Its synthesis is described in [156], and the
chemical structure of the molecule is depicted in Fig. 6.1(a). The electro-
optically active chromophore core (green) comprises a donor group (marked
in blue), connected to an acceptor group (marked in red) via a m-conjugated
bridge. Pendant side chains (black) with coumarin groups (marked in violet)
inhibit partial crystallization of the material due to intermolecular electrostatic
interactions. Thus the neat material can be used without embedding it in a
polymer matrix, increasing the number density N [155,156,262]. Furthermore,
the side chains reduce the number of rotational degrees of freedom of the
molecule, enhancing the acentric order upon poling. [155,262].

DLD164 has a relatively low glass-transition temperature of 7, = 66 °C. Due
to thermally induced motion of the chromophore molecules, at room temper-
ature the acentric order after poling is lost within a time period in the order
of weeks, after which the material has to be poled again. However, in future

133



6 Silicon-organic hybrid (SOH) frequency comb sources

work the thermal stability is likely to be improved by further modifications
to the molecule, introducing cross-linking groups to the polymers to reduce
the thermal reorientation subsequent to poling [263,264]. As an example,
SOH modulators with more stable organic electro-optical materials have been
demonstrated to operate at 80 °C [153] and to withstand high-temperature
storage at 85 °C for more than 2000 h [152].

The deposition of DLD164 onto the silicon chip is done via spin coating from
a solution of 1,1,2-trichloroethane. Prior to poling, the material is dried by
heating it under vacuum. More details about the preparation can be found
in [87,166].

6.1.3 Silicon-organic hybrid modulator structure

A modulator design combining the excellent electro-optic properties of organic
chromophore materials with the silicon photonic platform has been developed
over the recent years [86,87,152,153,157,158,265,266]. SOH optical modu-
lators [J13] have been demonstrated to exhibit ultra-high electro-optic coeffi-
cients of more than 300 pm/V [89] and have been widely used for optical com-
munications. Transmission demonstrations cover conventional Mach-Zehnder
modulators for technically simple intensity modulation and direct detection
schemes [90,91] as well as I/Q modulators for coherent transmission at sym-
bol rates of up to 100 GBd [267-269]. SOH modulators stand out due to their
ultra-low m-voltages [89], enabling operation of the devices directly from the
binary output ports of standard CMOS circuits, without the need for additional
drive amplifiers [270].

The structure of a typical SOH phase modulator is sketched in Fig. 6.2.
A silicon slot waveguide is covered and filled by the electro-optic organic
cladding material, which is spin-coated or dispensed onto the chip. The slot
is defined by 220 nm-high two rails which are electrically connected to metal
electrodes via 60 nm thick n-doped silicon strips. A voltage applied to the
electrodes thus drops across the 100 nm wide slot, leading to high electric
field strengths for relatively low voltages. The initial poling process also
makes use of these electrodes. A simulated optical mode profile showing the
magnitude of the electrical optical field for a quasi TE-mode is shown in Fig.
6.4. Most of the guided light is concentrated inside the slot, leading to a high
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Typ. length: 0.5-2 mm
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Fig. 6.2: Dimensions of a SOH phase modulator. Typical device lengths are 0.5-2 mm. A 100 nm
wide slot waveguide is covered by electro-optic organic cladding (DLD164). The waveguide is
connected to two metal electrodes via two n-doped, 60 nm thick silicon strips.

overlap between electro-optic cladding, modulating electrical field and optical
field. This yields highly efficient phase modulation quantified by ultra-small
U, L-products, and high modulation depths can be achieved for electro-optic
generation of frequency combs.

6.2 State of the art in highly integrated optical
frequency comb sources

There are several approaches for optical frequency comb generation with chip-
scale devices. This section gives an overview of the state of the art in this field.
The principles used for comb generation are divided into four categories: Gen-
eration via parametric nonlinear processes in highly nonlinear, non-resonant
waveguides, generation via nonlinear processes in microring resonators, gen-
eration with integrated mode-locked laser diodes and electro-optic generation
in integrated modulators.

6.2.1 Generation in highly nonlinear integrated
waveguides

Broadband frequency combs can be generated by exploiting third-order non-
linear effects. Starting from a high-power “seed” frequency comb, new fre-
quencies are generated via parametric processes such as four-wave mixing,
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self-phase modulation, and cross-phase modulation [55,56]. The viability of
the approach has first been demonstrated in glass fibers [39,62,63,271,272] and
has later been extended to photonic integrated circuits [65—68]. In this context,
integrated waveguides with high index contrast and nanometer dimensions are
advantageous, as high optical intensities can be achieved inside the waveguides
with relatively moderate pump powers. However, careful dispersion engineer-
ing is key for high efficiency of the nonlinear processes. Furthermore, the lines
of the seed comb need to be phase coherent with one another, meaning that
they need to share a common, deterministic phase evolution in order to achieve
a phase-coherent comb spectrum [61]. In [65], a frequency comb with a 30 dB
bandwidth spanning from 1500 nm to 3300 nm is generated from a silicon-on-
insulator waveguide. To achieve this, an optical parametric oscillator pumped
by a Ti-Sapphire mode-locked laser is coupled to the waveguide. While very
broadband combs can be generated with this approach, so far the high-powered
seed sources needed for such schemes have been realized off-chip, as they are
not easily realized as chip-scale devices.

6.2.2 Microresonator Kerr combs

Another approach using parametric nonlinear processes to generate frequency
combs are the so-called Kerr frequency combs. A strong CW pump laser is
coupled into a highly nonlinear microresonator with a high Q-factor. Para-
metric third-order nonlinearities in the resonator cavity give rise to broadband
frequency combs [57]. The microresonators can be monolithically integrated
in the form of whispering-gallery mode resonators [58,273-276] in various
material systems, or as integrated ring-resonators typically made of silicon
nitride [277-279] or alternative material systems such as aluminum gallium ar-
senide [280]. A detailed summary is givenin [281]. Very broadband frequency
combs have been realized with this approach. A comb spanning two-thirds of
an octave from 1.33 um to 2 um is reported in [59], and octave spanning combs
suitable for self-referencing are reported in [282]. The viability of these comb
sources for practical applications such as WDM data transmission has been
demonstrated [J3,J12], achieving data transmission with up to 50 Tbit/s on 179
optical carriers using microresonator-based frequency combs as sources [60].
However, early experiments resulted in the formation of detrimental multiplet
lines instead of single comb lines [283]. Advanced pumping schemes are nec-
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essary to generate dense combs with smooth spectral envelopes. Formation of
multiplet lines can be avoided by the generation of solitons inside the resonator,
which requires careful dispersion engineering [284,285] and spectral detuning
of the pump laser with respect to the pumped resonance [286]. While the most
beneficial property of Kerr combs is the large bandwidth generated from just a
CW laser and a microresonator, their disadvantages are the need for relatively
high pump powers, a fixed line spacing dictated by the free spectral range of
the cavity, and less freedom concerning the choice of the center wavelength.

6.2.3 Mode-locked laser diodes

Semiconductor mode-locked lasers are another possible option to realize in-
tegrated frequency comb sources. Demonstrations include single-section
semiconductor mode-locked lasers based on III-V quantum dots or quantum
dashes [287-292], semiconductor lasers achieving mode-locking with sat-
urable absorber section inside the laser cavity [293-295], and pulsed lasers
based on gain-switching [296,297]. The laser sources can be fabricated mono-
lithically using standardized III-V fabrication processes [298], or can be het-
erogeneously integrated on silicon PICs [299-302]. While very compact and
power-efficient comb sources can be realized with mode-locked laser diodes,
the line spacing is typically determined by the cavity length and therefore fixed.
Furthermore, in the context of quantum-dot mode-locked lasers, phase noise
of the comb lines is reported to be an issue, making phase noise compensation
schemes [303,304,C8] or injection locking [38,296,J2] necessary for practical
demonstrations of WDM data transmission.

6.2.4 Integrated electro-optic modulators

Frequency combs can be generated via sinusoidal phase modulation of CW
laser light in arrangements of phase modulators. This approach is used in
this work and explained in more detail in Section 2.4. In terms of bandwidth,
combs generated via electro-optic modulation can typically not compete with
parametric nonlinear combs. Additionally, high-frequency driving signals are
necessary, requiring dedicated RF electronics. However, electro-optically gen-
erated combs are very well controllable, stable and easy to use. They provide
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an exceptionally high degree of flexibility in terms of line spacing and center
wavelength, the former being determined by the modulation frequency and the
latter by the choice of laser wavelength. The linewidth of the comb lines is
determined by the linewidth of the CW laser, enabling comb lines to be used as
high-quality carriers for WDM systems. Based on modulators, the approach is
particularly well suited for dense photonic integration. So far, demonstrations
of densely integrated comb generators making use of this scheme have been
shown on the InP material platform [305-308], while realization on the silicon
photonic platform was hampered by the lack of high speed modulators with low
m-voltage. In the work presented here, the silicon-organic hybrid (SOH) ap-
proach is leveraged to realize electro-optic comb generators densely integrated
on silicon photonic chips. The viability of the comb sources is demonstrated
by realizing WDM data transmission at terabit/s data rates and over distances
of up to 300 km [J5], see Section 6.3.

6.3 WDM data transmission at terabit/s data
rates

Wavelength division multiplexing (WDM) is a multiplexing technique used
to increase the aggregate data rate transmitted by an optical fiber link. Laser
tones with different wavelengths are used as individual carriers, on which data
is encoded via modulation. The modulated carriers are then multiplexed into
an optical fiber and transmitted. At the receiver side, the carriers are demul-
tiplexed and detected. Multiplexing and demultiplexing can be realized with
passive optical filters, e.g., arrayed waveguide gratings, add/drop filters real-
ized from ring resonators, or cascaded Mach-Zehnder interferometers acting
as interleavers.

To realize high-capacity WDM systems, three main parameters can be maxi-
mized: The symbol rate, the number of transmitted bits per symbol, and the
number of parallel channels. The symbol rate is limited by the bandwidth
of available electronic and electro-optic components. The number of the bits
per symbol is limited by the achievable signal-to-noise ratio, as the signal
quality needs to be good enough to be able to separate distinct signal lev-
els. This leaves the number of parallel channels as available parameter. As
the transmission window of optical fibers is huge, with a usable wavelength
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Fig. 6.3: Schematic of an optical transmitter based on frequency combs. The carriers generated
by the comb source are demultiplexed (DEMUX), modulated with independent data and then
recombined in a multiplexer (MUX). Matching the comb line spacing to the occupied channel
bandwidth allows spectrally efficient data transmission.

range from ~1300nm to 1700 nm [309], the challenge lies in the efficient re-
alization of multi-channel WDM transceivers. Such a transceiver requires a
large number of densely spaced carriers with precisely defined frequencies.
This is called dense wavelength division multiplexing (DWDM). In fixed-grid
DWDM as defined in ITU standard G.694.1, channels are spaced by intervals
of 12.5 GHz, 25 GHz, 50 GHz or 100 GHz, centered at 193.1 THz. The dense
channel spacing imposes relatively tight wavelength tolerances on the utilized
light sources, which are typically temperature-stabilized distributed feedback
(DFB) lasers. Within the additional definition of a flexible DWDM grid in
the standard, the minimum channel width is also determined as 12.5 GHz, but
the center frequency can be chosen with a finer granularity of 6.25 GHz, even
increasing the demands on the laser wavelength tolerances.

In contrast to using a dedicated laser for each channel, frequency combs are
promising candidates to generate a multitude of carriers with precisely defined
frequencies. In such a scheme only a single center frequency and the line spac-
ing need to be controlled in order to match the defined grid. The schematic
of an optical transmitter based on frequency combs is shown in Fig. 6.3. A
multitude of carriers is generated by the comb source. The carriers are then de-
multiplexed using a passive optical filter. Independent data are modulated onto
each carrier, in this example with a symbol rate of 25 GBd. After modulation,
the channels are multiplexed into an optical fiber for transmission.

139



6 Silicon-organic hybrid (SOH) frequency comb sources

As discussed in Section 6.2, electro-optic frequency combs offer a very flexible
choice of line spacing and center wavelength, easily adaptable to different
frequency grids. By leveraging the high bandwidth and low U, L-product
offered by the SOH approach, electro-optic comb generators integrated on an
SOI substrate are demonstrated in this work. The comb sources are used for
WDM data transmission experiments with Tbit/s data rates. All other elements
can be realized efficiently on the silicon photonic platform [87,144,310], paving
the path towards Tbit/s transceiver modules integrated onto a single silicon PIC.

6.3.1 Silicon-organic hybrid (SOH) frequency comb
sources for terabit/s data transmission

The contents of the following section is taken from a publication in Optics
Express [J5]. The structure and the layout of this document was slightly
adapted to fit the format of this thesis.
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6.3 WDM data transmission at terabit/s data rates

6.3.1.1 Introduction

Optical frequency combs are key elements for a multitude of applications such
as optical metrology [34], arbitrary-waveform generation [20], and terabit/s
communications [311]. In many cases, narrow optical linewidth and the ability
to freely choose center wavelength and line spacing are essential. Moreover,
dense integration of comb sources along with other devices is important to
realize miniaturized systems with high degrees of complexity. This applies
especially to high-speed data transmission, where line spacings of tens of
gigahertz are needed for spectrally efficient super-channel transmission with
terabit/s data rates [312]. A particularly suitable and versatile approach for
integrated frequency comb generation is based on periodic modulation of a
continuous-wave (CW) laser with electro-optic phase shifters in an appropriate
arrangement [80, 82, 134, 313]. In such schemes, the optical linewidth is
determined by the CW laser, the line spacing can be adjusted via the modulation
frequency, and the number of comb lines depends on the modulation depth
and the number of cascaded devices [78, 81, 84]. In cases where modulation
depth is limited, the bandwidth of the comb spectrum can be increased by
inserting the phase modulator in an amplifying feedback loop [76,305, 314].
However, this leads to a restriction of the line spacing due to the round-trip
time of the loop, where a resonance condition must be fulfilled. Previous
demonstrations of modulator-based frequency combs have mainly focused on
using conventional lithium niobate devices [80, 81, 83, 84] along with discrete
fiber-optic components. Integrated comb sources have been realized on the
InP platform by inserting a phase modulator into an amplifying ring resonator
[305]. This arrangement enables generation of 6 lines with a spacing of around
10 GHz and a spectral flatness of 5 dB. However, for many applications, it would
be highly desirable to realize miniaturized frequency comb sources on the
silicon photonic platform, thereby complementing the already rich portfolio of
available devices [93]. One of the main obstacles towards silicon-based comb
sources is the limitation associated with currently available phase modulators:
Fast modulation is possible with depletion-type pn-junction phase shifters, but
these devices feature relatively large voltage-length products U, L of typically
more than 10 V. mm [143,222,224]. Injection-type phase shifters, on the other
hand, have smaller U, L, but modulation bandwidths are limited by the carrier
lifetime [226].
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6 Silicon-organic hybrid (SOH) frequency comb sources

In this section we demonstrate the first modulator-based comb source on a
silicon-on-insulator (SOI) substrate. We use the concept of silicon-organic
hybrid (SOH) integration [86,88,150,265,315] which combines nanophotonic
SOI waveguides with organic cladding materials to realize highly efficient
broadband phase shifters [266]. The devices exhibit voltage-length products
as small as U, L =2V mm at DC. Using a dual-drive Mach-Zehnder modulator
(MZM), we demonstrate generation of a flat-top frequency comb comprising
7 lines with a spacing of 40 GHz and a spectral flatness of 2dB [C2]. We
demonstrate the viability of SOH comb sources in a series of data transmission
experiments, where we explore different line spacings, symbol rates, pulse
shapes, and modulation formats. A total line rate of 1.152 Tbit/s and a net
spectral efficiency of 4.9 bit/s/Hz are achieved by using a comb with 25 GHz
line spacing. In this experiment, 9 carriers are modulated with Nyquist pulses
at a symbol rate of 18 GBd using 16-state quadrature amplitude modulation
(16QAM) and quadrature phase shift keying (QPSK). In a similar experiment,
we reduce the complexity by using QPSK on 7 channels only, thereby enabling
transmission over a distance of up to 300 km. For a comb with 40 GHz line
spacing and conventional non-return-to-zero (NRZ) QPSK signals, we use a
symbol rate of 28 GBd on 9 channels to transmit an aggregate line rate of
1.008 Tbit/s over up to 300 km.

6.3.1.2 SOH modulators for frequency comb generation

The SOH phase shifter [158, 266] consists of an optical slot waveguide [316]
electrically connected to copper slotlines through 60 nm thick doped silicon
strips. A schematic cross section and simulated mode profile of the optical slot
waveguide are depicted in Fig. 6.4(a). The modulation voltage applied to the
electrodes drops across the narrow slot, resulting in a high electric field that
strongly overlaps with the optical mode. This leads to highly efficient electro-
optic interaction and hence to a low voltage-length product U, L. The silicon
waveguides are fabricated on a SOI wafer with a 2 um thick buried oxide and
a 220 nm thick device layer using 193 nm deep-UV lithography. After pro-
cessing, the SOI waveguides are covered with the electro-optic chromophore
DLD164 [317], which entirely fills the slot. The electro-optic cladding is
applied by spin coating and poled at elevated temperatures with a DC voltage
applied across the slotline electrodes. More details about the phase shifter
can be found in [158]. Our comb generators consist of two phase shifters in a
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Fig. 6.4: Dual-drive frequency comb generator and spectrum. (a) Schematic cross-section and
simulated optical mode of a silicon-organic hybrid (SOH) phase modulator. The two rails of a
silicon slot waveguide are electrically connected to metal electrodes by 60 nm high n-doped silicon
strips. The waveguide is covered by an electro-optic cladding material (DLD164), which entirely
fills the slot. (b) Integrated dual-drive frequency comb generator: A tunable laser source (TLS) is
coupled to a dual-drive SOH Mach-Zehnder modulator (MZM) via grating couplers. The arms are
driven by two sinusoidal 40 GHz signals. Flat combs are obtained by carefully adjusting the signal
powers and phases along with the bias voltage Ugi,s. Fiber-chip coupling losses are compensated
by an erbium-doped fiber amplifier (EDFA). (c) Flat-top spectrum obtained for electrical drive
powers of 28 dBm and 23 dBm measured at the output of the amplifiers, showing 7 lines within
2 dB flatness. The lines are spaced by 40 GHz.

Mach-Zehnder interferometer. These phase shifters are either driven indepen-
dently in a dual-drive configuration, or in push-pull mode using a single drive
signal that induces opposite phase shifts in the two arms. We investigate two
MZM types: A 2 mm long dual-drive modulator, and a I mm long single-drive
device.

The experimental setup with a dual-drive MZM is shown in Fig. 6.4(b). A
tunable laser source (TLS) is coupled to the chip via grating couplers [318],
and the electrodes for the sinusoidal drive signals are contacted with RF probes.
The generated frequency comb has a flexible line spacing determined by the
modulation frequency. Using sinusoidal drive signals with carefully adjusted
amplitude and phase [134], a spectrally flat frequency comb can be generated.
The voltage-length product of each phase modulator was measured at DC to
be UL =2V mm. This allows an efficient generation of higher-order optical
sidebands with electrical drive powers of approximately 28 dBm and 23 dBm
in the respective arms. The resulting optical spectrum is shown in Fig. 6.4(c).
We achieve a spectral flatness of 7 lines within 2 dB. The line spacing amounts
to 40 GHz. By comparing the measured optical spectrum to simulations, we
estimate the peak-to-peak modulation depth in the two MZM arms to be 3.6z
and 2.7x, respectively. The phase difference of about 7 matches nicely to
theoretical predictions for an optimally flat comb [134].
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Fig. 6.5: Single-drive frequency comb generator and spectra. (a) Schematic of the single-drive
push-pull frequency comb generator: A tunable laser source (TLS) is coupled to the SOH MZM
via grating couplers. The device is driven by sinusoidal signals of different frequencies, thereby
defining the line spacing of the generated comb. The operation point can be chosen with the
bias voltage Ugijas. The electrodes are terminated with 50 Q. Fiber-chip coupling losses are
compensated by an erbium-doped fiber amplifier (EDFA). (b) Resulting optical spectrum using
an electrical drive signal of 25 GHz and a RF power of 23 dBm, yielding 7 lines with a spectral
flatness of 10 dB. (c) Resulting optical spectrum using an electrical drive signal of 40 GHz and a
RF power of 29 dBm, yielding 7 lines with a spectral flatness of 7 dB.

Spectrally flat frequency combs are advantageous for WDM transmission, since
low-power lines are avoided and all WDM channels have the same signal qual-
ity. However, the use of a single-drive MZM simplifies the experimental setup
considerably, because only one electrical amplifier is needed. A single-drive
device is demonstrated using the setup depicted in Fig. 6.5(a). For the push-
pull device, the voltage-length product of each individual phase modulator
amounts to UL = 2V mm. Fig. 6.5(b) shows the comb spectrum generated
by an electrical drive signal with a frequency of 25 GHz and a power of 23 dBm
measured at the output of the amplifier. The spectrum has 7 lines within a
power range of 10 dB. Fig. 6.5(c) shows the optical spectrum generated with a
40 GHz drive signal. Here, a slightly higher amplifier output power of 29 dBm
is used to overcome the frequency-dependent increase of electrode losses and
to enable larger optical bandwidth. We obtain a comb featuring 7 lines with
a flatness of 7dB. In contrast to the dual-drive comb generator, the spectral
flatness cannot be optimized by adjusting the drive parameters, and an external
optical filter is required to obtain flat-top comb spectra, see Section 6.3.1.3.
As the dual-drive MZM chip broke during preliminary data transmission ex-
periments, we continued the experiments with single-drive devices.

All generated combs feature excellent wavelength stability of + 2.5 pm and
linewidths in the order of 100 kHz, solely governed by the CW laser. The line
spacing is determined to an accuracy of better than 10~ by the synthesizer
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that is used to drive the modulators. The stability of the power per line is
mainly given by the ability to maintain constant driving conditions. Since
the modulators were operated without thermal stabilization at relatively high
optical and electrical power levels, it was necessary to manually adjust the
bias voltage in intervals of several minutes to compensate thermal drift and to
preserve the spectral envelope of the comb. Bias point drift can be overcome
by temperature stabilization of the device or by electronic feedback control.

6.3.1.3 Terabit/s data transmission using SOH frequency comb sources

To demonstrate the viability and the flexibility of SOH frequency comb sources,
we perform a series of data transmission experiments using different symbol
rates, pulse shapes, and modulation formats. For maximum spectral effi-
ciency, dense line spacing of 25 GHz is used in combination with Nyquist
pulse shaping. This allows generation of a data stream with an aggregate line
rate of 1.152 Tbit/s and a spectral efficiency of 4.9 bit/s/Hz. The experiment
was performed with a single-drive push-pull device, resulting in comb lines
with noticeable power differences. A homogeneous power distribution among
the optical channels can be achieved by using a programmable optical filter
for spectral flattening. In combination with more robust QPSK modulation,
this enables transmission of a 504 Gbit/s data stream over a distance of up to
300 km. In simpler transmission schemes where spectral efficiency is not of
prime importance, conventional NRZ pulses may be used in combination with
larger channel spacing. We generate a line spacing of 40 GHz by simply in-
creasing the modulation frequency of our comb source, allowing transmission
of 28 GBd NRZ-QPSK signals without undue cross talk between neighboring
channels. Using this scheme, we demonstrate transmission with an aggregate
line rate of 1.008 Tbit/s over up to 300 km.

Generation of terabit/s data streams using dense combs and Nyquist
pulse shaping

To generate a data stream with high spectral efficiency, we use the experimental
setup shown in Fig. 6.6. The frequency comb is obtained from a single-drive
push-pull MZM driven by a 25 GHz sinusoidal signal, see Fig. 6.5(b) for
the raw comb spectrum prior to data modulation. A programmable optical
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Fig. 6.6: Data transmission setup. A wavelength-selective switch (WSS) splits the comb into even
and odd carriers which are modulated independently in a multi-format transmitter. The two sets
of channels are recombined, and polarization multiplexing (PoIMUX) is emulated by creating
time-shifted copies of the data stream and merging them on orthogonal polarizations. Experiment
1: In a first experiment, the data is fed directly into the receiver (back-to-back, b2b). Experiment
2: Up to 4 spans of 75km SMF are used for transmission over up to 300 km. At the receiver,
the signal is amplified and the channels are demultiplexed and detected by an optical modulation
analyzer (OMA). A free-running external cavity laser acts as a local oscillator (LO) for coherent
reception.

filter (Finisar WaveShaper, wavelength selective switch, WSS) is then used
to separate even and odd carriers, which are modulated with independent
pseudo-random bit sequences (PRBS) of length 2° — 1. Modulation is done
by multi-format transmitters, generating Nyquist pulses [319] at a symbol rate
of 18 GBd and enabling a wide variety of different modulation formats [320].
Polarization-division multiplexing (PDM) is emulated by splitting the data
stream, delaying one part with respect to the other, and merging them in a
polarization beam combiner on orthogonal polarization states. The signal is
received and characterized by an optical modulation analyzer (OMA, Agilent
N4391A) with a free-running external cavity laser as local oscillator (LO).
Digital signal processing is performed for polarization demultiplexing and
equalization. We record the constellation diagrams and extract the error vector
magnitude (EVM) as a measure for signal quality for each channel and each
polarization.

The results are depicted in Fig. 6.7. The strongest carriers 2. . . 8 were suitable
for PDM-16QAM modulation, whereas the two weakest carriers 1 and 9 sup-
ported PDM-QPSK signals only. All channels show measured bit error ratios
(BER) better than 4.3 x 1073, which is below the hard-decision forward-error
correction (FEC) threshold of 4.5 x 1073 [321]. The aggregate line rate is
1.152 Thit/s. Taking into account a 6.7% overhead for the hard-decision FEC,
we obtain a net spectral efficiency of 4.9 bit/s/Hz. In the current experiment,
we chose a line spacing of 25 GHz, which is in accordance with standards rec-
ommended by the International Telecommunication Union [322]. In principle,

146



6.3 WDM data transmission at terabit/s data rates

30 Channel: 1 5 6 7 8 9
= 25 GH: f'e X Q00 QQDO 00 Y
E 456 5L Ia Y 00 OO eoeol®

40 7 x-pol A %% AR
S 23 8 5 > 0,0.0.0 LX)
S | o] QOO0 | XU
E.So 1 9 EVM: 251% 11.2% 11.1% 9.7% 9.0% 10.3% 10.3% 11.9% 22.7%
m_so ©.267% 11.0% 12.8% 112% 109% 11.3% 12.1% 12.0%  22.0%
=2 Y Q000 3 LK) a
o ! ‘o'e’e F
270 ypol 4 e'e0'® XX -
: 00 &4 B 58 00
a 1539 1540 WA AL

1541 e i . . e
Wavelength [nm] BER: 12E-4 16E-3 4.0E-3 18E-3 15E-3 22E-3 29E-3 4.3E-3 54E-6

Fig. 6.7: Results of back-to-back data transmission. A total of 9 carriers spaced by 25 GHz
were generated by an integrated SOH comb source. Optical spectrum of the modulated carriers
(left) and constellation diagrams (right) for all channels and both polarizations are depicted along
with measured EVM values. The 7 strongest carriers were modulated with Nyquist pulse-shaped
16QAM signals, whereas QPSK was used for weaker carriers 1 and 9. The symbol rate is 18 GBd.
We obtain BER values below the hard-decision threshold for all channels, yielding an aggregate
line rate of 1.152 Tbit/s.

this would enable a symbol rate of 25 GBd per channel, since no spectral guard
band is needed for Nyquist-WDM [39]. However, the actual symbol rate was
limited to 18 GBd by our current transmitter hardware. As a consequence,
parts of the spectrum had to remain unused, thus offering potential for further
increasing spectral efficiency in future experiments. Transmission of the signal
over large distances was not possible due to insufficient BER margin, which
was mainly caused by the rather high on-chip insertion loss of the modula-
tor amounting to approximately 21 dB. We attribute this loss to an imperfect
fabrication of the multi-mode interference couplers used in the MZM. With
improved fabrication steps we would expect an on-chip loss of around 6 dB.

Transmission of a Nyquist-WDM signal with spectrally flattened comb

To improve the signal quality of the data transmission, the experiment was re-
peated using QPSK and the 7 strongest lines, which were in addition spectrally
flattened with the WSS for a more homogeneous channel performance. For this
experiment, we use a different comb generator with a voltage-length product of
U,L =32V mm at DC, which is slightly larger than the value for the devices
used in the previous section. All carriers were modulated with sinc-shaped
Nyquist pulses at a symbol rate of 18 GBd using PDM-QPSK signals. The re-
sulting spectrum consists of 7 channels with similar optical power, Fig. 6.8(a).
In Fig. 6.8(b), the average error vector magnitudes (EVM) of both polariza-
tions are shown for all channels and all transmission distances (0 km, 75 km,
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Fig. 6.8: Results for data transmission of QPSK signals: (a) Optical spectrum of the modulated
carriers. The 7 strongest carriers are spectrally flattened by the WSS. (b) The average EVM of
both polarizations over channel number are shown color-coded (and slightly offset for clarity of
presentation) for each length of fiber span (0km, 75 km, 150 km, 225 km, 300km). Drift of the
operation point of the integrated comb source leads to some deviations from equal optical power
for each channel, but BER below 107 are achieved for all channels nonetheless. (c) Constellation
diagrams of all 7 channels and both polarizations after 300 km transmission.

y-pol

150km, 225 km, 300km). The EVM of all channels are smaller than 21.2 %,
which corresponds to a BER of 107 and is indicated by a dashed red line in
Fig. 6.8(b) [323]. Fig. 6.8(c) shows the constellation diagrams of all channels
and both polarizations after transmission over 300 km. The demonstrated line
rate amounts to 504 Gbit/s. The operation point of the comb generator was
not stabilized, leading to some residual drift. This drift caused variations in
channel performance during the measurements. A bias stabilization scheme
could avoid this impairment in future experiments.

Terabit/'s WDM transmission using NRZ-QPSK

To demonstrate data transmission with conventional NRZ pulses and symbol
rates of 28 GBd, we increase the line spacing of our comb to 40 GHz. The
comb spectrum comprises 9 lines that are usable for data transmission, see
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Fig. 6.9: Results for data transmission of NRZ QPSK signals: (a) Optical spectrum of the
modulated carriers for 40 GHz spacing and 29 dBm of RF power measured at the output of the
drive amplifier. (b) Average EVM of both polarizations over channel number. The results obtained
for different fiber spans (0 km, 75 km, 150 km, 225 km, 300 km) are color-coded and slightly offset
for clarity of presentation. Drift of the operating point of the comb source leads to variations
of the BER obtained for different transmission distances. Nonetheless, BER values below the
hard-decision threshold of 4.5 x 10-3 are achieved for all channels, yielding a gross line rate of
1.008 Tbit/s.

Fig. 6.5(c). The optical spectrum of the modulated carriers can be seen in
Fig. 6.9(a). Fig. 6.9(b) depicts the average EVM of both polarizations for all
channels and various transmission distances (0 km, 75 km, 150 km, 225 km,
300km). The EVM of all channels is below the threshold for hard-decision
FEC, which corresponds to a BER of 4.5 x 1073 and is represented by the red
dashed line in Fig. 6.9(b) [323]. The total line rate amounts to 1.008 Tbit/s. As
before, slight variations in channel performance during the measurements are
caused by drift of the operating point and can be mitigated by using electronic
bias point stabilization in future experiments.

6.3.1.4 Future research directions

A key aspect of SOH devices is the long-term stability of the poling-induced
molecular order. The material used for the current experiments consists of a
rather loose arrangement of DLD164 electro-optic chromophores and hence
has a relatively low glass transition temperature of only 66°C. This limits the
on-chip power dissipation. In our experiments, the devices were operated at
lasers powers of up 18 dBm, measured in the input fiber, which corresponds to
12 dBm of on-chip laser power, taking into account typical fiber-chip coupling
losses of 6 dB. At the same time, up to 28 dBm of RF power was continuously
coupled to the chip. Still, even at these power levels, the material was stable
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enough to enable the presented experiments under ambient atmosphere in a
normal lab environment.

We expect that stability of the electro-optic material can be significantly
improved by synthetically modified DLD164 chromophores that bear spe-
cific crosslinking agents for post-poling lattice hardening. The viability of
this approach has already been demonstrated for similar classes of electro-
optic compounds, yielding materials being stable for temperatures of up to
250°C [223,324]. Ithas also been demonstrated experimentally that these tech-
niques can be applied to realize temperature-stable all-polymeric MZM [325].
For DLD164, the addition of crosslinking agents to the side groups can be
realized without affecting the electro-optic activity of the chromophore or the
interaction of the side chains. This is subject to ongoing research.

Moreover, the insertion loss of the device is currently limiting its practical
applicability. In addition to approximately 6 dB of fiber-chip coupling loss
per interface, the device features an on-chip loss of approximately 21 dB.
Moreover, modulation distributes the incoming power over many spectral lines,
resulting in typical output powers between -27 dBm and -17 dBm per comb
line, measured in the fiber immediately after the modulator. We expect that the
overall insertion losses can be reduced dramatically by systematic optimization
of fiber-chip coupling [326], and by improving device design and fabrication.

6.3.1.5 Summary and conclusion

We demonstrate modulator-based frequency comb generators fabricated on the
silicon-organic hybrid (SOH) platform. Using a dual-drive MZM, we generate
flat-top frequency combs featuring 7 lines with a spacing of 40 GHz and a
spectral flatness of 2 dB. This performance can well compete with integrated
InP-based comb generators, where a phase modulator inside an amplifying
ring was used to demonstrate 6 lines with a spacing of around 10 GHz and a
spectral flatness of 5 dB. The viability of the SOH comb generators is confirmed
in a series of data transmission experiments, where we demonstrate line rates
of more than 1Tbit/s and transmission distances of up to 300km. Spectral
efficiencies of up to 4.9 bit/s/Hz are achieved by using 16QAM signals along
with a line spacing of 25 GHz and Nyquist pulse shaping at a symbol rate of
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18 GBd. We believe that SOH comb sources can become essential elements
within the already rich silicon photonic device portfolio.

[End of paper [J5]]
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7 Summary and outlook

7.1 Summary

This chapter summarizes the demonstrated concepts in the fields of electro-
optic frequency combs and photonic integration and their applications in optical
distance metrology and optical communication.

Electro-optic comb generation has been shown to be a particularly attractive
option for offering flexible control over line spacing and central wavelength.
The line spacing is determined by the frequency of the electrical driving signal,
while the central wavelengths are given by the lasers coupled to the comb
generator. This versatility has been employed to overcome several application-
specific challenges. In Chapter 3, a pair of electro-optic FC are used for distance
measurements to technical surfaces. To acquire surface profiles, a fiber-coupled
remote measurement head is mounted on a coordinate measuring machine. A
temperature compensation scheme making use of a second pair of electro-
optic FC at a different central wavelength has been implemented to mitigate
the thermal drift occurring in the fiber-optical setup, which otherwise would
have severely limited the measurement accuracy. Fast measurements with an
acquisition time of 9.1 pys and accuracy in the single-digit micrometer regime
under challenging operating conditions are demonstrated [J1]. In Chapter 5, the
electro-optic comb generators have been used to calibrate the relative frequency
differences between four lasers used for synthetic-wavelength interferometry.
The possibility to choose the comb line spacing as well as the capability of
the comb generators to accommodate different central wavelengths have been
key aspects of the success of the experiment. The implemented frequency
referencing scheme allows for highly precise measurements with free-running
lasers without the need for additional wavelength stabilization or more complex
calibration procedures, thus greatly simplifying the technical effort typically
associated with synthetic-wavelength interferometry [J4].
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Electro-optic comb generation lends itself to photonic integration, and silicon
photonics represents a particularly attractive platform, allowing cost-efficient
high-yield mass production of highly compact optical systems with unprece-
dented functionality. However, it is challenging to realize silicon-based phase
modulators with the required combination of bandwidth and phase modulation
efficiency for broadband frequency comb generation. In this work it has been
shown for the first time, that with the so-called silicon-organic hybrid (SOH)
approach [86-91,157,158,267-270], electro-optic comb generators on silicon
can be realized, see Chapter 6. The generation of spectrally flat frequency
combs with 7 lines within 2 dB and comb line spacings of 25 GHz and 40
GHz has been demonstrated [J5], and the practical viability of these combs
has been demonstrated in a series of data transmission experiments, where the
individual comb lines serve as carriers in a wavelength division multiplexing
system. Transmission at data rates of more than 1 Tbit/s over distances of up to
300 km have been achieved. Again, the flexibility of electro-optic combs has
been proven to be advantageous, allowing to maximize the spectral efficiency
by appropriate tuning of the line spacing.

Drastic footprint reduction compared to a conventional setup using fiber-optical
components has been demonstrated by integrating an optical receiver for comb-
based distance measurement on a silicon photonic chip, see Chapter 4. The
system comprises a heterodyne receiver structure including tunable power
splitters and on-chip photodetectors, with an on-chip footprint of well below
I mm?. The performance characteristics are comparable to a macroscopic
fiber-based setup. Distance measurements with root-mean-square errors of
3.4 um have been demonstrated for measurement times of 14 us [J11]. While
the frequency combs have been generated off-chip for these experiments, the
feasibility of electro-optic frequency comb sources on the silicon photonics
platform has been demonstrated in Chapter 6, making use of the silicon-
organic hybrid (SOH) approach. This paves the way towards mass-producible,
miniaturized sensor chips, which could be tightly integrated into industrial
machinery.
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7.2 Outlook

Looking beyond the scope of the presented work, a number of avenues for
further research are evident. The performance characteristics of approaches
using frequency combs are in large parts determined by the properties of the
employed frequency comb sources, in particular by the provided bandwidth
and the line spacing. Advances in the field of frequency comb generation
are thus a relatively straightforward way to improve upon important system
parameters. A very promising type of integrated frequency comb source relies
on Kerr-nonlinear microring resonators, which can produce ultra-broadband
frequency combs with large line spacings and smooth spectral envelopes. The
viability of such devices for applications in WDM telecommunication has
been shown in several papers [60,327,J3]. Recently, the same class of comb
sources has been employed to ultrafast laser ranging [240,J9], making use of the
measurement principle introduced in Chapter 3 and Chapter 4. The high optical
bandwidth enabled distance measurements with an Allan deviation of 12nm
at an averaging time of 14 ps. Further improvements could be possible by the
use of self-referenced comb sources [59], potentially increasing the precision
by additionally considering optical interferometry at single wavelengths. It
is also to be expected that the experimental effort currently involved when
working with Kerr combs will decrease significantly — recently even a battery-
operated device has been demonstrated [71]. This growth in maturity is needed
to support potential applications of frequency combs outside of optics labs,
e.g., within industrial environments. Specifically for the SOH comb generators
based on electro-optic modulation (introduced in Chapter 6), further innovation
is likely to come from the development of advanced electro-optic organic
materials. Research towards improved thermal stability of the acentric order
achieved by the poling procedure will likely result in materials being able to
meet demanding industrial standards such as Telcordia, thus enabling reliable
long-term employment [152, 153, 155,262]. Another research direction in
this field aims towards higher electro-optic coefficients [89, 155, 156, 262].
This has the potential to result in higher optical comb bandwidths for a given
drive voltage, as more comb lines are generated when the modulation depth is
increased.

In order to realize the full potential of highly miniaturized systems that pho-
tonic integration promises, more components need to be integrated into a single
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7 Summary and outlook

package. Further investigation could focus on the realization of photonic pack-
ages, combining integrated frequency comb sources with application-specific
photonic integrated circuits. As optical frequency combs are an incredibly
versatile tool in the field of optics and photonics, a range of applications will
likely benefit from progress in this area.
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A Mathematical definitions

A.1 Fourier transformation

The Fourier transform of a function g (¢) with respect to the variable ¢ is denoted

as F {5 (1), i
F(w) = F (g (1)) = / ¢ (e di (A1)

c0=7"gw) =5 [z (A2)
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B Optical data transmission

B.1 Mach-Zehnder modulator

A Mach-Zehnder modulator (MZM) is used to modulate the amplitude of light
by making use of interference. An MZM comprises phase modulators arranged
in a Mach-Zehnder interferometer structure, see Fig. B.1. The input light is
split into two paths. At least one of the paths contains a phase modulator. This
allows control of the phase difference between the optical signals propagating
via the two paths by applying electrical driving signals. At the output of the
MZM, the light from both paths is superimposed. Depending on the acquired
phase difference, constructive or destructive interference or in-between states
can be achieved. This is can be seen in the optical field transfer function, which
reads (e.g. [328]):

Eou() _ 1 ( ABei(0) | ejsz(t))
En(t) 2 (B.1)

= AW AG)/2 o [(Asol () . Apry ()]

So-called push-pull operation is obtained for Ag,(r) = —Agp(¢). With this
driving condition, Eq. (B.1) becomes

EOU[ (t)
Ein (t)

resulting in chirp-free amplitude modulation. It is possible to use multiple
amplitude levels to encode information. An example of such a modulation
format, which can be generated by a MZM in push-pull operation, is 2ASK-
2PSK (amplitude-shift keying, phase shift keying). The constellation diagram
is shown in Fig. B.1. Two amplitude levels and two phase states (0, ) are
utilized to encode 2 bits/symbol.

= cos (Agi (1), (B.2)
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Q
A(Dz

Fig. B.1: Mach-Zehnder modulator (MZM) and constellation diagram of 2ASK-2PSK (amplitude-
shift keying, phase shift keying) modulation.

B.2 1Q modulator and complex modulation
formats

The electrical field of an optical signal can be measured in both amplitude and
phase with coherent reception schemes. This allows encoding of information
on both the amplitude and the phase or, equivalently, on the real and the imag-
inary part of the complex wave amplitude, thereby increasing the number of
bits per symbol. The quadrature axis can be used by employing IQ modulators.
The schematic of an IQ modulator is sketched in Fig. B.2. It comprises two
MZM nested in a “parent” Mach-Zehnder interferometer. The optical path
along one of the arms of the parent MZM contains an additional phase shift
of /2 relative to the other arm. In this way, the real part or the in-phase (I)
component and the imaginary part or the quadrature (Q) component can be
addressed independently by applying driving signals to MZM 1 and MZM 2.
This allows the generation of complex modulation formats. As an example, the
constellation diagram of 16QAM (16-state quadrature amplitude modulation)
is shown, carrying an information content of 4 bits/symbol.

B.3 Nyquist wavelength division multiplexing

To maximize the capacity of data transmission systems, the available bandwidth
has to be used as efficiently as possible. This is quantified by the spectral
efficiency, which is the amount of transmitted data divided by the utilized
bandwidth. Theoretically, a bandwidth-limited signal can be fully encoded
within its Nyquist bandwidth 1/7. Other frequency components outside the
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Fig. B.2: IQ modulator comprising two nested MZM in a parent MZM and constellation diagram
of 16QAM (16-state quadrature amplitude modulation).

Nyquist bandwidth can potentially be suppressed by accordingly designed
filters. This allows a reduction of the required bandwidth to a rectangular
spectrum within the Nyquist bandwidth. An example is given in Fig. B.3:
The non-return-to-zero (NRZ) waveform exhibits a sinc>-shaped spectrum with
side lobes. As a consequence when multiplexing the unfiltered NRZ signals on
several carriers, they have to be spaced far enough apart in order to minimize
inter-channel interference. With appropriate filtering, the spectrum can be
minimized to a rectangular flat spectrum with a bandwidth of 1/7. This allows
a much tighter channel spacing and thus an increased spectral efficiency of
the so-called Nyquist WDM. The shape of the spectrum implies a sinc-shaped
time-domain waveform with overlapping pulses. Several ways to implement
such a filter efficiently are discussed in [319].

B.4 Error vector magnitude

The ratio of wrongly received bits to totally transmitted bits for a data trans-
mission depends on the signal quality and is called the bit-error ratio (BER).
A certain level of BER can be tolerated as it can be compensated by for-
ward error-correction (FEC) algorithms together with some redundancy in the
transmitted data. To determine the quality of a data transmission system, the
BER can be measured directly just by counting the wrongly transmitted bits
of a known bit sequence. However, this becomes impractical for high quality
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Fig. B.3: Effect of pulse shaping on the spectral efficiency of a WDM data transmission. (a) Wave-
form of a sequence of bits for non-return-to-zero (NRZ) and pulse shaping with a sinc-function.
(b) Corresponding optical spectra for WDM of the signals on three carriers f( to f>. The unfiltered
power spectrum of the NRZ waveform is sinc?-shaped, requiring a wider carrier spacing and
guard bands to prevent inter-channel interference. The power spectrum of the sinc-shaped pulses
is rectangular with a spectral width corresponding to the Nyquist bandwidth 1/7. This allows tight
spectral spacing of the carriers without guard bands.

signals, where the low error occurrence would require transmission of very
large amounts of data. In such a case other metrics related to the BER can be
used. For the complex modulation formats used in this work, the error vector
magnitude (EVM) is used as a quality metric [323]. To determine the EVM,
the error vector E ; of a received symbol i is given as the difference between
the received complex electric field E . and the transmitted complex electric

rec, i
field £, ; in the complex plane,

E

Lemi = Erec,i - Etrans,i :

(B.3)

for all N symbols,

The EVM is then given as the root-mean-square of |§m i

E

normalized to the largest field vector magnitude in the constellation _trans’m),

2

1 N
N Zi=1 ‘Eerr,i

EVM,, = (B.4)

Etrans, m ‘

The subscript “m” denotes the normalization to the largest field vector mag-
nitude, which was used throughout this work. For additive white Gaussian
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noise, quadratic constellations and data-aided reception, the EVM is related to
the BER according to [323]:

_ 12
BER =~ Merfe [\/ 3 ! | , (B.5)

Llog, M 2(M - 1) (kEVMp,)?

where M represents the constellation size, i.e., the number of possible constel-
lation points of the modulation format, and where the factor k£ with k = 1 for
QPSK and k = 9/5 for 16QAM accounts for different maximum and average
field amplitudes of the modulation formats.
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C Parameters of different types of
frequency comb sources

This appendix contains a tabular listing of data from literature used to compile

Fig. 1.3.

Table C.1: Center wavelength, bandwidth and line spacing for frequency combs generated by

solid-state lasers from literature.

Center wave- Bandwith Bandwidth after non- Line spacing Ref.

length [nm] [THz] lin. broad. [THz] [GHZz]

800 351 - 0.065 [329]
1030 1.4 214 1 [330]
1560 1.7 157 0.075 [331]
890 9.1 327 0.093 [332]
1558 1.9 150 0.075 [53]
780 12 350 10 [333]
1535 0.33 - 101 [54]
1534 0.03 - 10 [334]
1534 0.3 - 40 [335]
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Table C.2: Center wavelength, bandwidth and line spacing for frequency combs generated by fiber
lasers from literature.

Center wave- Bandwith Bandwidth after non- Line spacing Ref.
length [nm] [THz] lin. broad. [THz] [GHz]

1560 4.9 - 0.038 [336]
1040 11.1 - 0.05 [337]
1567 1.25 156 0.2 [48]

1560 3 143 0.1 [338]
1050 34 518 0.09 [339]
1530 5 - 0.03 [340]
1530 2.5 150 0.05 [341]
1560 3.1 166 0.086 [342]
1040 n.a. 300 0.25 [343]
1020 n.a. 269 0.5 [344]
1025 1.6 - 3 [51]

1573 2.1 - 1 [52]

Table C.3: Center wavelength, bandwidth and line spacing for frequency combs generated by
semiconductor lasers from literature.

Center wave- Bandwith Bandwidth after non- Line spacing Ref.
length [nm] [THz] lin. broad. [THz] [GHz]

1550 1.2 - 10 [345]
9000 1.9 - 11 [346]
1038 L.5 228 1.75 [347]
995 0.8 - 1 [348]
995 1.5 - 28-79 [349]
1550 0.75 - 10 [350]
1037 0.98 - 175 [351]
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Table C.4: Center wavelength, bandwidth and line spacing for frequency combs generated by
direct electro-optic modulation without cavity enhancement from literature.

Center wave- Bandwith Bandwidth after non- Line spacing Ref.
length [nm] [THz] lin. broad. [THz] [GHz]

1550 0.15 12.5 with 125 cw lasers 12.5 [77]
1542 05-1 - 6-18 [81]
1550 02-04 - 85-19 [79]
1512 0.09 - 10 [80]
1533 0.2 - 14 [174]
1550 0.07 - 10 [170]
1535 0.03 - 3 [82]
1550 0.23 - 10 [83]
1550 0.31 - 12 [352]
1546 0.5 - 42.6 [78]
1550 0.4 - 10 [84]
1545 0.2 1 10 [353]
1550 0.17 - 10 [354]
1580 1.5 - 25 [355]
1550 0.23 3.6 10 [356]
1550 0.5 18 10 [357]
1560 0.22 1 10 [358]
1550 2.6 - 25 [359]
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Table C.5: Center wavelength, bandwidth and line spacing for frequency combs generated by
cavity-enhanced electro-optic modulation from literature.

Center wave- Bandwith Bandwidth after non- Line spacing Ref.
length [nm] [THz] lin. broad. [THz] [GHZz]

1550 005 - - 9- 14 [305]
0.08

1550 4 - 5.8 [256]

1555 0.18 - 26.8 [360]

1550 0.4 - 10 [75]

1550 45 - 26 [314]

Table C.6: Center wavelength, bandwidth and line spacing for frequency combs generated by
microring resonators from literature.

Center wave- Bandwith Bandwidth after non- Line spacing Ref.
length [nm] [THz] lin. broad. [THz] [GHZz]

1550 30 - 25 [361]
1555 34.8 - 400 [277]
1555 24.9 - 1170 [277]
1550 37 - 6400 [362]
1556 10 - 143 [363]
1560 165 - 850 [282]
1560 23.5 - 172 [364]
1550 70 - 875 [57]

1550 50.2 - 375 [57]

1550 35 - 99 [365]
1550 35 - 225 [365]
1560 24 - 20 [366]
1560 24 - 40 [366]
1560 24 - 80 [366]
1000 55 - 230 [366]
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Table C.7: Center wavelength, bandwidth and line spacing for frequency combs generated by
highly nonlinear fibers (HNLF) from literature.

Center wave- BandwidtlBBandwidth after non- Line spacing Ref.
length [nm] [THz] lin. broad. [THz] [GHZz]

1550 12 - 100 [271]
1550 18.8 - 125 [63]
1550 17.5 - 417 [62]
1550 25 - 200 [61]
1550 25 - 400 [61]
1550 20 - 200 [272]
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Glossary

List of symbols

Greek symbols

ar
I, Tas

Y> YdB
A‘pms A(Dm

Thermal expansion coefficient
Isolation of coupler

Power splitting ratio

Phase difference of mth comb line, measured / model value

Delta function

Kronecker delta

Power losses

Power conversion efficiency
Element of impermeability tensor
Two-sided power spectral density of electrical current
Variable

Amplitude reflection coefficient
Synthetic wavelength
Second-order synthetic wavelength
Wavelength

Standard deviation
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Glossary

O Allan Allan deviation

T Measurement time

Om Phase of mth comb line

)(](fk) Tensor element of second-order susceptibility
w Angular frequency

Wmod Angular modulation frequency

Latin symbols

A Modulation depth

a Variable

B Bandwidth

¢, Co Speed of light in vacuum

D Complex amplitude of electric displacement
D Optical path length inside fibers

d; Distance from retroreflector position i to module j
d Spacing of capacitor plates

E Electric field

E Analytical signal of electric field

E Complex electric field amplitude

Emod External electric field applied to modulators
e Elementary charge

f Frequency

Jfinod MZM driving frequency / comb line spacing
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Glossary

Afo
Af mod
Afij

Uy bias

Detuning of center frequencies

Detuning of MZM driving frequencies
Difference frequency between lasers i and j
Detection bandwidth

Heaviside function

Electrical current

Bessel functions of the first kind
Wavenumber k¢ = 27”

Geometric path length inside fibers

Order of comb line

Number of comb lines

Refractive index

Power

Proportionality factor

Transimpedance

Coeflicient of determination

Linear electro-optic coefficient along axis 3
Detector sensitivity

Sum of squared errors

Sum of squared deviations from mean
Temperature

Time

Voltage for a phase difference of 7 between MZM arms

Bias voltage
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Glossary

A

Umod> Umoa Modulator driving voltage / voltage amplitude

Uxn

N

Vv

1’,;o,RIN
Wi RIN
<5 Zcals Zref
27 fcal

Azya

Voltage needed for a phase shift ofr

Voltage amplitude

Optical power spectral density of RIN

Associated electrical power spectral density of RIN
Optical path lengths for object / calibration / reference path
Measured optical path lengths

Unambiguity range

Zcomps Zcomp lemperature compensated real and measured optical path length

Acronyms

16QAM
3D
4Q
A/D
AC
ADC
AOM
APD
ASE
BD
BER
BP
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16-state quadrature amplitude modulation
Three-dimensional
Four-quadrant photodiode
Analog-to-digital

Alternating current
Analog-to-digital converter
Acousto-optical modulator
Avalanche photodiode
Amplified spontaneous emission
Balanced photodetector
Bit-error ratio

Band pass



Glossary

BS
CCD
CMM
CPL
cw
DC
DFB
DFT
EDFA
EVM
FC
FEC
FMCW
FPGA
GPS
HWP

LO
MLL
MMI
MWLI
MzZM
NEP
NRzZ

Beam splitter

Charge-coupled device
Coordinate measuring machine
Optical coupler
Continuous-wave

Direct current

Distributed feedback

Discrete Fourier transform
Erbium-doped fiber amplifier
Error vector magnitude
Frequency comb

Forward-error correction
Frequency-modulated continuous wave
Field-programmable gate array
Global positioning system
Half-wave plate

Intermediate frequency

Local oscillator

Mode-locked laser

Multimode interference coupler
Multi-wavelength interferometry
Mach-Zehnder modulator
Noise-equivalent power

Non-return-to-zero
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Glossary

OMA
PC
PCB
PD
PDF
PDFA
PDM
PIC
PM
PRBS
QPSK
RBW
RF
RIN
Rx
SMF
SNR
SOH
sol
sSwi
SWR
TIA
TLS
TOF
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Optical modulation analyzer
Personal computer

Printed-circuit board

Photodiode

Probability density function
Praseodymium-doped fiber amplifier
Polarization-division multiplexing
Photonic integrated circuit
Polarization-maintaining
Pseudo-random bit sequences
Quadrature phase shift keying
Resolution bandwidth

Radio frequency

Relative intensity noise

Receiver

Single-mode fiber

Signal-to-noise power ratio
Silicon-organic hybrid
Silicon-on-insulator
Synthetic-wavelength interferometry
Synthetic wavelength reference
Transimpedance amplifier
Tunable laser source

Time-of-flight



Glossary

TPS Tunable power splitter

WSS Wavelength-selective switch
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