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Abstract

An optical frequency comb (OFC) consists of evenly spaced periodic spectral lines. As a fem-
tosecond pulse source, the OFC garnered much attention in optical synthesis and metrology
during its technological infancy. As its popularity grew, so did its diverse application portfolio,
including spectroscopy, ranging, photonic computing, optical communication, and microwave
photonics. Likewise, silicon photonics is recognized as a disruptive technology that can reshape
all these application areas, thanks to its compatibility with the current CMOS technology and
its potential for seamless integration with electronics. It offers compact, energy-efficient, and
high-performance integrated photonic systems-on-chip at low cost and high reliability. The pri-
mary motivation of the thesis has been to conceptualize and implement the optical frequency
comb technology in high bandwidth optical signal processing and optical communication sys-
tems in an integrated silicon photonic chip.

This thesis explores ways to synthesize and utilize a special kind of OFC in a silicon photonic
integrated circuit, where all the comb lines are of equal amplitudes and phase-locked. Such
a comb results in a sinc-shaped Nyquist pulse sequence. These pulses are widely used in
microwave photonics, optical signal processing, and optical telecommunications owing to their
numerous advantages like rectangular shape in the frequency domain, orthogonality, and the
consequential possibility of using them to transmit data with the maximum possible symbol
rate. Moreover, signal converters that link the analog and digital realms can efficiently leverage
orthogonality to optimally utilize the optoelectronic bandwidth if Nyquist pulses are used
for sampling. The quality of the sampling ensures the performance of an analog-to-digital
converter and a digital-to-analog converter employed in communication systems as well as in
modern-day digital oscilloscopes. This work presents flexible optical Nyquist pulse generation
with repetition rates up to 30GHz and pulse bandwidths up to 90GHz using integrated silicon
photonic modulators.

Besides generating such pulses, this thesis presents a novel source-free all-optical Nyquist
pulse sampling technique based on the convolution of the signal spectrum with a rectangular
phase-locked OFC. The method presented here can achieve sampling rates of three to four
times the optoelectronic bandwidths of the incorporated optical or electronic devices. Further,
this sampling technique has been extended to analyze single isolated events rapidly varying in
time. An integrated time-magnifier system is presented based on a SiN microring resonator
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with a very highQ−factor (∼ 106). This technique requires neither dispersion nor nonlinearity,
making the system uncomplicated and power efficient.
The proposed OFC-based sampling technique has been further extended to demonstrate an

integrated signal agnostic Nyquist transceiver that enables the transmission of signals with the
theoretically maximum possible symbol rate in a rectangular bandwidth. Several such rect-
angular spectral channels were combined into a superchannel and de-multiplexed separately.
Potentially, such superchannels can again be multiplexed in a space-division multiplexing sys-
tem to enable massive parallel transmission. Moreover, due to its signal agnostic nature, the
transceiver can be used for digital communication and analog radio-over-fiber links.
One of the various OFC-based all-optical signal processing techniques used in communication

is the aggregation of several low-capacity spectral channels into fewer high-capacity channels.
This thesis will propose and experimentally demonstrate one such aggregation scheme using
linear signal processing with integrable photonic and electronic components and reduced sys-
tem complexity. It provides a new way of realizing a flexible optical transmitter for advanced
modulation format signals using low-quality electronics. It also suits future dynamically re-
configurable optical networks where spectral traffic aggregation is utilized in a central network
node.
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Kurzfassung

Ein optischer Frequenzkamm (OFC) besteht aus einer Vielzahl von Spektrallinien mit gleich-
mäßigem Abstand. Während seiner technologischen Anfänge als Femtosekunden-Pulsquelle,
erregten diese Frequenzkämme große Aufmerksamkeit bei der Synthese optischer Signale und
in der optischen Metrologie. Mit zunehmender Popularität ergaben sich vielfältige weitere An-
wendungsgebiete, wie zum Beispiel Spektroskopie, Entfernungsmessung, photonisches Compu-
ting, optische Kommunikation und Mikrowellenphotonik. Gleichzeitig gilt auch die Silizium-
Photonik als bahnbrechende Technologie, die all diese Anwendungsbereiche dank ihrer Kompa-
tibilität mit der aktuellen CMOS-Technologie und ihrem Potenzial einer nahtlosen Integration
mit der Elektronik neu gestalten kann. Diese Technologie ermöglicht, kompakte, energieeffizi-
ente und leistungsstarke photonische Systeme auf einem Chip mit geringen Kosten und hoher
Zuverlässigkeit zu realisieren.

Die Hauptmotivation der Dissertation war die Konzeption und Implementierung von fre-
quenzkammbasierten optischen Signalverarbeitungs- und Kommunikationssystemen mit ho-
her Bandbreite in einem integrierten photonischen Siliziumchip. Dabei werden verschiedene
Möglichkeiten untersucht, eine spezielle Art von Frequenzkamm in einem photonisch inte-
grierten Siliziumchip zu synthetisieren und zu nutzen, bei der alle Kammlinien die gleiche
Amplitude haben und phasenstarr zueinander sind. Ein solcher Frequenzkamm führt zu ei-
ner sinc-förmigen Nyquist-Pulsfolge im Zeitbereich. Aufgrund ihrer zahlreichen Vorteile, wie
der rechteckigen Form im Frequenzbereich, der Orthogonalität und der daraus resultierenden
Möglichkeit, diese Pulse zur Übertragung von Daten mit der maximal möglichen Symbolrate
zu verwenden, finden diese Pulsfolgen weit verbreitete Anwendung in der Mikrowellenphoto-
nik, der optischen Signalverarbeitung und der optischen Telekommunikation. Darüber hinaus
können Signalwandler, die den analogen und digitalen Bereich miteinander verbinden, die
Orthogonalität der Nyquist-Pulse beim Abtasten effizient ausnutzen, um die nutzbare opto-
elektronische Bandbreite zu optimieren. Die Qualität der Abtastung definiert die Leistung
eines Analog-digital-Wandlers und eines Digital-analog-Wandlers, die allgegenwärtig in Kom-
munikationssystemen sowie in modernen digitalen Oszilloskopen verwendet werden. Diese Ar-
beit präsentiert die flexible optische Nyquist-Pulserzeugung mit Pulswiederholraten bis zu 30
GHz und Pulsbandbreiten bis 90 GHz unter Verwendung integrierter photonischer Silizium-
Modulatoren.
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Neben der Erzeugung solcher Pulse präsentiert diese Arbeit eine neuartige quellenfreie, rein
optische Abtastung mit Nyquist-Pulsen, die auf der Faltung des Signalspektrums mit einem
rechteckigen phasenstarren Frequenzkamm basiert. Das hier vorgestellte Verfahren kann Abta-
straten mit der drei- bis vierfachen Bandbreite der verwendeten optischen oder elektronischen
Geräte erreichen. Darüber hinaus wurde diese Abtasttechnik erweitert, um einzelne isolierte,
sich zeitlich schnell ändernde Ereignisse zu analysieren. Dafür wird ein integriertes Zeitlu-
pensystem basierend auf einem SiN-Mikroring-Resonator mit sehr hohem Q−Faktor (∼ 106)
vorgestellt. Diese Technik erfordert weder Dispersion noch Nichtlinearitäten, wodurch das Sys-
tem sehr unkompliziert und energieeffizient wird.
Die Erweiterung der Nyquist-Pulsquelle ermöglicht die Demonstration eines integrierten si-

gnalagnostischen Nyquist-Transceivers. Dieser ermöglicht die Übertragung von Signalen mit
der maximal erreichbaren Symbolrate in einer rechteckigen Bandbreite. Mehrere solcher spek-
tral rechteckigen Kanäle wurden zu einem Superkanal kombiniert und separat demultiplext.
Potentiell können solche Superkanäle wiederum mittels Raummultiplexen in einer Faser kom-
biniert werden, um eine massive parallele Übertragung zu ermöglichen. Darüber hinaus kann
der Transceiver aufgrund seiner signalunabhängigen Natur sowohl für digitale als auch für
analoge Radio-over-Fiber-Verbindungen verwendet werden.
Eine der möglichen kammbasierten optischen Signalverarbeitungstechniken, die in der Kom-

munikation verwendet werden, ist die Aggregation von mehreren spektralen Kanälen mit ge-
ringer Kapazität zu weniger Kanälen mit hoher Kapazität. In dieser Arbeit wird ein solches
Aggregationsschema vorgeschlagen und experimentell demonstriert. Dabei wird eine lineare Si-
gnalverarbeitung mit integrierbaren photonischen und elektronischen Komponenten und redu-
zierter Systemkomplexität verwendet. Dies ermöglicht es, einen flexiblen optischen Sender für
Signale mit höherwertigen Modulationsformaten unter Verwendung von einfacher Elektronik
zu realisieren. Diese Methode eignet sich auch für zukünftige dynamische und rekonfigurier-
bare optische Netzwerke, bei denen spektrale Aggregation in einem zentralen Netzwerkknoten
verwendet wird.
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1
Introduction

We are living in an era when there is an exponentially increasing amount of information
being handled by the internet, computing, and storage hardware, due to the emer-

gence of the internet-of-things, 5G/6G wireless communication, and cloud technologies that
are used in a wide variety of applications starting from computing to healthcare. According
to Cisco’s annual internet report, by 2023, the average number of devices with internet con-
nections per capita will grow to 3.6 globally, while it will grow to 9.4 in Western Europe alone
[1]. 66% of the 8 billion world population in 2023 will be connected to the internet, and 77%
of the internet connections will be based on mobile devices. Never before has the need been
more significant to analyze, store, and move information at this pace.

The short wavelength of light implies that dielectric waveguides (which can have a very low
loss) can be used to transport the lightwave modulated with information. Optics or photon-
ics, therefore, avoids the metal waveguides that are necessary for the radiofrequency waves of
electrical interconnects. Thereby, it also avoids the resistive loss physics that dominates the
propagation loss and distortion of electrical lines. Electrical transport networks need retimers
to counteract metal waveguide losses. In longer transmission lines, it means that at some
transmission distance, optical communication through a low-loss fiber optic cable becomes
more efficient. Thus, as the data rate and the frequency of transmission increase, the power
consumption required to scale the copper-based communications rises faster than that of the
optical solutions. Therefore, optics is the standard in the modern era in long-haul commu-
nications measured in kilometers. Furthermore, integrated optical interconnects are already
replacing electrical interconnects in the data centers and are envisioned to be implemented
even within computers [2, 3].

Besides optical communication, owing to their relatively large bandwidth, optical systems
have been considered as a potential solution to assist electronics deliver high-speed signal
processing, and computing capabilities. This has brought forth the new research area named
optical signal processing. The required bandwidth of the electronic signal processors and their
energy consumption increases with increasing data rates [4]. The performance of the used
transistors defines the speed of the electronic processors and computing resources. A good
indicator of individual transistor device performance is the transit frequency, defined as the
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1. Introduction

frequency where the current gain goes to unity. This unity current gain frequency scales expo-
nentially with smaller device nodes. However, since the year 2000, when the complementary
metal oxide semiconductor (CMOS) node size decreased below 45 nm, the transit frequency
has stalled out [5]. Hence, more transistors must be packed into an integrated circuit (IC)
to keep pace with the growing demand. Device integration in electronic ICs such as micro-
processors has been making steady progress at the pace of Moore’s law, i.e., the number of
transistors incorporated in a chip approximately doubles every 18–24 months, and the per-
formance per watt grows at this same rate [6]. As Moore’s law has been coming to an end,
the clock frequency of the electronic processor levels off. Multiple processors help sustain
the steady growth of the throughput by parallel processing at the expense of complex archi-
tecture and energy consumption. However, according to Amdahl’s law, the speed of parallel
electronic processing is eventually limited [7]. Consequently, parallel electronic processing
cannot resolve all the issues after the end of Moore’s law. On the contrary, an optical signal
processor can directly process the data in the optical domain, potentially with the speed of
light, and takes the leverage of the high bandwidth on offer [5, 8]. Optical processing offers
a high degree of parallelism. It can make use of all physical dimensions - wavelength, time,
polarization, space, amplitude, and phase. All-optical processing makes opto-electric (O/E)
and electro-optic (E/O) conversion dispensable in the network nodes, which can potentially be
more cost-effective and offer significantly larger bandwidth. Performances of data converters
like analog-to-digital converter (ADC) and digital-to-analog converter (DAC), which are the
essential limiting factor of the optical transport system, can be boosted many-fold by optical
techniques [9, 10]. Unlike traditional integrated electronic circuits, nanophotonic circuits can
operate at the speed of light in an analog fashion. Such a feature makes it possible to de-
sign an ultra-low latency integrated optical signal processor and computing platform. Hence,
looking into the future, integrated photonics with higher levels of integration, including laser
and amplifier on-chip, will find its implementation to be onboard and even within-package
distances.

This thesis investigates optical frequency comb (OFC) based techniques for realizing high-
capacity optical transport systems and all-optical signal processors, which can be realized on
an integrated photonic platform like silicon photonics. In 1960, Maiman’s invention, later
termed as LASER (light amplification by stimulated emission of radiation), represented an
optical analog to the well-understood radio oscillators of that time. This brought a revolution
in science with a remarkable impact on human society over the past six decades. This develop-
ment motivated efforts to create a coherent bridge between the radio and optical realms, with
multiple oscillators of successively higher frequencies chained together. An OFC consists of
evenly spaced periodic spectral lines, which are discrete, and the spacing between individual
comb lines is constant along the whole spectrum. It offers an essential tool for metrology,
spectroscopy, ranging, optical signal processing and optical communication [11–14].

As the first step towards harnessing OFCs for optical communication and signal processing,
this thesis explores ways to synthesize a special kind of optical frequency comb in a silicon
photonic chip, where all the comb lines are of equal amplitude and linear phase relation. Such
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a comb results in a sinc-shaped Nyquist pulse sequence [15, 16]. It is noteworthy that the OFC
generation technique adapted for this thesis work is based on E/O modulators. This electro-
optic comb generation technique offers excellent tunability in terms of comb properties like
bandwidth, comb spacing, and line number [14, 17]. Besides generating sinc-shaped Nyquist
pulses with reconfigurable bandwidth and repetition rates in a silicon photonic chip, this thesis
presents various proof-of-concept system demonstrations which lay a foundation for many
potential future applications, ranging from on-chip high-bandwidth signal characterization,
the generation of stable arbitrary signal waveforms, and the ability to transmit wavelength-
and time- multiplexed superchannels with theoretically maximum spectral efficiency.

In any optical signal processing or characterization technique involving digital signal process-
ing, data converters such as ADCs and DACs play a pivotal role. Today, transmission networks
predominantly rely on massive high-bandwidth electronic digital signal processing (DSP). High
sampling rate and high-accuracy ADCs in the transmitters and DACs in the receivers are in-
evitable in conventional optical links [18]. Modern oscilloscopes employ digital storage that
needs fast ADCs to characterize waveforms. At the heart of any data converter, there exists
a sampler. Ultimate system performance depends on the speed and precision of the sampling
process. Additionally, optical signal spectrum analysis plays a vital role in monitoring and
characterization of an optical signal in communication. It is also useful for a plethora of ap-
plications such as healthcare, spectroscopy, ranging, and microwave photonics. Thus, optical
temporal and spectrum analysis with a high resolution by an economical and reliable device
is of much interest in optical science and technology.

An all-optical sampling technique has been presented in this thesis that uses frequency-time
coherence to sample the optical signals with sinc-shaped Nyquist pulse sequences. The pre-
sented concept enables the realization of high-speed and high accuracy data converters like
ADCs and DACs. Using the time domain orthogonality, these Nyquist pulse based systems
perform at the optimum theoretical limits of sampling rates. The proposed sampling technique
is extended to demonstrate a time magnification system employing a high-Q SiN microring
resonator. This technique allows the characterization of fast isolated single events with elec-
tronic devices of much less bandwidth. For the frequency domain signal characterization, an
integrated optical spectrum analyzer has been demonstrated in this thesis. This integrated
optical spectrum analyzer consists of two integrated filter stages in tandem for broadband
spectral-domain characterization with 1 pm resolution.

In optical communication, the rapid growth in the demand for data transmission capacity
with minimum cost imperative has spurred the development of transport systems with innova-
tive link design, higher dimensional multiplexing, high spectral efficiency modulation formats,
high energy efficiency, and low cost [19–21]. In current high-speed optical networks, wavelength
division multiplexing (WDM) technology is widely employed. OFCs provide energy efficiency
in the WDM networks [22] by replacing the laser arrays, and they offer a potential remedy for
the so-called capacity crunch problem [23]. Additional to WDM, the development of optical
transmission technologies with higher-order modulation formats, spatial multiplexing, tempo-
ral multiplexing, and polarization multiplexing, make the most efficient use of the available
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spectral resources. Spatial multiplexing approaches exploit mode division multiplexing, angu-
lar momentum multiplexing, and multi-core operations. These techniques drastically increase
the system complexity and have higher energy consumption. Another possibility is to com-
bine several low-rate channels with high spectral efficiency into a superchannel that can be
routed as a single entity through the optical networks. Such interleaving can be obtained both
in frequency or time domain [24]. An orthogonal frequency division multiplexing (OFDM)
superchannel is made of several subcarriers with sinc-shaped spectra and can therefore be
multiplexed without interchannel interference. On the other hand, in Nyquist-orthogonal time
division multiplexing (OTDM), symbols are conveyed by the sinc-shaped Nyquist pulses, which
is the most efficient way to reduce the signal bandwidth to the symbol rate (1 Symbol/s/Hz)
while negating any intersymbol-interference (ISI) [15, 25, 26]. Moreover, the spectral shapes of
such signals are rectangular, and the bandwidth is inverse to the pulse width. Thus, they can
be multiplexed in wavelength without any guard band in between. This scheme is very similar
to OFDM, but the time and frequency domain are exchanged [27]. Compared to OFDM,
where a fairly complex DSP and inverse fast Fourier transform core is needed, OTDM with
Nyquist pulses offers simplicity in the transmitter and the receiver implementations under
limited resources despite having the same theoretically possible optimum spectral efficiency
[28]. Additionally, for wireless access over fibers, diverse digital radio frequency signals must
be transferred into the optical domain and vice versa by high-bandwidth electronics. In this
dissertation, using the sinc-shaped Nyquist pulses originating from rectangular phase-locked
OFCs, a high-speed signal agnostic optical Nyquist transceiver system has been realized that
operates at the Nyquist rate, i.e., theoretically maximum transmission limit. This transceiver
offers the possibility of transmitting any bandwidth-limited waveform without any impair-
ments if the channel is lossless and noiseless and the Nyquist-Shannon sampling theorem is
obeyed. The experimental demonstrations presented in this thesis agree well with the theo-
retical predictions. The proposed method is fully integrable in the silicon photonic platform,
and initial experiments show the possibility of reaching 90GBd line rates using silicon modu-
lators of 16GHz E/O bandwidth. The method allows for a wavelength- and time- multiplexed
superchannel transmission. Moreover, these superchannels can be transmitted in parallel in a
space division multiplexing (SDM) system as well for massively parallel data transmission.

Among the various all-optical signal processing techniques in optical communication offered
by the optical frequency combs, one important application is to aggregate several low-capacity
channels to fewer high-capacity channels. This thesis will propose one such aggregation scheme
and experimentally demonstrate using linear signal processing with integrable photonic and
electronic components. This aggregation method can be used at the comb-based transmitter
to overcome the electronic bottleneck of the incorporated DACs. Moreover, such aggregation
can also be employed in a central node of an aggregation network. The latter would be very
promising for future passive aggregation networks, where an integrated optical comb source in
the central node supplies the optical network unit (ONU) with phase- and frequency-locked
carriers [29, 30].
The rest of the thesis is organized as the following:
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Chapter 2 This chapter provides the reader with the state-of-the-art in the integrated pho-
tonic OFC generation and the theory behind the Nyquist pulse shaping, necessary to
contextualize the work presented in this thesis. It starts with a mathematical description
of the OFC and an overview of its applications. After a brief introduction to the silicon
photonics technology platform, the chapter discusses recent on-chip implementations of
OFC. Furthermore, an extensive discussion on the E/O comb generation is provided
along with optical Nyquist pulse generation and multiplexing theory.

Chapter 3 This chapter presents an experimental demonstration of reconfigurable sinc-shaped
Nyquist pulse sequence synthesis using silicon photonic modulators. This pulse gener-
ation method would be the key enabling feature for the optical signal processing and
transmission techniques presented afterward.

Chapter 4 This chapter presents the concept and experimental demonstrations of the optical
sinc-shaped Nyquist pulse sampling for realizing data converters and ultrafast signal
characterization system on a photonic integrated chip. A novel integrated optical spec-
trum analyzer that enables wideband spectral characterization with a high resolution
will be presented.

Chapter 5 An integrated signal agnostic Nyquist transceiver is demonstrated in this chapter. It
enables the transmission of Nyquist signals with the maximum possible symbol rate in a
rectangular bandwidth. Moreover, owing to its signal agnostic nature, it can be used for
microwave photonic links. Wavelength- and time- multiplexed superchannel transmis-
sion of multilevel QAM signals has been experimentally demonstrated with the spectral
efficiency of 1 Symbol/s/Hz. These superchannels can be additionally multiplexed in
space and polarization.

Chapter 6 In this chapter, a novel all-optical channel aggregation technique is demonstrated
that can potentially enhance the capacity of a comb-based optical transmission system.
It can also be used for channel aggregation at a network node.

Chapter 7 This final chapter summarizes the studies presented in this dissertation. Further-
more, new directions and potential topics for future research have been suggested con-
cerning each application area.
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2
General Principles

This chapter provides the background information for the concepts, and experimental in-
vestigations carried out during this thesis work. It presents the reader with the general

theory of the optical frequency comb (OFC) and its prominent applications. Afterward, a
brief introduction to the silicon photonics technology platform has been presented. Comb
generation in integrated silicon platforms is of immense interest for numerous systems-on-chip
applications. Therefore, an overview of the integrated comb generation process is presented
here. The ideal characteristics of an OFC are completely application-dependent. The aimed
application areas for the thesis are optical signal processing and optical communication. For
such applications, the generated comb’s properties must be different from those required for
metrology or spectroscopy. For example, tunability in comb line spacing, comb line number,
and comb shape are essential for performing signal processing tasks. The knowledge of comb
parameters like carrier-envelope offset frequency is entirely irrelevant for such applications.
Comb generation based on electro-optic (E/O) effect provides agility in bandwidth, line num-
ber, line spacing, and shape of the comb. This chapter will present a detailed description
of E/O comb generation. At last, generalities of optical Nyquist pulses will be presented
along with an overview of the pulse generation techniques. Fundamentals of optical modula-
tors and microring resonators have been described in detail in Appendix A and Appendix B,
respectively.

2.1 Optical Frequency Combs: Fundamentals and Prominent

Applications

“Never measure anything but frequency!” This quote by Arthur Schawlow became the source
of inspiration that opened the path to the concept of the OFC in the late twentieth century
[31]. However, with continuous research and technological advances of over two decades, OFCs
are now essential to numerous applications [11–14]. The impact of the OFC was so great, the
2005 Nobel Prize in physics was shared by T.W. Hansch and J.L. Hall.
Optical frequency combs can be generated in many ways, but the most common method

is using a mode-locked laser (MLL) source with stable frequency and repetition rate. The
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2. General Principles

temporal and spectral representation of an OFC are depicted in Fig. 2.1. Consider a pulsed
laser source at a repetition rate of ωr = 2π/τ at a carrier frequency fc = ωc/2π. Let us
suppose that a(t) is the envelope of the pulse and there exists a phase difference φ between
successive pulses due to different velocities of the carrier and the envelope. Mathematically,
the pulse train can be expressed as:

f(t) =
+∞∑

n=−∞
[a(t) cos (2πfct− nφ)] ∗ δ(t− 2πn/ωr) (2.1)

For the above equation, it is assumed that the laser emits for any time t ∈ R and n ∈ Z, δ is
the Dirac delta function, and ∗ denotes convolution operation.

The equivalent frequency domain representation is an OFC and can be given by the Fourier
transform (F ) of f(t) as [17],

F (ω) = F{f(t)} =

∫ +∞

−∞
f(t)e−iωtdt

= πωrA(ω − ωc)
+∞∑

n=−∞
δ(ω − ω0 − nωr) + πωrA(ω + ωc)

+∞∑
n=−∞

δ(ω + ω0 − nωr).
(2.2)

The above equation clearly shows two terms centered around ±ωc. Neglecting the negative
frequency term, one can consider only the positive frequency term (first term in Eq. 2.2) which
shows a sum of periodically spaced Dirac delta functions with a spectral envelope A(ω) =

F{a(t)}.
Because ωc is not necessarily an exact multiple of the mode spacing, ωr, the individ-

ual Fourier frequencies are shifted from integer multiples of ωr by a common offset ω0 =

φ(ωr/2π) ≤ ωr called the carrier envelope offset frequency, such that

ω ≡ ωn = ω0 + nωr. (2.3)

At these values, the first term in Eq. 2.2 is different from zero.

Equation 2.3 is known as the comb equation. It states that while an OFC can consist of
numerous optical modes, spanning hundreds of terahertz in the optical domain, only two
parameters: (a) the repetition rate, ωr and the (b) carrier envelope offset frequency, ω0, are
needed to define the frequency of each individual optical mode [11, 17]. Typical values of ωr
and ω0 lie in the megahertz (MHz) to a few tens of gigahertz (GHz) range. This potential
of completely defining optical frequencies in terms of microwave frequencies was the original
claim to fame for OFCs in applications like precision optical metrology [11, 12].

While the broad optical bandwidth spanning octaves is immediately attractive for metrology,
for most of the signal processing and optical communication purposes, the knowledge about
ω0 is irrelevant. Rather, a comb with broader comb spacing (GHz-THz range) and greater
tunability might be interesting for such applications. In general, a phase-locked optical spec-
trum has unique properties that are beneficial for many applications like sinc-shaped Nyquist
pulse generation, etc. Such properties include : (1) all the optical modes are harmonically re-
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Figure 2.1: Time and frequency domain schematic representation of an optical frequency comb centred around
an optical carrier (ωc = 2πfc). A periodic train of optical pulses with pulse period τ , and pulse envelope a(t),
can be expressed as a Fourier series of equidistant optical frequencies, with mode spacing, ωr = 2π/τ . An
optical mode is characterized by only two parameters, ωr and ω0, such that ωn = ω0 + nωr. Following
photodetection, this results in an electronic pulse train composed of coherently related microwave Fourier
harmonics (ωn = nωr). Note that the amplitude distribution of the optical frequencies will determine the
shape of the pulse.

lated (equidistant in frequency) and (2) all-optical modes are phase coherent with one another
(common phase evolution). In this dissertation, such phase locked OFCs will be explored for
optical signal processing and communication purposes.
It is worth mentioning that, any laser source has an emission with a finite coherence time.

Hence, the spectrum is rigorously not a set of Dirac lines but more a set of Lorentzian lines
with finite width. The finite linewidth of the comb lines must be contemplated since it gives
several points of information on the quality of the pulses.

Applications of OFC

During the infancy of the comb technology, the femtosecond OFC garnered much attention
in the fields of optical synthesis and metrology. As its popularity grew, so did its application
portfolio. Some of the most prolific application areas of OFC in general are listed below.
Optical clock and metrology: The precision of time counting scales with the clock fre-
quency. The radio frequency reference from the Caesium (Cs) ground-state hyperfine splitting
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2. General Principles

defines the SI unit of time “second”. Within a year of the introduction of the self-referenced
frequency comb, optical clocks based on them had been implemented, with uncertainties com-
petitive with that of the best Cs microwave clocks [11, 32]. The continued advancement of
optical comb technologies has led to optical frequency standards and clocks with fractional
frequency uncertainty pushing into the 10−19 range [33]. Phase coherence between octave-
spanning optical comb lines provides a direct phase-coherent chain between the electrical and
the optical domains. Thus, they act as the gearbox between the two domains for the genera-
tion of ultra-stable microwave and optical frequencies. This generally requires octave-spanning
frequency combs to be able to retrieve and stabilize the carrier-envelope offset frequencies.
Molecular spectroscopy: Most of the molecule-fingerprints are in the terahertz (60-250µm),
far-infrared (20-60µm), and mid-infrared (2-20µm) wavelength regions, optical frequency
combs with fine line-spacing and broad span enable new approaches to spectroscopy over
broad spectral bandwidths, of particular relevance to molecules [34]. Emerging dual-comb
spectrometers, without moving parts, enable fast measurements over broad spectral ranges
within the accuracy of an atomic clock [35]. Integrated frequency comb spectrometers promise
integrated devices for real-time sensing in analytical chemistry and biomedicine [36].
Ranging: Absolute distance measurement is a fundamental technique in mobile and large
dimensional metrology. Light detection and ranging (LiDAR) allows interruption along the
beam path and measures distance through pulsed or RF-modulated waveforms. A stable OFC
provides narrow linewidth lines. These lines serve as a series of continuous wave (CW) lasers
spaced evenly in the frequency domain for frequency modulated continuous wave LiDARs [37].
In addition, a stable OFC can potentially accomplish fast measurements due to its repetition
rate of hundreds of megahertz, even higher for an integrated comb [38]. LiDAR with dual
optical frequency combs enables high-resolution distance measurements over long ranges with
fast update rates [39].
Astronomy: Precise radial-velocity measurements are critical to the measurement of the pe-
riodic Doppler shift of a star in the search for Earth-like exoplanets. This is being facilitated
by high-resolution spectrographs calibrated by laser frequency combs of high repetition rates
(tens of GHz)[40]. One can obtain the exoplanet’s mass and radius (and density), which are
critical parameters for classifying and assessing habitability. Electro-optic combs and micro-
combs are preferred in this context for their large comb line spacing [41, 42].
Microwave photonics and optical signal processing: Radio-frequency photonics deals
with microwave engineering to realize unique applications in telecommunications, radar, sen-
sors, metrology, testing, and imaging through optical technologies. High-frequency analog
signal transmission, control of phased arrays, analog-to-digital conversion, spectral filtering,
and analog signal processing have been implemented by using this approach [43–45]. Opti-
cal frequency combs intrinsically combine the two worlds. Due to a large number of stable
lines, optical frequency combs are seen as an essential tool in microwave signal processing
[14]. The tapped-delay line is a key structure in the signal processing for achieving linear
filtering functions, such as equalization, correlation, and discrete Fourier transforms [46]. An
optical comb can be externally modulated by the radio frequency (RF) signal to be filtered
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and sent through a dispersive system before detection to achieve RF programmable filter-
ing [47, 48]. Micro-comb technology has also been beneficial to realize chip-scale microwave
filters [49, 50]. Another promising application of optical frequency combs is spectrally-pure
microwave, mm-wave, or terahertz signal generation [51]. This is achieved by detecting the
beat-note of a stabilized optical frequency comb [52, 53]. Micro-combs offer a powerful way to
achieve compact microwave signal generators with ultra-low phase noise [54]. Arbitrary RF
waveform profiles can be alternatively obtained by synthesizing the complex optical spectrum
of the comb in a line-by-line manner [55, 56]. There are other applications like true-time delay
beamforming, and RF channelized receiver can also be achieved using OFCs [30].
Optical communication: To take advantages of the ample bandwidth resources at optical
carrier frequency, WDM is widely adopted in optical communication systems. Superchannels
for multi-Tbit/s transmission typically consist of one carrier or several frequency-locked car-
riers, onto which data are encoded [57, 58]. Current optical communication systems rely on
arrays of discrete wavelength laser sources [59]. The equidistant narrowband spectral lines
of an OFC can serve as the carriers for parallel WDM transmission, and/or as the local
oscillator (LO) tones for parallel coherent reception [22, 23, 60–67]. Thus, it may poten-
tially replace hundreds of individual lasers, to reduce the energy consumption and size of the
transmitter. Moreover, using an LO comb for parallel coherent reception of WDM signals the
mutual coherence of individual comb lines, further simplifies the receiver scheme, and improves
phase noise with joint signal processing [67, 68]. Early attempts of micro-comb-based com-
munications used simple intensity modulation [69]. Recent advancements in micro-combs has
opened a new horizon for high-capacity coherent communication [22, 60, 65–67]. These results
showed that micro-combs could meet the highly demanding requirements of coherent commu-
nications and, thus, offer an attractive route towards chip-scale terabit/s transceivers. Optical
pulse sources essentially correspond to frequency combs. The time-domain equivalence of the
WDM system is the optical time division multiplexing (TDM) [70, 71]. In a TDM system, data
are densely multiplexed in time. They require short optical pulses to encode the information.
Orthogonal-TDM system based on Nyquist pulses has been demonstrated using phase-locked
optical frequency combs as the pulse source [26, 70, 72–74]. Additionally, phase-coherence of
the comb lines [67] can be used for aggregation of several optical low capacity channels to
fewer higher capacity channels [75–77].
Apart from these applications, with the power of parallel processing based on wavelengths,
OFCs has been utilized in quantum information processing [78], and in the emerging field of
photonic neuromorphic computing [79].

As this thesis work revolves around the applications of the OFCs for all optical signal
processing and optical communication in an integrated photonic platform, the next section
describes the methods concerning OFC generation which are suitable for such purposes.
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2.2 Integrated OFC Sources for Optical Signal Processing and

Communication

The ideal characteristics of an OFC are completely application-dependent. For optical com-
munications and photonic signal processing applications, self-referencing is not required, but
higher repetition rates, simplicity, spectral flatness, robustness, and in some cases, tunability
are needed. For instance, in optical communication, WDM grid spacing is standardized by
the ITU, typically with 25, 50, or 100GHz separation [80]. Hence, an OFC with line spacing
suitable for a particular grid and a large span to cover the entire communication band can be
important for optical communication purposes. In the case of a comb-based photonic filter, the
maximum radio-frequency that can be handled is limited to half of the comb spacing (Nyquist
zone). A tunable line spacing gives rise to a reconfigurable Nyquist zone. Furthermore, it is
possible to suppress unwanted RF passbands by combining programmable optical filtering and
electrical-domain filtering if the comb spacing is large. A large number of comb lines allows the
implementation of multitap configurations. Applications like arbitrary waveform generation
demand reconfigurability in comb span, line spacing, central frequency, and spectral shape.

As mentioned earlier, optical frequency combs has led to a revolution in optical/microwave
technology, covering a myriad of applications, from molecular spectroscopy, to optical com-
munications and signal processing. Historically, The MLL has been the traditional source of
frequency combs. However, MLLs are usually bulky bench-top devices with fixed line spacings
and comb shapes. Therefore, additional filters are needed to adapt the combs to the given
application. Development of integrated mode locked laser sources with characteristics that
are suitable for optical signal processing and optical communication applications (e.g., large
tunable line spacing, user defined comb shape et cetera), has not yet been significant. Some
recent demonstrations have been achieved using hybrid material platforms [81–84]. However,
with stringent mode locking conditions, such sources are hardly tunable and also the highest
reported comb spacing is below 20GHz. Additionally, the comb span and flatness needs to be
much improved to be applicable for the targeted applications concerning this dissertation.

Besides MLLs, many other setups can be used to generate OFCs. An intuitive example
is the use of nonlinear effects in optical fibers, such as Brillouin scattering and four wave
mixing (FWM) [85]. When exploited in a cavity, it is possible to produce OFCs spanning
several tens of nanometers of wavelength [86]. Using nonlinear effects and especially FWM,
a dual-wavelength pump can produce an OFC in nonlinear fibers [87]. As another exaple,
using the ability to shift frequencies of a certain amount with an acousto-optic modulator,
it is possible to generate an OFC by cascading the acousto-optic effect on the frequencies
circulating in the loop [88, 89]. Each comb generation technique offers unique advantages and
comb characteristics due to the unique system design.

The application areas concerning this thesis work demands OFC generation in an integrated
photonic platform with tunablility in line number, line spacing, and comb shape. Photonic
integration is the key to having economically viable multi-wavelength transceivers as well as
integrated optical signal processors. In optical communications, this has been motivated by the
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prospect of creating compact and efficient multi-wavelength sources that can replace the bulky
and power-hungry table-top optical sources used in many applications, with an ultra-compact
and energy-efficient device, i.e., an integrated OFC source. In the following sections, state-of-
the-art comb generation techniques suitable for integrated silicon photonics are discussed in the
context of applications to all-optical signal processing and optical transport networks. Before
that, I would like to present a brief overview of the silicon photonics technology platform, to
give the reader an idea about the scientific and commercial prospects of this technology for
large scale implementation of the OFC based systems and subsystems.

2.2.1 A Brief Overview of the Silicon Photonics Technology

Often, many breakthroughs in the laboratories do not bridge the gap between research and
commercialization. This thesis work, therefore, explores the possibilities of implementation of
the presented concepts on the silicon nanophotonic platform, which has not only been com-
mercially successful but also has attracted billions of dollars worth of investments in the recent
years [90]. Silicon photonics is recognized as a disruptive technology that has the potential to
reshape many application areas, for example, data center communication, telecommunications,
high-performance computing, and sensing. The key capability that silicon photonics offers is
to leverage robust CMOS-style design, fabrication, and test infrastructure to build compact,
energy-efficient, and high-performance integrated photonic on-chip-systems at low cost and
high reliability. Moreover, merging electronics and photonics on the same platform creates a
unique opportunity to utilize the best of both worlds.
As the need to squeeze more data into a given bandwidth and a given footprint increases,

silicon photonics becomes more and more promising. The commercial optical transceiver was
pioneered by Luxtera (later Cisco) in 2007 for the datacom market. Recently, other companies
like Intel, Cisco, Acacia have joined in the fray and started shipping their silicon photonic
transceiver products in high volume for the high-performance computing (HPC), datacenter
interconnect (DCI), and telecommunications optical transport markets. As of 2020, the silicon
photonics optical transceiver market has grown to USD581M, with almost 5M units shipped
[90]. Because silicon photonics is a platform, numerous applications have been proposed
by research centers and universities. Some emerging applications like sensing, gyroscope,
LiDAR, neuromorphic and quantum computing, and consumer healthcare have already been
commercialized.
Numerous devices have already been developed in silicon platform, including high-speed

Mach-Zehnder modulators [91, 92], Ge and SiGe-based photodetectors [93], micro-ring modu-
lators [94], filters [95], edge/grating couplers [96], and reconfigurable switches and routers [97].
The functionalities of silicon photonics can be further enhanced and extended by integrating
silicon with other materials, including graphene, silicon nitride, III-V compound semiconduc-
tors, other group-IV elements like Ge, and LiNbO3. As an example, hybrid modulators based
on plasmonics, organic materials, or LiNbO3-on-insulator can provide bandwidths in excess of
100GHz [98–103]. Such high-bandwidth modulators open the possibility of realizing very high
bandwidth E/O combs [104].
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The term silicon photonics is not limited to the traditional silicon-on-insulator (SOI) tech-
nology. Any CMOS compatible material comes into the fold. For some passive devices, such
as filters, SOI faces the process control issue as well as the relatively large phase error due to
the high index contrast between the silicon and oxide. Hence, the fabrication tolerance has to
be very precise. Moreover, SOI tends to be lossy, and due to the presence of significant two
photon absorption (TPA) in the telecommunication wavelengths, it is not suitable for many
exotic applications such as nonlinear optics necessary. Therefore, a silicon nitride platform
starting with a silicon test wafer is proposed. Silicon Nitride is a CMOS-compatible material
and can provide many complementary functions in a silicon photonics chip [105, 106]. While
the transparency range of silicon is only between 1.1 µm to 4 µm, silicon nitride covers a broad
operation range from visible (≈ 0.4 µm) to the mid-infrared wavelength (≈ 4 µm), expanding
the functionality to various applications, such as biochemical sensors at visible light, LiDARs,
optical gas sensing in the mid-infrared range, and most importantly octave-spanning OFC
generation. Later in this chapter, an overview of SiN technology for comb generation purposes
will be discussed. Although the silicon nitride platform has some unique advantages, such as
extremely low propagation loss and the large fabrication tolerance, silicon nitride itself has
no active effect (except thermal tuning). In view of this, SiN-on-SOI platforms have been
developed, leveraging on both advantages of Si and SiN platforms [107, 108]. These platforms
open the possibility for passive optical functionalities implemented in the silicon nitride layer
to be combined with active functionalities in the SOI.

Additional to functionalities, silicon photonics provides the opportunity for fabless research,
thanks to the commercial foundry services. Most of the devices that were used for system level
demonstrations in this work, were fabricated under fabrication services provided by various
foundries. There are different types of fabrication services that most foundries provide.

Foundry Service Mach-Zehnder modulator (MZM) Bandwidth SiGe Photodetector Bandwidth

IMEC iSiPP50 37GHz @ -2V 50GHz

CEA-Leti Si310-PHMP2M 40GHz @-2V 35GHz

AMF MPW > 40GHz @ -2V 35GHz @ -2V

IHP SG25H5-ePIC N.A. 50GHz

AIM MPW 50Gbps 50GHz

Global Foundries 90WG 27GHz @ -2V 39GHz

Table 2.1: PDK MZM and photodetector performances from different commercial silicon photonic foundries.
For the concepts proposed in this thesis, standard components available from the PDKs can be utilized. Data
for the table are compiled from Ref. [108]. N.A.: not available.

A multi-project wafer (MPW) service is the foundry service at which many designers can
share the same fabrication process. Thus, the fabrication cost is minimized through sharing
among customers. Normally, the MPW integration process is the most mature process in a
foundry, including the integration modules that fulfill most of the application requirements.
Apart from devices designed by the consumer (academic/commercial) under certain design
rules specified by the foundry, a library of photonic elements are usually available as part of a
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process design kit (PDK). This, PDK which is associated with the standard integration flow,
allows external designers to reduce their own development work. Thus, it allows customers
to obtain their final designs with considerably fewer required runs. Table. 2.1 provides a
comparison of available MZM and photodetectors as in the PDKs of different renowned foundry
service providers. All the concepts proposed in this thesis can be realized based on such PDK
components. This has been a major motivation behind the work, so that the proposed ideas
can be practically realized at large scales with cost-effectiveness. With this motivation of
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Figure 2.2: An artist’s impression of OFC based silicon photonic engines such as a transceiver and all-optical
signal processor.

consolidating OFC’s versatile functionalities on the silicon integrated photonic engine, one can
envision multifarious applications. However, this thesis presents system-level demonstrations
for two key application fields: (i) integrated optical and microwave signal processing, (ii)
integrated optical transceivers. Fig. 2.2 shows an artist’s impression of such systems.
Silicon photonic modulators utilize the plasma-dispersion effect for E/O modulation [109].

Moreover, Si offers excellent third-order nonlinear optical properties suitable for kerr effect.
Thus, both E/O modulation and nonlinear optical interaction can be exploited for comb
generation. Each of the method had its own advantages and disadvantages. In the next
sections, both the methods have been discussed.

2.3 Microresonator Kerr Comb

Optical frequency combs based on micro-resonators, or micro-combs, represent an exception-
ally active field of research that has only been developed in the last decade. It has its roots in
the late 1980s and reached maturity for telecom applications at the turn of the millennium.
Low loss optical microcavities/microresonators offers high-Q factors along with low mode vol-
umes, and therefore, are ideally suited for nonlinear frequency conversion due to the reduction
in the threshold of nonlinear optical processes. Kerr comb generation, as a field of research
in its own right, was established in 2007 after a seminal paper by Del’Haye et al. [110], that
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presented OFC generation from a CW-driven, high-Q optical microcavity for the first time.
The mechanism behind comb generation inside microresonators is based on nonlinear effects:
a CW laser is usually injected in the resonator to seed a FWM phenomenon that leads to
the generation of new frequencies. Microresonators give access to the Kerr nonlinearity at
milliwatt power levels through resonant enhancement of light in whispering-gallery microres-
onators [111–113] or microring resonators [69, 114–116]. Key to the comb generation is the
confinement of the input CW laser light in a resonator mode with a very low cross-section
that has less propagation loss, with material and dielectric-interface–dependent quality fac-
tors ranging from Q ≈ 106 up to nearly 1011. Under these conditions, milliwatts of input power
are resonantly enhanced to as high as kilowatt levels so that two sidebands are spontaneously
generated with equal spacing about the pump laser frequency through parametric oscillation
mediated by the Kerr nonlinearity [112, 117]. This process then cascades through FWM such
that additional sidebands are generated, which finally leads to a frequency comb [110] (see
Fig. 2.3). Developments related to solitons in optical fiber cavities combined with a deeper un-
derstanding of cascaded combs eventually led to isolated soliton generation in microresonators
[114, 116, 118]. A soliton pulse that propagates with preserving its shape around the cavity
is the basis of such frequency comb generation. This corresponds to the creation of sidebands
that are frequency detuned as the inverse of the round trip time of the cavity.

The basis of the current theoretical understanding and description of micro-combs can be
traced back to the early studies on light transmission by nonlinear ring cavities exhibits bi-
stability, instabilities and chaos [119, 120]. By averaging nonlinear diffractive propagation over
the Ikeda map, Lugiato and Lefever have shown that the generation of spatial dissipative struc-
tures in nonlinear Kerr ring cavities could be described by the damped, driven and detuned
Nonlinear Shrödinger (NLS) equation [121]. Since optical microresonators are essentially a
miniature version of fiber ring cavities, the Lugiato-Lefever equation provides the foundation
for the modeling of optical micro-combs, provided that periodic boundary conditions imposed
by the finite cavity length (or circulation time) are explicitly taken into account. However,
earlier theoretical studies behind the physics of Kerr micro-comb generation have relied on
the coupled-mode theory or frequency domain description [122], rather than the time-domain
approach based on the Lugiato-Lefever equation, which has only been applied in recent years
[123–125].

Dielectric optical resonators of various shapes and composed of different materials have
been exploited for generating micro-combs, all having the common feature of possessing an
exceptionally high quality factor (high-Q). Several forms of microresonators are available,
such as a microtoroid, microsphere, microdisk, and microring. Some are shown in Fig. 2.3.
The coupling with light has to be made, employing evanescent waves. In microresonators, the
round trip time is fixed by the length of the cavity, which is generally below 1 mm. So, the
repetition frequencies achievable with these setups range from 10GHz up to several THz. The
outstanding feature of the Kerr comb is the massive bandwidth of the generated comb that
can even span a whole octave [110, 114, 126]. Such a comb source requires nothing more than
an intense CW laser and a microresonator.
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2.3 Microresonator Kerr Comb

𝜔1 + 𝜔2 = 𝜔1 = 𝜔3 + 𝜔4

𝜔1 + 𝜔2 = 𝜔3 + 𝜔4

Figure 2.3: (a) Schematic of typical shapes of microresonators. Micro-combs have been generated by a large
class of resonator devices, such as whispering-gallery mode-based spheres, monolithic microdisks and integrated
microring resonator (MRR). (b) Schematic representation of comb generation in a microcavity via parametric
frequency conversion through both degenerate and non-degenerate FWM (adapted from Ref. [113]).

2.3.1 Microresonator Technology Platforms

In recent years, a great effort has been devoted to the development of a micro-comb technol-
ogy in platforms compatible with large-scale integration. Such an achievement would offer
enormous benefits in terms of scalability, reduced footprint, improved performance, and many
other advantages, similar to the ones achieved by the electronic chip industry. Planar photonics
based on silicon, particularly in the form of SOI, has become a key foundation of the photonic
chip industry in the last ten years [90, 108, 127], gradually replacing the large interface cards
in optical communications networks. In particular, many communication technology indus-
tries have recently developed integrated ring resonators for modulators [94, 108, 127, 128].
Therefore, SOI appears to be an attractive platform to realize integrated micro-combs.

Silicon offers many attractive nonlinear optical features, such as an extremely high Kerr
nonlinearity (n2)[129–131]. When combined with the very tight confinement of light within
SOI nanowires (due to their extremely high refractive index contrast), it yields an extremely
high, nonlinear parameter (γ) of ∼ 4.5 × 105 W−1km−1 [131]. Here γ = ωn2/(cAeff ), where
Aeff is the effective area of the waveguide, c is the speed of light and ω is the pump frequency.
Comparatively, for the silica fiber, γ ∼ 10−3 W−1m−1 [85]. Many impressive nonlinear optics
applications have been reported in SOI, such as Raman gain and lasing [132], time lensing [133],
slow-light-based signal processing [134], optical regeneration [135], parametric gain [136–139],
and even quantum optical applications, such as correlated photon-pair generation [140–142].

SOI could have been the most successful platform for both linear and nonlinear photonics
if perhaps it didn’t have two main issues. The first issue is its centrosymmetry. It rules
out any second-order nonlinear optical effects, such as E/O modulation functionalities. The
second and, perhaps, far more severe issue is the presence of significant two-photon absorption
(TPA) in the telecommunications window near 1550 nm [143, 144]. Silicon’s indirect bandgap
(∼ 1.1 eV) is well below the two-photon energy of the optical telecom photons at 1550 nm. The
same holds true for in fact all wavelengths shorter than about 2200 nm. However, nonlinear
absorption can occur at high intensities. In this case, the energy of two photons can push an
electron from the valence band into the conduction band. This is known as the TPA. The TPA
significantly restricts the desirable Kerr effect through nonlinear attenuation. Additionally,
the free carriers induced by the TPA cause free-carrier absorption (FCA) and free-carrier
dispersion (FCD), further degrading the efficiency of Kerr effect. However, the effect of TPA-
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generated free carriers can be mitigated - for example, by using p–i–n junctions to sweep out
the carriers [145]. It is common to define the intrinsic nonlinear figure of merit (NFOM) as
NFOM = n2/(βλ), where β is the TPA coefficient and λ is the wavelength [146]. For silicon,
the NFOM is only 0.3 near 1550 nm, due to the high TPA coefficient [147, 148]. Being an
intrinsic property of the silicon bandstructure, this represents a fundamental limitation.

Only recently has a frequency comb source, been directly demonstrated in a silicon MRR
[149]. This achievement was possible by significantly increasing the Q-factor by relying on
etchless fabrication methods (thermal oxidation) to reduce waveguide roughness and loss.
Moreover, the working wavelength was beyond 2.2µm, (the two-photon absorption cut-off
wavelength), and a p-i-n junction was applied to sweep out the free carriers generated by
three-photon (and higher-order) absorption.

For the telecom band, the low NFOM of silicon has necessitated the development of new
CMOS-compatible platforms for nonlinear optics. These include silicon nitride (SiN), Hydex
glass, and silicon oxynitrides (SiOxNx) [150]. Originally developed for linear optics, these
platforms are up-and-coming due to their relatively large nonlinearities and negligible linear
and nonlinear loss at telecommunication wavelengths. Additionally, their high-quality CMOS-
compatible fabrication processes, high material stability and the ability to engineer dispersion
make these platforms highly attractive [115, 150]. Significant progress has been made con-
cerning their nonlinear performance - particularly in the context of optical frequency comb
generation in micro-resonators. Since the first demonstration of optical frequency combs in SiN
and Hydex in 2010, this field has proliferated [115, 151, 152]. Extremely wideband octave-
spanning frequency combs [126, 153, 154], combs with sub-100-GHz line spacing [155], and
dual-frequency combs [156] have been reported. These breakthroughs have not been possible
in SOI at telecom wavelengths because of it’s low NFOM. Recently, many efforts have been put
on soliton formation to get stable, coherent comb generation on SiN platform [114, 116, 118].
In 2021, a heterogeneous integration approach has been demonstrated to generate soliton mi-
crcombs in the InP-SOI-SiN platform [157]. As discussed in the previous chapter, SiN is now
already a part of standard foundry SOI processes [107, 108]. This can open a new window for
Kerr comb technology to become available to the mass silicon photonics market.

Whether realized directly in SOI or these new CMOS-compatible platforms, all the ap-
proaches based on integrated optics offer substantial benefits over bulk technologies. Integrated
microring resonators can route signals directly on-chip to achieve complex functionalities. The
low bending loss of high-index contrast waveguides also provides high flexibility in the micro-
resonator geometry.

2.4 Electro-Optic Comb Generation

As mentioned earlier, for the primary applications concerning this thesis work, comb self-
referencing is not required, but higher repetition rates, system simplicity, robustness, and
tunability are important. The E/O frequency comb generators can meet these demands.
Unlike actively mode-locked lasers or microresonators, it permits independent electrical tuning
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of the repetition rate and central frequency. A CW laser is injected to an optical setup that
contains one or several modulators in tandem or coupled to a cavity. At the output, an OFC
emerges with the central frequency defined by the CW laser and the frequency spacing fixed
by the RF oscillator driving the modulators. The E/O comb generation method has been in
research since the 1960s [158]. Later, it has also been used as a source of high-repetition-rate
picosecond pulses [159]. These early demonstrations were based on phase modulators coupled
in a cavity. However, systems based on external modulators followed soon [160]. Thanks to the
advent of low-noise high-frequency RF oscillators and low-driving-voltage high-power handling
integrated E/O modulators; this platform gained increasing popularity due to its robustness,
simplicity, and performance.
Several physical phenomena can be exploited in an integrated optical modulator, depending

on the material platform. The term E/O effect broadly describes refractive-index change
induced by applying an external electric field that can be static or of low frequency compared
to the optical frequency (quasi-static). It is to be noted that the term E/O comb generator is
coined here because, despite the fact that any type of modulation mechanism can be exploited,
E/O modulators are similar in functionalities. Nevertheless, the different physical processes
may impact the comb generation process in unique ways with individual advantages and
disadvantages. In this thesis, E/O combs generated from integrated silicon modulators and
bench top LiNbO3 modulators will be mostly explored.
A few prominent physical effects responsible for E/O modulation are summarized below

[109, 161]:
Pockels and Kerr E/O effects: This is the result of the anharmonic nature of the electron po-

tential that allows an applied electric field to change the polarization of a material and,
thus, change its refractive index (impermeability tensor). Modulation speeds can be
very fast with low-power consumption since the effects are based on bound charges in
the material, so no transport of charged carriers is involved. However, the Pockels effect
is only present in a non-centrosymmetric crystal that lacks inversion symmetry, such as
lithium niobate (LiNbO3), lithium tantalate (LiTaO3), and barium titanate (BaTiO3)
as well as semiconductors such as gallium arsenide (GaAs). In centrosymmetric silicon
(unstrained crystalline silicon commonly used as CMOS wafers) - the Pockels effect van-
ishes. However, the Kerr effect is present in all materials. The Kerr E/O effect shares
similarities with the Pockels effect, but the changes in the impermeability tensor are now
proportional to the square of the applied electric field. In silicon, it is very weak-yielding
negligible index changes (∆n ∼ 10−4 at an applied electric field of 106 V/cm) [109].

Franz–Keldysh and quantum-confined Stark effect: In bulk semiconductors or insulators, the
applied electric field results in tilted energy bands throughout the crystal, referred to
as the Franz–Keldysh effect. Airy functions rather than plane waves describe the elec-
tron (hole) wavefunctions near the conduction (valence) band edge. As a result, they
expand slightly further into the bandgap in an exponentially decreasing manner, oc-
cupying previously forbidden states. Photon-assisted tunneling may occur at slightly
longer wavelengths than before, and light at these wavelengths will be absorbed instead
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of transmitted.
The application of an electric field shifts the energy states of atoms and molecules by
changing the energy of their electrons (Stark effect). The quantum-confined Stark effect
manifests in quantum-confined carriers in three-, two-, and one-dimensional potential
wells such as quantum dots, wires, and wells, respectively [162].
Both effects are more pronounced in direct-bandgap semiconductors due to the steep
absorption slope and especially stronger at photon energies near the bandgap value. For
telecommunication, III–V materials (GaAs, InP) have been extensively employed due to
their direct and suitably wide bandgap. In silicon, this is observed in Ge-SiGe quantum
wells.
Both effects also give rise to changes in the refractive index (electro-refraction effect), as
dictated by the Kramers–Kronig relations, which can be exploited for realizing phase-
shifting elements. For wavelengths that are much longer than the bandgap the index
change has more significant effect than the absorption change, and phase modulator
designs work better. Such is the case for modulation in silicon at telecommunications
wavelengths. In silicon, the absorption due to the Franz-Keldysh effect is relatively small
-demanding large device sizes to work -and only manifests at specific wavelengths. Ge-
SiGe quantum wells are challenging to fabricate, and there are still no good schemes for
coupling into the quantum well structures from standard, thin silicon waveguides.

Free-carrier effect or plasma-dispersion-effect: The free-carrier effect, also widely referred to
as the plasma-dispersion-effect, refers to the dependence of both optical refraction and
absorption on the concentration of free carriers in a semiconductor like silicon [163]. As
dictated by the fundamental Kramers–Kronig relations, the concentration of free charges
contributes to the loss via absorption. Moreover, the imaginary part of the refractive
index is determined by the absorption (or loss) coefficient. Therefore, it is clear that
changing the concentration of free charges can change the material’s refractive index.
Hence, both amplitude and phase control of the guided wave is possible. This is the
most dominating physical phenomenon that is utilized in modern silicon modulators.
The Drude model states that electron movement in a metal is governed by the equation
−eE = m∗ dv

dt + m∗gv [164]. Here, e is the electron charge, m∗ is the electron effective
mass, E is the applied electric field, and g is the damping factor. Note that, the Drude
model considers a particular change in the Lorentz oscillator model: in the metallic bond
the electrons are not bound and there is no analogous of a restoring “spring” force. Nev-
ertheless, there is still a damping term, due mostly to the collisions within the electron
cloud and with the nuclei.
Substituting into Maxwell’s equations, a carrier-dependent index of refraction and ab-
sorption result. The change in absorption coefficient (∆α) and refractive index (∆n)
in silicon are related to the change in the concentration of electrons (∆Ne) and holes
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(∆Nh) and are generally described by the Lorentz-Drude equations [165],

∆n = − e2λ2
0

8π2c2ε0n

(
∆Ne

m∗ce
+

∆Nh

m∗ch

)
; (2.4)

∆α =
e3λ2

0

4π2c3ε0n

(
∆Ne

µe(m∗ce)
2

+
∆Nh

µh(m∗ch)2

)
. (2.5)

In the above equation, c is the velocity of light in vacuum, ε0 is the vacuum permittivity,
λ0 is the vacuum wavelength, n is the refractive index of intrinsic silicon, m∗ce and m∗ch
are the electron and hole effective masses, and µe and µh are the electron and hole
mobilities.
However, the Lorentz-Drude model assumes many approximations, most of which work
best for metals, and does not account for many physical phenomena. Because of this,
the standard empirical results of Soref et al. for silicon in the 1550 nm band are more
relevant. In their seminal paper, Soref and Bennett [163] compiled from the literature the
measured values of absorption, as a function of wavelength and doping. They then used
the Kramers-Kronig relations to calculate the expected change in refractive index, and
plotted these results along with the absorption data on a series of graphs. Interpolating,
they came up with a set of data that relates free carrier concentration to ∆α and to
∆n in the two telecommunications bands (1300 nm and 1550 nm). At the wavelength
of 1550 nm, the refractive index change is empirically related to the free carrier density
changes (in units of cm−3) as,

∆n = ∆ne + ∆nh = −
(
8.8× 10−22 ·∆Ne + 8.5× 10−18 · (∆Nh)0.8

)
;

∆α = ∆αe + ∆αh = 8.5× 10−18 ·∆Ne + 6.0× 10−18 ·∆Nh

(2.6)

To obtain the desired change in carrier concentration, p-n/p-i-n junctions of different
configurations are embedded inside a rib waveguide and is driven in reverse-bias to in-
duce carrier depletion[91]. The operation of a depletion device relies on majority-carrier
dynamics that are inherently fast, thus more operation bandwidth can be achieved,
however at the expense of long phase-shifter lengths. Carrier injection can decrease the
phase-shifter lengths, but are considerably slower due to carrier lifetimes. These phase-
shifters are then incorporated in a Mach-Zehnder structure or a ring resonator to achieve
intensity modulation.
Silicon–insulator–silicon capacitor, or SISCAP can be employed as well, so that opposite
charge carriers accumulate on each side of the insulator when an external bias is ap-
plied, modifying the properties of Si. However, SISCAPs typically involve a challenging
fabrication process requiring a polysilicon layer above the oxide, which brings additional
losses because it needs higher doping to increase modulation efficiency [161].

Thermo-Optic effect: The thermo-optic effect refers to the change in optical properties of a
material under temperature variation. A change in temperature causes a change in
electron distribution and thus alters the electron-phonon interaction coefficients. This

21



2. General Principles

change in electron distribution translates into a change in the index of refraction. The
thermo-optic coefficient is defined as the effective change in refractive index for 1°C
change in temperature of the material. At telecommunication wavelengths in room-
temperature silicon, the thermo-optic coefficient, dn

dT = 1.86×10−4/°C [166]. Despite the
comparatively large effect, the thermo-optic effect is not a good modulator candidate due
to its sluggishness and a device operation is limited to about 1MHz [167]. Note that the
refractive index change is positive with applied thermal energy, whereas the injection of
free carriers results in a decrease in the refractive index. Therefore, in a poorly designed
modulator, the two effects could compete.

2.4.1 Elementary Electro-Optic Modulators

To understand the different characteristics of E/O comb sources, it is necessary to understand
the theory behind the building blocks of an E/O comb source. A brief reminder on the
E/O effect and its well-known characteristics, along with a description of elementary E/O
modulators, is included in AppendixA. Below, the forms of the spectral outputs delivered by
different elementary modulators, as shown in Fig. 2.4, are discussed. Characteristics of these
modulators in the context of comb generation, such as the number of lines or, when relevant,
the obtained comb shape under particular conditions, will be presented.

single-drive

Figure 2.4: Elementary modulator structures relevant to comb generation. (a) PM: phase modulator, (b)
single-drive Mach-Zehnder Modulator (MZM), (d) DD-MZM: dual-drive MZM, (c) DP-MZM: dual parallel
MZM, (e) MRR-Modulator: microring resonator modulator. The optical waveguides and the electro-optic
phase shifter regions are shown in black and yellow, respectively. The electrical connections are shown in blue.

Phase Modulator

A phase modulator (PM) is the simplest form of an E/O modulator where a material ex-
hibiting E/O effect is sandwiched between two electrodes. A detailed description of the phase
modulation is presented in AppendixA.1.1. If an input optical field E0e

iωct undergoes phase
modulation by an input RF signal v(t) = Vdc + Vm sin(ωmt), the output optical field can be
expressed in the time-domain in terms of a Bessel’s series as,

Eout(t) = E0e
iωcteikVdc

+∞∑
n=−∞

Jn(kVm)einωmt (2.7)

The constant k = π/Vπ is named as the modulation index where Vπ is the half-wave voltage
that provides a phase modulation of π. Jn(βm) are the Bessel’s function of the first kind for
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n ∈ Z (see Fig. 2.5(a) for the first five).

Figure 2.5: (a) Graph showing the first five Bessel functions of the first kind. The amplitude of sidebands
generated by phase modulation is directly related to these functions. Numerically simulated OFC generated
with an ideal PM of Vπ = 5 V and peak-to-peak input (b) Vm = 30 dBm, and (c) Vm = 23 dBm.

In the frequency-domain, the amplitude spectrum can be obtained by Fourier transform as,

Eout(ω) = F (Eout(t))

= E0e
i
πVdc
Vπ δ(ω − ωc) ∗

(∫ +∞

−∞

+∞∑
n=−∞

Jn

(
πVm
Vπ

)
ei(nωm−ω)tdt

)

= E0e
i
πVdc
Vπ

+∞∑
n=−∞

Jn

(
πVm
Vπ

)
δ(ω − nωm − ωc)

(2.8)

It can be seen that new sidebands at frequencies ωc ± nωm are generated with symmetric
amplitudes Jn(πVm/Vπ) set by the modulation index (k = π/Vπ), input RF power (Vm), and
mode number (n). This lays the foundation of E/O comb generation. When the modulation
index is relatively low, only a few sidebands are excited. However, with higher input RF
power, a substantial number of sidebands can be generated. This follows from the fact that
sideband powers are related to the Bessel’s functions, and with increasing Vm higher-order
Bessel’s coefficients also become significant (see Fig. 2.5(a)). Fig. 2.5(b) and 2.5(c) present an
example of numerically simulated OFCs generated from an ideal PM of Vπ = 5V and RF
inputs Vm = 30dBm and 23 dBm, respectively.
The intrinsic property of the Bessel function Jn(πVm/Vπ) = (−1)nJn(πVm/Vπ) implies

that the sideband pairs generated by phase modulation are always out-of-phase. Thus, after
photodetection, the beat components from the sidebands and optical carrier will be canceled
out. Hence, the phase modulation does not change the light intensity, and although a comb is
generated, no pulse formation is possible without further processing of the sidebands.

Mach-Zehnder Modulator

The MZM is the most used intensity or amplitude modulator configuration. It is constructed
by putting the PM either in one or in both arms of a Mach-Zehnder interferometer, as de-
picted in Fig. 2.4(b) and 2.4(c). There are two primary driving configurations of MZMs namely
- (i) single-drive MZM (electrical RF signal is applied only to one arm, see Fig. 2.4(b)), and
(ii) dual-drive MZM (DD-MZM) (electrical RF signal is applied to both arms, see Fig. 2.4(c))
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. In a DD-MZM, the push-pull mode (the electrical RF signal applied differentially) is widely
used as they are chirp-free (no parasitic phase modulation). A detailed mathematical de-
scription of these mechanisms is presented in AppendixA.1.2. Note that usually, commercial
DD-MZMs exhibit a single input for the electrical signal and one input for the bias voltage,
which simplifies the setup, and the push-pull operation mode is made by setting the electrodes
accordingly.

Considering a push-pull mode driving condition, such that the inputs to the two arms are
v2(t) = −v1(t) = −v(t)/2. This is achieved by dividing the input electrical signal in two
differential signals using a balun splitter. The phase modulators have the same half-wave
voltage Vπ. Then following Eq.A.11, the output optical field is expressed as,

Eout =
Ein
2

[
ei
kVdc

2 ei
kVm

2
sin(ωmt) + e−i

kVdc
2 e−i

kVm
2

sin(ωmt)
]

= Ein

[
cos

(
πVdc
2Vπ

)
J0

(
πVm
2Vπ

)

+ 2 cos

(
πVdc
2Vπ

) ∞∑
n=1

(−1)nJ2n

(
πVm
2Vπ

)
cos
(

2n · ωmt
)

− 2 sin

(
πVdc
2Vπ

) ∞∑
n=1

J2n−1

(
πVm
2Vπ

)
sin
(

(2n− 1) · ωmt
)]
.

(2.9)

In the frequency-domain, the amplitude spectrum of the output of the push-pull DD-MZM
can be obtained by Fourier transform as,

Eout(ω) = F (Eout(t))

=
E0

2

+∞∑
n=−∞

[
Jn

(
πVm
2Vπ

)
ei
πVdc
2Vπ + Jn

(
−πVm

2Vπ

)
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2
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ei
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2Vπ + (−1)n e−i

πVdc
2Vπ

]
δ(ω − nωm − ωc)

(2.10)

Figure 2.6: Graph showing the numerically simulated OFC generated by an ideal push-pull DD-MZM defined
by Eq. 2.10. (a) If the DD-MZM is biased at Vdc = Vπ/2, the generated OFC consists of both even and odd
order modes. On the other hand if (b) Vdc = Vπ only odd order modes exists and the carrier is suppressed. (c)
For Vdc = nVπ with n = 0,±2,±4, ... only even order modes exists. The input RF power was kept constant at
30 dBm and the Vπ of the individual phase modulators were considered to be 5 V.
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Hence, it can be seen that new optical modes spaced by ωm are generated in this case as well.
As evident from Fig. 2.6, in comparison to a PM, the bias voltage provides an additional degree
of freedom for the MZM. We shall see later, in the context of Nyquist pulse generation, this will
be particularly useful for spectrum flattening. The sidebands generated by such modulation
always possess a linear phase relationship. Thus, pulse generation is viable. Although the
number of comb lines generated with a DD-MZM, when the RF signals and the bias voltages
are different, is similar to the number of comb lines generated with a PM, the shape of the
generated OFC can be much different.

Figure 2.7: (a) Schematic representation of transfer functions of an MZM. The input electrical and optical
signals are shown in blue and orange, respectively. For an intensity modulation, the operating point (in blue) is
set at Vπ/2, which can be tuned by the direct current (DC) bias voltage. Usually, the input RF swings between
a peak to peak value of less than Vπ, for the desired intensity modulation. If the operating point is set at ±Vπ
(in green), and the input binary signal swings with a peak-to-peak value of 2Vπ, then the output optical carrier
phase swings between 0 and π. This is how the so-called binary phase shift keying (BPSK) optical signalling
is achieved with the MZM. Thus phase modulation as well as intensity modulation can be done by an MZM.
(b) Plot of the microring resonance spectrum showing modulation in the transmitted power due to variation
in the resonant frequency under the applied electrical signal.

Fig. 2.7(a) shows the field amplitude and power transfer functions of a typical MZM. Both
intensity/amplitude and phase modulation can be achieved by setting the working point by
carefully varying the DC bias associated with the input electrical signal. For pure intensity
modulation, the working point is set to the quadrature point (midway between the maximum
and minimum intensity). However, the phase modulation is achieved by setting the working
point at the Vπ.

Dual-Parallel Mach-Zehnder Modulator

The dual-parallel MZM (DP-MZM) can be viewed as a device consisting of two parallel child-
MZMs embedded in a parent Mach-Zehnder interferometric structure as depicted in Fig. 2.4(d).
An extra phase-shifter is employed in one parent interferometer arm to adjust the relative phase
shift between the upper and lower arms. Such a topology allows an arbitrary amplitude and
phase modulation of the input optical electric field. Continuing from the previous derivations
of output optical fields of the DD-MZM and PM, the output of the DP-MZM can be written
as,

Eout(t) = Ein

[
cos

(
πv1(t)

2V π

)
+ cos

(
πv2(t)

2V π

)
ei
πVPM
Vπ

]
. (2.11)
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It has been considered that all the phase modulators have the same Vπ and the RF input to
the child-MZMs are v1(t) and v2(t), respectively. The PM in one arm is driven with a DC
voltage of VPM . Here the operational degrees of freedom are manyfold. Phase, amplitude, and
mode spacing of a generated OFC can be arbitrarily tuned by varying the inputs to the two
child-MZMs and the phase modulator.

In optical communications, the DP-MZM is also known as the I-Q modulator. With the
development of coherent communication techniques, higher-order modulation formats such
as quadrature amplitude modulation (QAM) have become the most important approach to
increase the spectral efficiency. The in-phase and quadrature components of a complex signal
can be separately modulated via the two child-MZMs. This is achieved by setting the DC
bias voltages associated with the two inputs to Vπ. The underlying mathematics is explained
in detail in AppendixA.1.2 and a graphical illustration of a BPSK modulation is presented
in Fig. 2.7(a). If both the modulators are biased in this way with BPSK signal inputs, the
output will be a quadrature phase shift keying (QPSK) signal if the phase modulator provides
an additional π/2 phase shift in one arm. Likewise, higher-order QAM signals are generated.

Microring resonator Modulator

Microring resonator based modulators are of increasing interest as they can be operated in
principle with a lower driving voltage and have a more compact design, which is a prerequisite
for an integrated platform.

A typical MRR modulator consists of one bus waveguide coupled to an all-pass MRR, as
illustrated in Fig. 2.4(d). The transfer function of the all-pass MRR is given as (see Ap-
pendixB.1.2 for detailed derivation),

tthrough =
Et
Ein

=
τ − arte−iφrt
1− τarte−iφrt

(2.12)

Tthrough =

∣∣∣∣ EtEin

∣∣∣∣2 =
τ2 + a2

rt − 2τart cosφrt
1 + τ2a2

rt − 2τart cosφrt
. (2.13)

The optical transmission spectrum is a periodic function and has notches at the ring reso-
nances. The MRR is on resonance when the round trip phase φrt = 2πm with m ∈ Z, or the
wavelength λm of the light fits an integer number of times inside the ring cavity of radius R
and circumference L i.e., λm =

2πneffR
m =

Lneff
m . Here, neff is the effective refractive index of

the waveguide. The periodicity of the notches is defined as the free spectral range (FSR) of
the MRR and is given as the inverse of the round trip time:

∆λFSR =
λ2

ngL
; ∆fFSR =

c

ngL
=

1

Trt
. (2.14)

The group index ng used in the previous equation is defined as,

ng = neff − λ
dneff

dλ
. (2.15)
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Changing the refractive index of the ring resonator waveguide by an applied modulating voltage
results in the resonance wavelength shift. Let us consider the effective refractive index within
a section (l) of the ring cavity is modified by the applied voltage V . Then the resonance
condition modifies to,

(L− l)neff (λ) + lneff (λ, V ) = mλm. (2.16)

Taking differential change with respect to both the wavelength and applied voltage,

(L− l)dneff (λ)

dλ
∆λ+ l

(
∂neff (λ)

∂λ
∆λ+

∂neff
∂V

V

)
= m∆λ. (2.17)

Thus using Eq. 2.15 and m = Lneff/λm, the change in the resonance wavelength due to the
change in effective index can be expressed as,

∆λ =
λm
ng

l

L
∆neff (V ). (2.18)

Here the change in effective index due to the applied voltage alone is expressed as,

∆neff (V ) =
∂neff
∂V

V (2.19)

Equation 2.18 is the governing equation for tuning the MRR. Generally, in silicon photonics,
thermo-optic and free-carrier dispersion effect is utilized for this purpose. With input laser
power at frequency fm, this ring resonance modulation produces an extinction ratio at the bus
waveguide output, as shown in Fig. 2.7(b).

This type of intensity modulation needs to deplete the light from the ring resonator in on-
state and to inject the light into the resonator in off-state. Therefore, the switching speed
between on- and off- states depends on how fast the cavity can respond. The figures of merit
known as the finesse (F) and Q−factor determine the cavity photon lifetime. For low-loss
rings they are related as (see AppendixB.2.5),

F ≈ Q
m
. (2.20)

Wave packets in the ring waveguide travel at group velocity (c/ng) while decaying due to
waveguide loss and coupling out to the bus. The photon lifetime τph is defined as the time
needed for the intensity (proportional to the number of photons) to decay by a factor of 1/e.
The cavity photon lifetime of the microring is inversely proportional to the resonance linewidth
or full width at half maximum (FWHM) δωFWHM.

If the Q−factor is high, the cavity photon lifetime is longer, and therefore, the rise and fall
times of the field amplitude take longer. Hence, the operation bandwidth is limited by the
cavity linewidth [168, 169]. The lower the photon lifetime and electrical time constant are, the
higher the bandwidth will be. However, a lower photon lifetime means a lower Q−factor, and
therefore the modulator requires a higher driving voltage. In addition to the optical bandwidth
constraint in a ring modulator, there is also electrical bandwidth limitation, primarily arising
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from the junction capacitance and series resistance. Commonly, the overall 3 dB bandwidth is
expressed as,

1

ω2
BW

=
1

δω2
FWHM

+
1

ω2
RC

(2.21)

It is worth noting that similar to the index of the ring waveguide, the coupling between the
bus waveguide and the ring cavity can also be tuned to get the desired modulation beyond
the resonance linewidth limit [170, 171].
Evidently, following the transfer characteristics of the MRR, the MRR modulators are

wavelength-dependent. Thus, they can be used for modulating different colors of light si-
multaneously without using wavelength splitters. Such a comb-based WDM system is shown
in Fig. 2.8.

Figure 2.8: A typical OFC based WDM link based on ring modulators at the transmitter and ring filters as
de-multiplexers at the receiver. Adapted from Ref. [172].

2.4.2 Common Electro-Optic Comb Generator Setups

Having introduced the elementary modulators in the context of E/O comb generation, it is
now time to review some most common setups used to generate such OFCs.

Single Modulator Setup

The most straightforward setup will be to use a single modulator connected to a CW source
[173–177]. The choice of the modulator can be based on the application requirements. The
theoretical background behind the comb generation by single modulators have already been
discussed in the last subsection. Although a single RF source with sufficiently high power can
generate a comb of an ample number of lines, multiple RF signals can be beneficial to add even
more lines. A DP-MZM can also be used for this purpose, which provides added flexibility due
to more input options [176, 178, 179]. Nevertheless, the single modulator scheme is limited by
the E/O bandwidth of the used modulator. Commercial bench-top LiNbO3 modulators are
available with bandwidths up to 70GHz. With the recent advances in integrated modulators
beyond 100GHz based on silicon photonics and hybrid technologies, this hindrance might be
overcome [98–103, 180–184].
Some interesting applications of such a single modulator comb setup include dual-comb

spectroscopy [185, 186], Nyquist pulse generation [187, 188], all-optical Nyquist pulse sampling
[189, 190], orthogonal multiplexing and de-multiplexing [74]. The last three applications are
a part of this thesis work.
In silicon photonics, almost all the aforementioned elementary modulators have been utilized

to demonstrate OFCs generation in the last four years. These include single phase modulators
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[191, 192], single MZMs [189, 190, 193–195], and single DP-MZMs [196, 197].
In this thesis, a substantial portion is devoted to the OFC and Nyquist pulse generation

based on single Si-photonic MZMs and it’s applications.

Cascaded Modulator Setup

Two or more modulators of various types can be cascaded to get relatively flat broadband OFCs
to circumvent the bandwidth limitations arising from the single modulator setups. Moreover,
the OFCs in Fig. 2.5(b) and 2.6, the comb lines are not of the same power due to the nature of
the Bessel functions (Fig. 2.5(a)). This problem can be overcome by flattening the comb when
using a PM and MZM in a cascaded form. In the simplest case, without any phase tuning
between the modulators, a DD-MZM and a PM can be cascaded to generate a relatively flat
OFC with more than 15 lines well within 5 dB. Cascading more modulators with exotic input
phase and amplitude profiles can generate flat OFCs of tunable bandwidths and repetition
rates [198–202]. Inserting group velocity dispersion between cascaded phase and amplitude
modulators, ultra-flat (±1 dB) OFCs can be generated. The sinusoidally varied chirp of the
continuous wave light induced by phase modulation becomes linear within a relatively broad
time interval, with the applied dispersion [203]. This can even be utilized to generate Nyquist
pulses [204]. An in-depth review of E/O combs based on cascaded modulator can be found in
the review papers [14, 17].

Figure 2.9: Numerically simulated OFC from a cascaded modulator. One PM is cascaded with a push-pull
DD-MZM. The input to the modulators of the same power as in Fig. 2.5(b) and 2.6. No phase or amplitude
tuning was applied to the inputs to the modulators. If one adjusts the phase and amplitude of the individual
input to the modulators, it can potentially improve the comb bandwidth and flatness [198].

Later, in context to the thesis work, cascaded MZMs will be used to generate sinc-shaped
Nyquist pulses through phase-locked flat rectangular OFCs [15, 16, 205].
In silicon photonics and newly proliferating filed of LiNbO3 on insulator platform, various

forms of cascaded modulator setups have been utilized for comb generation [202, 206–208].

Setups involving E/O Modulators in a Cavity

The early demonstrations of E/O comb generation were based on phase modulators inside a
Fabry-Perot cavity [158, 159]. Since the traveling time in the cavity has to match the repetition
rate of the RF signal, stringent design rules are applied. Due to counterbalance drifts owing
to environmental fluctuations, these setups do not seem easy to implement. However, they
offer some unique advantages e.g., the cavity avoids the increment of phase noise of each comb
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line at high frequency detunings [209]. Like free-space cavities, fiber cavities have also been
utilized for comb generation [210, 211].

With the advent of integrated photonics, monolithic cavity structures such as ring modu-
lators have emerged as a very potent tool for implementing such comb generators in various
integrated photonic platforms such as InP [212], silicon [213–218], thin-film LiNbO3 [104].

Now with the knowledge of most common E/O comb setups, let us discuss the advantages
of generating combs with modulators as compared to the other sources. The first advantage is
tunability. The comb originates from a CW laser that is often tunable in frequency. This way,
the entire comb is also frequency tunable. Commercial as well as silicon integrated modulators
can be designed for operations over a large frequency range as well as at different band of
frequencies. Moreover, the comb spacing is also easily tunable since it is provided by RF
generators. Note that, this feature is restricted for setups that are not based on a cavity. For
a cavity based setup the comb spacing can only be integer multiples of the cavity dimension.
Such degrees of flexibility cannot be offered by the MLLs. Tunability of comb spacing in
the kerr comb generation is almost impossible. As discussed before, modulators offer several
degrees of freedom to shape the generated comb. Those include RF power, number of RF
inputs, bias voltages, input polarization states, etc. These can be used to obtain a flat-topped
comb or a comb of user defined shape.

The Fourier transform of “cardinal sine” or “sinc” function is a rectangular function, which
gives a natural motivation to generate rectangular combs. In the next sections and in the
following chapters, we shall see how flat rectangular E/O combs can be obtained to generate
flexible sinc-shaped Nyquist pulses and use them for various signal processing and communi-
cation applications.

2.5 Sinc-Shaped Nyquist Pulse

Today, 100Gbit/s Ethernet is already in use for high-performance computing and datacenters.
However, it has to be scaled to 400Gbit/s, 1Tbit/s, and even beyond due to the growing
demand. Because of energy efficiency and wide available bandwidth along with elasticity in
network allocation, optics offers better solutions than electronics. Intersymbol-interference
(ISI) is a phenomenon in which the energy of one symbol spills over into a succeeding symbol,
causing interference. OTDM with optically sinc-shaped Nyquist pulse sequences can reduce
the signal bandwidth to the symbol rate without ISI. Due to the rectangular shape of the
spectrum, no guard band is required, and it provides greater flexibility in networking with
enhanced spectral efficiency. These short Nyquist pulses can be used to transmit high data rate
signals with higher-order modulation formats [26, 219, 219–222]. All-optical signal processing
units such as high-bandwidth optical ADCs and DACs can also be realized with Nyquist pulse
sampling [187–190, 223–226]. Compared with mode-locked lasers, the traditional sampling
pulse sources, sinc-shaped Nyquist pulse generation based on E/O combs can provide sampling
sources with flexible sampling frequencies and central wavelengths, the potential to integrate
on a chip, and the timing jitter comparable to active mode-locked lasers. Moreover, these
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2.5 Sinc-Shaped Nyquist Pulse

Nyquist ADCs and DACs can optimally use the available electronic bandwidth. Later in
Chapter 3 and 4, generation of such pulses and their application in high bandwidth signal
characterization will be presented. In Chapter 5, it will be demonstrated that in fact any
band-limited signal can be transmitted and received using sinc-shaped Nyquist pulses at the
transmitter and receiver [74].
Nyquist’s first criterion for zero ISI stipulates that at the sampling instances (T, 2T, 3T, ...),

the contributions from the neighbouring symbols of the received waveform must be zero [25].
In the same seminal paper, Nyquist also demonstrated that the maximal symbol rate for a
channel having a bandwidth of B is 2B symbols per second. A sinc-pulse is a special case
of a more general pulse waveform category known as the Nyquist pulse that meets the zero
ISI criterion while having the minimum bandwidth. This concept of zero ISI and minimum
bandwidth are graphically illustrated in Fig. 2.10. The general time-domain waveform of a

Figure 2.10: (a)Ideal sinc-pulses satisfying the Nyquist zero ISI criterion are time separated by T . At
these intervals, the contribution from other neighboring pulses are zero. (b) In the frequency domain, the
corresponding spectrum of a sinc-pulse is rectangular shaped with a bandwidth of F/2, where F = 1/T .

sinc-shaped Nyquist pulse can be expressed by the impulse response of a raised-cosine (RC)
filter [24, 26, 227],

hRC(t) =
sin
(
πt
T

)
πt
T

cos
(
βπt
T

)
1−

(
2βt
T

)2 (2.22)

. In the frequency domain the RC filter shape is defined as,

HRC(f) =


T, for |f | ≤ 1−β

2T

T/2
[
1 + cos

(
πT
β

[
|f | − 1−β

2T

])]
, for 1−β

2T ≤ |f | ≤
1+β
2T

0, otherwise.

(2.23)

hRC(t) consists of the product of two terms - (i) a normalized sinc-function defined as,

sinc (x) =

sin (πx)/(πx), for x 6= 0

1, for x = 0,
(2.24)

through which zero crossings at all nonzero integer multiples of T are guaranteed, (ii) a function
of β that controls the tails and the overlap with predecessors of the pulse. Here, β is known
as the roll-off factor with 0 ≤ β ≤ 1. In Fig. 2.11, the time and frequency domain RC filter
response is presented. The ideal sinc-pulse is obtained for β = 0.0 with a rectangular spectrum.
It is therefore the minimum bandwidth Nyquist pulse.
Let us consider the symbols x(n) with symbol rate F = 1/T are transmitted on pulses h(t)
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Figure 2.11: The pulse waveform hRC(t) and the corresponding spectrum HRC(f), for different values of
the roll-off factor β. It shows that the required bandwidth increases with β while a rectangular spectrum is
obtained for β = 0.0, corresponding to the sinc-shaped pulse. Note that, here F = 1/T .

at the transmitter (Tx). Then the transmitted waveform is:

x(t) =

+∞∑
n=−∞

x(n)h(t− nT ) (2.25)

If the pulse function is sinc-shaped, then even if the neighboring pulses overlap in the time-
domain, ISI-free transmission is guaranteed due to the orthogonality.
Applying the Parceval’s theorem, the orthogonality equation can be written as:

1

T

∫ +∞

−∞

sin
(
π
(
t
T −m

))(
π
(
t
T −m

)) · sin
(
π
(
t
T − n

))(
π
(
t
T − n

)) dt = δmn (2.26)

Where δmn is the Kronecker delta function. The orthogonality of the pulses also implies
that the symbols modulated on sinc-pulses can be ideally retrieved with orthogonal sinc-pulse
sampling at the receiver as well. Even if a substantial portion of the pulse is overlapped, one
does not require an ultrashort pulse for sampling.
Techniques to generate an ISI-free optical Nyquist signal can be broadly classified into

two main categories. The first one is a filtering approach. And the second technique is
based on modulating the symbols on ultrashort optical sinc-shaped pulse sequences and later
orthogonally multiplex them.

2.6 Filtering-Based Nyquist Shaping Techniques in Communication

Mathematically, the Fourier transform of a continuous rectangular function is an infinitely
stretched continuous sinc-function. As practically generating a continuous rectangular spec-
trum is impossible, a discrete rectangular spectrum is created as a Nyquist data signal [15, 16,
26, 72, 74, 187, 189, 228–231]. If originally a non return to zero (NRZ) data signal of symbol
rate F consists of rectangular pulses, it has a discrete sinc-shaped spectrum with a bandwidth
of the main lobe as (F ). Similarly, if the symbols at the transmitter are shaped with an
RC filter of bandwidth F and β = 1.0, then the output signal will also have a bandwidth of
F (see Fig. 2.12(a)). This type of nearly rectangular pulse shaping is employed by resistive-
capacitive circuitry or logic gates and is most commonly used in communication. From this
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2.6 Filtering-Based Nyquist Shaping Techniques in Communication

Figure 2.12: Eye diagrams and spectra of raised-cosine shaped data signal waveforms. (a) A 8GBd binary
pseudo-random bit sequence (PRBS)-9 data signal is shaped with an RC filter of 8GHz bandwidth and β = 1.0.
(b) An RC filter of 8GHz bandwidth and β = 0.0 is used for shaping the signal within a baseband width of
4GHz while containing the same information. A sample rate of 48GS/s is assumed in both the cases.

point onwards, we shall term it as the standard signal.

These signals can be shaped to a rectangular spectrum of bandwidth, F/2 employing fil-
tering. The filtering can be carried out either digitally or electrically in the baseband before
modulating on an optical carrier or alternatively, in the optical domain after E/O conversion
[232]. The filter shapes the output as a rectangular spectrum. Thus, in the time-domain, it
results in a signal where symbols are multiplexed by the finite length sinc-pulses approximated
by the filter’s impulse response. As an example, using an RC filter of bandwidth F and β = 0

the same signal as in Fig. 2.12(a) will occupy a bandwidth of F/2 as shown in Fig. 2.12(b).
Thus, the Nyquist zero-ISI criterion is satisfied and a spectral efficiency of 1 symbol/s/Hz
is achieved. This technique is employed in the Nyquist transmitters to use the rectangular
spectra that precludes the use of guard bands and provides theoretically maximum spectral
efficiency (1 Symbol/s/Hz). These signals are known as the Nyquist signals. Practically, a
filtered signal can have well-confined spectra with a small roll-off factor, β. Without consider-
ing laser frequency drift, the needed guard band to avoid crosstalk between adjacent channels
is thus β · (F/2). Hence, a smaller roll-off is desired to multiplex signals at higher spectral
efficiency.

The electronic Nyquist processing consists of two subcategories - (i) utilizing analog electrical
filters to form an appropriate output signal with an ideal rectangular-shaped spectrum, (ii)
digital off-line signal processing based on the ISI free shaping of the baseband signal in a digital
signal processor [24, 28, 219, 232, 233].

The two methods are shown in Fig. 2.13(a) and 2.13(b). In Fig. 2.13(a) the Nyquist
filter approximates the otherwise shaped data signal to a sinc-shaped Nyquist signal by analog
means. Afterwards, it is fed to the optical modulator. Several experimental demonstrations
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Figure 2.13: Setups for filtering based Nyquist pulse shaping. (a) Analog electrical data signal is filtered
using a Nyquist filter. (b) Digital off-line signal Nyquist shaping of the data is done before converting to
analog domain. An anti-alias filter is needed to get rid of the unwanted aliases. (c) Optical filtering for
Nyquist shaping of optical signals. Electrical connections are shown in gray and optical connections are shown
in black. CW: continuous wave laser source, DAC: digital to analog converter, MOD: E/O modulator, DSP:
digital signal processing.

have been reported which use this method [219, 232, 234].
The DSP techniques can be utilized to digitally define the symbols with sinc-shaped pulses,

and then these software-defined data can be loaded to DACs to generate the electrical sig-
nals, which are later transferred to the optical domain via modulators [28, 219, 232, 233] (see
Fig. 2.13(b)). As discussed earlier, smaller roll-off filters are needed for better spectral effi-
ciency. The smaller the roll-off, the larger the DSP complexity, as longer filters are needed
to perform the Nyquist filtering. Generally, finite duration impulse response (FIR) filters of
very high order numbers (≈ 32) are used for digital filtering for relatively modest practical
operation [28, 232].
One can implement an optical filtering approach closely resembling the analog electrical

filtering. A data signal that is already in the optical domain can be filtered optically to convert
it to an optical Nyquist signal [219, 232, 235]. Generally, this is achieved by a liquid-crystal
based optical waveshaper that acts as a programmable filter[232, 235].
However, all of these methods suffer from significant drawbacks. The speed of the electronics

restricts digital electronic methods because of the limited capabilities of the processors and
the limited sampling rate of the DACs. Analog filtering, on the other hand, suffers from
reconfigurability and uneven filter shapes in practical circumstances. Optical programmable
filters generally have a coarse bandwidth setting and are unable to create sharp edges. Thus,
an increase in roll-off occurs. Thus, this is not suitable for low-bandwidth operations (below
50GHz) as demanded by a flex-grid network or a dense-WDM network [235].

2.6.1 Nyquist-WDM and Nyquist-OTDM: General Definitions

In optical fiber telecommunication, as most of the transmitters rely on low bandwidth elec-
tronic processing, Nyquist filtering is utilized at the transmitter to generate several low band-
width Nyquist sub-channels in a WDM system setting. This is generally termed as Nyquist-
WDM (upper half of Fig. 2.14). Here, the sinc-shaped data in each channel can be uncorrelated
in the time-domain.
On the other hand, in Nyquist-OTDM, the optical filtering bandwidth F is set N times

greater than the symbol rate of the baseband signal. This results in an ultra-short Nyquist
pulse with symbol period T = 1/F . This pulse is N times shorter than the pulses for Nyquist-
WDM, as shown in the lower part of Fig. 2.14. It offers an ultra-high symbol rate Nyquist
signal beyond the electronic limitations. Here, all the symbols are multiplexed with orthogonal
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Figure 2.14: Nyquist-WDM (top) and Nyquist-OTDM (bottom) concepts.

sinc-pulses of the same bandwidth (F ). The orthogonality is ensured by an appropriate time
shift between the pulses.

2.7 Phase Locked OFC and Sinc-Shaped Nyquist Pulse sequence

Owing to physical constraints, an ideal isolated sinc-pulse with perfect rectangular continuous
optical spectrum cannot be generated. However, an alternative approach is to produce an
OFC with equal line spacing, identical line amplitudes, and locked spectral phases to realize a
sinc-shaped Nyquist pulse sequence in the optical domain, based on the time-frequency duality
described by the Fourier transform [15, 16]. This principle is presented graphically in Fig. 2.15.
Such OFCs have been utilized to generate sinc-shaped Nyquist pulse sequences experimentally
[15, 16, 26, 72, 74, 187, 189, 196, 197, 206, 228–231].

Figure 2.15: Time and frequency domain representation of an ideal isolated sinc-pulse (top) and a sinc-shaped
Nyquist pulse sequence (bottom). The sinc-sequence is a result of a 9-line frequency comb of ∆F spacing.

Let us first establish a mathematical formalism behind the sinc-sequence generation principle
discussed above. Considering a frequency comb with an odd N number of lines of equal
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amplitude (E0/N) spaced by ∆F , centered around fc, the time-domain representation of the
optical field can be written as [15],

E(t) =
E0

N
ei(2πfct+φ)

N−1
2∑

k=−N−1
2

ei2πk∆Ft = E0e
i(2πfct+φ) sin (πN∆Ft)

N sin (π∆Ft)
. (2.27)

For the sake of simplicity, it has been assumed that all frequency components have the same
phase φ. However, it is sufficient that all frequency components be locked, showing a linear
dependence. For an even number of comb lines, a similar expression can be straightforwardly
obtained following the same procedure.
The normalized envelope function of the optical field in Eq. 2.27 is sqN,F (t) = sin (πN∆Ft)

N sin (π∆Ft) .
Taking Fourier transform,

sqN,F (f) = F{A(t)} = F

{
sin (πN∆Ft)

N sin (π∆Ft)

}
= F

 1

N

N−1
2∑

k=−N−1
2

ei2πk∆Ft


=

1

N

N−1
2∑

k=−N−1
2

δ(f − k∆F )

=
1

N
X∆F (f) · uN,∆F (f)

(2.28)

Here an infinite Dirac comb of ∆F spacing, X∆F (f), and a flat top rectangular filter are
defined as,

X∆F (f) =
+∞∑

k=−∞
δ(f − k∆F ) =

+∞∑
k=−∞

δ(f − k F
N

), (2.29)

and

uN,∆F (f) =

1, if − N∆F
2 ≤ f ≤ N∆F

2

0, otherwise.
(2.30)

Here N denotes the number of spectral lines that will be covered by the filter and ∆F denotes
the comb spacing.
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By taking the inverse Fourier transform of A(f) and using the Poisson summation formula,

sqN,F (t) = F−1{A(f)} = F−1

{
1

N
X∆f (f) · u(f)

}
= F−1 {X∆F (f)} ∗ 1

N
F−1 {uN,∆F (f)}
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)(
πNt
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)
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(2.31)

Consequently, from Eq. 2.28, the time-domain field envelope represents a frequency comb of
N identical and equally spaced lines in the frequency domain. This is equivalent to an infinite
summation of sinc-shaped Nyquist pulses with period ∆T and symbol rate T as expressed in
Eq. 2.31. The symbol rate is defined as the time between the peak and the first zero crossing
of a pulse in the sequence.
Thus, the normalized envelope function for an odd number of comb lines can be written as,

sqN,F (t) =
sin
(
πNt
∆T

)
N sin

(
πt

∆T

) =
+∞∑

k=−∞
sinc

(
N

∆T
(t− k∆T )

)

=
+∞∑

k=−∞
sinc(Ft− kN)

(2.32)

For an even number of comb lines, the expression is written as the sum of time shifted ideal
isolated sinc-pulses as [15],

sqN,F (t) =
sin
(
πNt
∆T

)
N sin

(
πt

∆T

) =

+∞∑
k=−∞

(−1)k sinc

(
N

∆T
(t− k∆T )

)

=

+∞∑
k=−∞

(−1)k sinc(Ft− kN)

(2.33)

The factor (−1)n appearing for even number of comb lines comes from the absence of a spectral
line at the central frequency (fc) of the comb, eliminating the DC component associated to
the optical field envelope.

2.8 Traditional Techniques for Optical Nyquist Pulse Synthesis

Experimentally, different pulse shaping techniques have been adopted so far to generate optical
sinc-shaped Nyquist pulse sequences. To harness the high potential of optical filtering meth-
ods and the generation of ultra-short duration optical sinc-pulses, Nakazawa et al. proposed
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shaping the spectrum from a mode-locked pulse source or any other phase-locked comb source
by using programmable optical filters [26]. The transmitter consisted of a 40GHz mode-locked
fiber laser, from which Gaussian-shaped pulses with 1.8 ps width are generated at 1540 nm.
The spectrum is then broadened by self-phase modulation (SPM) in a highly nonlinear fiber
in order to enable the generation of ultrashort-Nyquist pulse trains. The generated Nyquist
pulses exhibited a peak-to-first-zero time of 1.56 ps and roll-off factor 0.5. The concept is
illustrated in Fig. 2.16. A Nyquist laser has been demonstrated, extending the filtering prin-

Figure 2.16: Nyquist pulse train synthesis by filtering. Graphical representation of pulse shaping of the
output of a phase-locked OFC source with Gaussian shaped pulses into a raised cosine-shaped pulse sequence
using an optical filter. The intensity of the pulses have been plotted against the time.

ciple to apply it inside a fiber cavity [72]. An alternative approach is to use the Gaussian
pulses to multiplex symbols in the time-domain and then shape the spectrum in the opti-
cal domain to have sinc-sequence multiplexing [220, 235]. Experimental demonstrations of
high data rate Nyquist-OTDM transmission has been reported using these filtering methods
[220–222, 228, 229, 236]. Optical parametric amplification with parabolic pumps is another
technique for generating sinc-shaped Nyquist pulses [237].

However, Nyquist pulse synthesis based on this filtering technique offers high roll-off factors
because optical filters produce edges with limited steepness. Perfectly rectangular optical
filters which are tunable over central frequency and bandwidth are scanty. The spectrum
deviates from the ideal rectangular spectrum, resulting in damped tails in the sinc-sequences
in the time-domain. Moreover, a pulse source like a mode-locked laser is required to produce
the initial pulse spectrum. The use of optical nonlinearity leads to complicated setups and
costly equipment. Therefore, these methods do not comply with integrated photonics.

Another intuitive approach is to leverage E/O modulation to synthesize sinc-shaped Nyquist
pulses in the electrical domain and transfer it to an optical carrier [219, 223]. This method
is restricted by the limited electronic bandwidth of the DACs, which realizes the electrical
pulses. An E/O approach, despite the limitations, offers considerable flexibility in Nyquist
pulse shaping along with the possibility of integration into an integrated photonic platform.
Especially in silicon photonics, where the technology provides co-integration of electronics
and photonics, the E/O technique can offer potent solutions to many new all-optical signal
processing applications beyond communication.
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2.9 Modulator-Based Sinc-Sequence Generation

As proposed by Soto et al., the synthesis of sinc-shaped Nyquist pulse sequences with modu-
lators offers the flexibility of selecting bandwidths and repetition rates and the possibility of
an implementation into an integrated photonics platform [15, 16]. Moreover, the generated
Nyquist pulses are of exceptional quality and with nearly zero roll-off, as the corresponding
OFC can be very flat and rectangular. Moreover, the resulting pulses can have a bandwidth
three to four times the E/O bandwidth of the used modulators.

The concept of generating Nyquist pulses using cascaded MZMs is as follows: the first
modulator is adjusted to generate identical spectral lines, i.e., by tuning the DC bias and
RF input power at a frequency f1, then the second (cascaded) modulator is also adjusted to
re-modulate those spectral components using another RF signal at frequency f2. The two
RF signal generators must be synchronized to achieve comb lines with uniform phase-locking.
Several frequency combinations and bias conditions link the number of generated lines with
f1 and f2. Two of these frequency conditions can be summarized as follows for single tone
driving conditions:

(a) The MZMs are driven with single RF tones such that f2 = 3f1 or vice versa, and both
modulators are biased in a way that they generate three equal spectral lines. The result
is a N = 9 line rectangular OFC and corresponding sinc-sequence. The generated comb
has a bandwidth three times the E/O bandwidth of the modulator using the higher input
frequency. More than two modulators can be cascaded in the same way to increase the
bandwidth and number of lines even further. This situation is graphically illustrated in
Fig. 2.17(a).

(b) Using single tone RFs, if the MZMs are in a suppressed bias condition i.e., by choosing
the bias point to be the minimum intensity transmission point in Fig. 2.7(a), four comb
lines can be generated. The two inputs to the modulators should be related as f1 = 2f2

or vice versa. In this configuration, Nyquist pulses of four times the modulator’s E/O
bandwidth can be generated.

More exotic comb profiles can be achieved with different line numbers and bandwidths, using
multi-tone RF signals as one of the modulator inputs. For instance, if the second modulator
is driven by two RF signals combined in the electrical domain, each of the three frequency
components resulting from the first MZM creates up to five spectral lines each (four sidebands
and carrier). Similarly, in Ref. [15], a 10 line comb with 10GHz spacing has been generated
by modulating the first MZM with f1 =25GHz in carrier suppression mode and by driving
the second MZM with two RF tones at 10GHz and 20GHz. However, achieving carrier
suppression with stable operation is practically challenging than creating three equal amplitude
spectral lines from a single RF tone due to thermal fluctuations. Moreover, operating at carrier
suppression comes at the expense of increased attenuation.
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MZMMZM MZM

Figure 2.17: Modulator based sinc-shaped Nyquist pulse synthesis. (a) A coupled MZM setup has been
used to generate a 9-line rectangular phase-locked OFC. The CW carrier (dotted line) is first modulated
to generate two additional frequencies, depicted as the dashed lines. The second modulator generates two
additional frequency lines (in solid) from each of the three input lines. (b) A single modulator driven with
n RF harmonics has been utilized to generate the required N = 2n + 1 line comb. In particular, with four
harmonics, a 9-line comb can be generated. For better visualization, the CW input is drawn as dotted line and
the generated frequencies are depicted as solid lines.

2.9.1 Conditions for Rectangular Frequency Comb Generation with MZMs

Let us find the driving condition for the MZM to create three equal lines from a single RF tone.
Such a flat top comb results in the Nyquist pulse sequences with two zero crossings. As we
have already seen, if more MZMs are cascaded, they can generate Nyquist pulse sequences with
much higher bandwidth and more number of zero crossings in between. Any uneven flatness
or presence of higher harmonics in the optical spectrum results in distorted pulses. Below,
through numerical simulations, the conditions for flat three-line comb generation along with
higher sideband suppression have been predicted based on the analytical framework presented
so far.
The generalized expression for the output of a DD-MZM for a sinusoidal input RF signal

is given by Eq. 2.9. By plotting the amplitude difference between the carrier and one of the
first-order sidebands as a function of the bias voltage relative to Vπ (i.e., Vdc/Vπ) and the RF
power relative to Vπ (i.e., Vm/Vπ), the output contour plot can be seen in Fig. 2.18(a). The
zero amplitude difference regions drawn as thick black lines are the regions of interest for the
flat three-line comb generation. All the Vdc and Vm pairs on these lines will generate equal
amplitudes of the carrier and the first-order sidebands.
However, this does not guarantee a high quality pulse as there can be substantial power in

the higher-order harmonics at some of those combinations. Higher-order sidebands have to be
strongly suppressed to get an ideal sinc-sequence. Hence, let us investigate the powers in the
generated sidebands at the zero-lines in Fig. 2.18(a).
The condition for a flat three-line comb, i.e., a carrier and two first-order sidebands around

the carrier, can be written as,

Vdc =
2Vπ
π

arctan

(
−
J0(πVm2Vπ

)

J1(πVm2Vπ
)

)
(2.34)
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Figure 2.18: Conditions for rectangular frequency comb generation with MZMs. (a) Condition for equalized
carrier and first-order sidebands is presented. For values of Vdc/Vπ and Vm/Vπ along the thick black lines,
the values of carrier is equal to the first-order sideband. (b) & (c) Amplitude and power of the second and
third-order sidebands (in red and orange) along with those of the equalized carrier and first-order sideband
(in blue) are presented. At all these values of Vm/Vπ a flat comb will be generated. However, suppression of
higher order sidebands only happens if the power associated with the red and orange curve is low.

If we plot the amplitude and power of the three successive sidebands as a function of Vm/Vπ
with the bias Vdc set according to the Eq. 2.34, the resultant plot can be seen in Fig. 2.18(b) and
2.18(c). The blue lines correspond to the first-order sideband which is also equal to the carrier.
The second and third-order sidebands are shown in red and orange, respectively. Higher-order
sidebands are expected to have much reduced amplitude/power levels because of the properties
of the Bessel functions as depicted in Fig. 2.5(a). From Fig. 2.18(b) and 2.18(c), it is evident
that, for simultaneously achieving a high amplitude of the desired spectral lines (carrier and the
first-order sidebands with equal amplitude) and a high suppression of higher-order sidebands,
Vm/Vπ needs to be lower than 0.8. For other values, the higher-order sidebands will be of
significant power, leading to pulse distortions. If one reduces the driving RF power further
below, the sideband suppression becomes stronger at the expense of reduced comb power.
Thus, for practical applications, the combination should be chosen wisely to have a nearly
ideal Nyquist pulse sequence at the output.

Creating a three-line rectangular frequency comb from a single RF tone is the most straight-
forward configuration to generate a sinc-shaped Nyquist pulse sequence. These sequences pos-
sess the same orthogonality property as those generated from combs with a higher number of
lines. Yet, the generation is much simpler, and the requirement of components is drastically
reduced. This is of huge advantage for chip-scale Nyquist pulse generation, as the real estate
requirement on the chip increases the cost.

At this point, it is customary to mention that synchronized multi-tone RF signals can be
electrically combined to drive one MZM. Such a scheme could realize sinc-sequences with an
arbitrary number of lines. In general, as shown in Fig. 2.17(b), if one drives the modulator
with n RF tones, a N = 2n+1 line rectangular OFC can be generated. In Ref. [187], a Nyquist
pulse sequence corresponding to 153-line comb was generated using two cascaded MZMs where
one MZM was driven with a multi harmonic RF signal and the other one with a single tone
RF signal. These sinc-sequences could be approximated to ideal sinc-pulses for almost ideal
sampling.

Sinc-shaped Nyquist pulses have wide applications in optical communications and microwave
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photonics. The quality of the generated Nyquist pulses significantly affects the overall perfor-
mance of the communication system and the signal processing system. Generating high-quality
Nyquist pulses with integrated silicon modulators is however still challenging due to the highly
nonlinear response and fabrication-induced discrepancies.

2.10 Optical Nyquist Pulse Sequence Multiplexing

The sinc-sequence resulting from a rectangular phase-locked OFC satisfies the Nyquist zero-
ISI criterion within every pulse repetition period T = 1/F . This is designated as Nyquist-
OTDM. Thereby, sinc-sequences can be multiplexed in time without ISI, as described in the
previous section. As shown in Fig. 2.19, the sinc-sequence is split into N channels, which
are then modulated and delayed by a multiple of T . This requires N modulators for the
N number of branches or the number of time-domain channels. However, compared with
direct modulation, the baud rate of each modulator is reduced by N times. This drastically
relaxes the requirements of modulators and electronics. In addition, since the time multiplexed
channel shows a sharp-edged spectrum, the next wavelength channel can be directly adjacent
to the previous one with no guardband while being multiplexed in the time-domain in the
same way. Thereby, this technique reaches high temporal and spectral densities concurrently.

Figure 2.19: Conceptual block diagram of a Nyquist OTDM transmitter. Periodic sinc-sequences can be split
into N branches, each of which can either correspond to an independent channel or a symbol sequence with
low symbol rate which is a part of a faster data. Each channel is delayed by an interval T = 1/(N∆f) = 1/F .

In the following paragraphs, a mathematical description of sinc-sequence multiplexing and
its equivalence to sinc-pulse multiplexing is presented for a bandwidth limited signal satisfying
Nyquist-Shannon sampling theorem [238].

Figure 2.20: A bandwidth limited signal as a time shifted sum of (a) ideal sinc-pulses as in Eq. 2.37, and (b)
sinc-sequences as in Eq. 2.35. The sinc-sequences can be seen as originating from a N = 3 line OFC.
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In general, a Nyquist signal can be seen as the infinite sum of time-shifted ideal sinc-pulses
weighted with the data symbols. Such a signal s(t) (see Fig. 2.20(a)) will have a rectangular
bandwidth of F in the optical domain. An identical Nyquist signal s(t) can be created as the
sum of N time-shifted sinc-shaped pulse sequences, weighted with N data streams of lower
symbol rates. Figure 2.20(b) shows this for a sinc-sequence with two zero-crossings between the
peaks, corresponding to a 3-line comb. In the frequency domain, such a sinc-sequence is a flat,
three-line frequency comb of bandwidth F [15, 187, 189]. This three-line sinc-sequence can be
used to transmit three time multiplexed Nyquist channels with a symbol rate of F/3 for each
channel, and thus an aggregated symbol rate of F in the optical bandwidth F . So, regardless
of ideal sinc-pulses or sinc-sequences are considered, the resultant time-domain signals are
identical.
If N Nyquist signals of symbol rate F/N are modulated on sinc-sequences of bandwidth F

having N−1 zero crossings between two consecutive pulse peaks and multiplexed orthogonally
in time, then the resultant signal of symbol rate F can be written as,

s(t) =
N∑
l=1

sl (t) · sqN,F
(
t− l − 1

F

)
, (2.35)

with l = 1, 2, ..., N , and N as an odd number.
Here, following the Nyquist-Shannon sampling theorem, one of the N different Nyquist data
streams with a symbol rate F/N can be expressed as,

sl(t) =
+∞∑

k=−∞
sl

(
kN

F
+
l − 1

F

)
· sinc

(
F

N
t− l − 1

N
− k
)

(2.36)

Moreover, the sinc-shaped pulse sequence in Eq. (2.35) can be defined as the sum of time-
shifted ideal sinc-pulses as Eq. 2.32. Due to orthogonality of the sinc-sequences, the signal
s(t) has an overall symbol rate of F and, following the definition in Eq. (2.35), a baseband
bandwidth of F/2. Accordingly, it can be identified as a Nyquist signal and therefore, following
the Nyquist-Shannon sampling theorem, it can be expressed as the sum of ideal time-shifted
sinc-pulses, weighted with the data symbols:

s(t) =

+∞∑
k=−∞

s

(
k

F

)
· sinc (Ft− k) . (2.37)

Optical techniques lead to high bandwidth short duration Nyquist pulses, which can subse-
quently be multiplexed in time to reach an ultrahigh symbol rate. The following chapter
explores optical sinc-sequence generation, especially in the silicon photonics platform.
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3
OFC and Nyquist Pulse Synthesis in Silicon Photonics

Sinc-shaped Nyquist pulse sequence synthesis with flexible bandwidth and repetition rate
is of immense interest for optical communications and many other applications. More-

over, an integrated sinc-shaped Nyquist pulse sequence generator based on a silicon photonic
platform will be power efficient, compact, and economical. In this chapter, at first, an overview
of the state-of-the-art Nyquist pulse synthesis in silicon photonic platform will be presented.
Then, flexible sinc-sequence synthesis from two different kinds of integrated silicon photonic
modulators will be demonstrated. The first kind is the ePIC-MZM or electronic-photonic co-
integrated MZM. The second kind is a passive slow-light modulator. Silicon photonics offers a
unique opportunity to implement photonics and electronics on a single chip. Two generations
of such ePIC-MZMs incorporating two different types of electronic driving mechanisms have
been explored for sinc-pulse synthesis during the period of this thesis work [189, 190, 238].
The first generation chip uses a single driver [189, 190], while the second generation has a dis-
tributed driver [238]. Additionally, sinc-shaped Nyquist pulse sequence generation based on a
compact 1mm long silicon slow-light modulator with high extinction ratio (ER) is presented.
Finally, the chapter concludes with a discussion on the effects of non-idealities associated with
the comb on the synthesized Nyquist pulses. Nyquist pulses up to 90GHz bandwidth have
been achieved experimentally, that enables multiplexing and de-multiplexing of Nyquist sig-
nals with single carrier symbol rates up to 90GBd in a coherent Nyquist transceiver with
three parallel silicon photonic receivers of only 15 GHz detection bandwidths. Moreover, these
high bandwidth pulses can be used in a photonic ADC or DAC operating at sampling rates of
90GS/s.
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3.1 Recent Advancements in Silicon Photonic Nyquist Pulse Synthesis

Ref.
Modulator Material SSR Flatness Number Max VπL* PS DC Insertion

type platform @ 1550 nm (dB) of lines pulse BW (V-cm) length* ER* loss*

(dB) (GHz) (mm) (dB) (dB)

[15] Cascaded MZM LiNbO3 27 0.2 6, 9, 10, 15 156 N.A. N.A. N.A. N.A.

[206] Cascaded MZM Silicon
13 0.42 3 45

0.9 3 8 10
13 2 9 45

#[189]
Single MZM

ePIC
Silicon 16 0.04 3,5 36 2.9 3.2 27 6

[207] Cascaded MZM Silicon 12 6.5 9 90 4.2 4.2 30 7

[197] DP-MZM Silicon 17.2 1.94 5 50 0.9 2.5 N.A. 14.1

#[239]
Single MZM

slow-light
Silicon 13 0.47 3 42 0.3 1 30 3

#[238]
Single MZM

ePIC
Silicon 31.87 0.1 3 90 0.26|eff 6.25 40 9

#: This work, *: Parameters for one of the MZMs, N.A.: not available.

Table 3.1: Comparison of reported MZM based frequency comb generation techniques for sinc-pulse sequence
synthesis. The references have been arranged chronologically depending on the date of reporting.

Since the earliest reporting of the modulator-based sinc-shaped Nyquist pulse sequence syn-
thesis in 2013 [15], most experimental demonstrations have been carried out with commercial
LiNbO3 intensity modulators. Only since 2019 the method has been extended to the silicon
photonic platforms [189, 189, 197, 206, 207, 238, 239]. The generation of sinc-shaped Nyquist
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pulse sequences with silicon modulators poses unique challenges compared to LiNbO3 modu-
lators in terms of bandwidth tunability, presence of unwanted sidebands, and the comb flat-
ness. It is particularly challenging to generate multiple comb lines from one single modulator.
LiNbO3 and silicon modulators both have a nonlinear (cosine-shaped) field transfer function
(see Fig. 2.7). However, they have distinct E/O modulation techniques. While a LiNbO3

modulator utilizes the linear Pockels effect, silicon modulators rely on the plasma-dispersion
effect [91], and hence they are nonlinear. To synthesize an almost ideal sinc-shaped Nyquist
sequence, a phase-locked rectangular frequency comb is a prerequisite. Any impairment of the
comb eventually translates to pulse distortions. The main impairments are unwanted side-
bands outside the rectangular comb and an irregular flatness. Ideally, a linear MZM, when
driven with a single tone radio frequency (RF) signal, will only generate first-order sidebands.
Thereby, the result will be a perfectly rectangular three-line OFC with a comb line separa-
tion equal to the driving RF signal (∆f). The bandwidth of the synthesized Nyquist pulse
sequence is given by 3×∆f . Due to the inherent nonlinearities of each modulator, second or
even higher-order sidebands are also present. If cascaded, more lines and pulses with higher
bandwidth can be generated. However, the effect of the nonlinearities associated with all the
modulators has to be considered. The difference (in dB) between the comb power and the
first unwanted higher harmonic power can be termed as the sideband suppression ratio (SSR).
For flexible Nyquist pulse synthesis, the unwanted SSR plays a crucial role [240]. Commer-
cial LiNbO3 modulators have, in general, a very good SSR of around 27 dB [15]. Thus, the
generated pulses are also almost ideal. In the very first demonstration of sinc-pulse sequence
generation with MZM, Soto et al. reported several lines reconfigurable between 6 and 15
with just two cascaded modulators driven with two different single-tone RF signals [15]. The
maximum bandwidth achieved by the method was up to 6 times the maximum used electrical
bandwidth. Later, Meier et al. demonstrated a frequency comb with 153 phase-locked lines
using two modulators to achieve a mathematically approximated ideal isolated sinc-pulse [187].

Table 3.1 compares various reported MZM-based Nyquist pulse sequence synthesizers. Nyquist
pulse sequence generation based on two cascaded single-drive push-pull silicon modulators was
first reported by Liu et al. [206]. A nine-line optical frequency comb with 5GHz spacing was
generated by driving two modulators with 5GHz and 15GHz single-tone RF signals, respec-
tively. The generated Nyquist pulses had a full-width at half-maximum duration of ∼ 22 ps
corresponding to 45GHz bandwidth. These MZMs had 3mm long L-shaped p-n junctions
designed for a low half-wave voltage (Vπ) of 3V. Necessary bias control for flat comb genera-
tion was satisfied by the DC bias voltages applied to the p-n phase-shifter (PS)s. Both MZMs
showed a 3 dB E/O bandwidth of 13.5GHz at −3V bias of the p-n junctions. However, the DC
ER of 8 dB was not very high. The reported three-line comb achieved a flatness of 0.42 dB at
15GHz spacing, with an SSR of 13 dB. When cascaded, the resultant nine-line comb flatness
worsened to 2 dB. A few months later, Nyquist pulse sequence synthesis from a single silicon
photonic ePIC MZM having an on-chip bipolar transistor driver was reported [189, 190] (this
work). The modulator also showed 12GHz of E/O bandwidth at −5V reverse voltage. The
effective lengths of the PSs at the two arms were around 3.2mm. The value of half-wave length
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(VπL) was 2.9V-cm. The MZM bias point, however, was controlled with on-chip heating ele-
ments near the arms. A very high ER of 27 dB at 2.15V DC bias voltage applied to the heater
at one of the arms was observed. Three-line combs with 12GHz spacing with a flatness as low
as 0.04 dB were reported with 16 dB SSR. A cascaded modulator based comb generation was
also demonstrated in the same year by Wang et al.. A nine-line comb of 10GHz spacing was
generated from two cascaded silicon modulators of 4.2mm lengths with VπL of 4.2V-cm. A
thermal PS approach was also adopted here, and 2.5V were needed to achieve a π shift in both
the modulators. The ERs were 30 dB and 19.5 dB, respectively. Nine-line combs of 5, 7.5, and
10GHz spacing were generated with a flatness of 3.8, 4.7, and 6.5 dB, respectively. The SSR
were 12, 18, and 16 dB for the three scenarios. In 2020, Liu et al. published another interest-
ing MZM-based Nyquist pulse generation approach [197]. They used a DP-MZM, commonly
used for quadrature amplitude modulation of optical carriers, for the purpose of generating a
five-line flat rectangular comb from a single RF tone to the modulator. The DP-MZM had
14GHz of 3 dB bandwidth at 5V bias. The generated comb had a flatness of 1.94 dB around
1550 nm with an SSR of 17.2 dB. The maximum demonstrated pulse bandwidth was 50GHz.
In the same year, a slow-light silicon modulator as a Nyquist pulse synthesizer was presented
[239] (this work). The modulator is by far the smallest and demonstrated a very high DC
bias ER of ∼ 30 dB with the lowest insertion loss among previously reported ones. The re-
sultant pulse bandwidth was tunable up to 42GHz. In 2021, Nyquist pulse synthesis up to
90GHz bandwidth have been demonstrated from a silicon ePIC-MZM with an improved driv-
ing mechanism [238] (this work). This is by far the highest bandwidth Nyquist pulse reported
in the literature. The measured time-domain pulses at 60GHz exhibited excellent quality,
with 0.699% root-mean-square error (RMSE).

3.2 Nyquist Pulse Synthesis Using Silicon ePIC-MZMs

3.2.1 Device Technology

Among silicon photonic technologies, silicon electronic-photonic platforms are particularly in-
teresting for their high scalability, cost-efficiency in fabrication, and energy efficiency due to
less parasitics than the non-monolithic solutions. The majority of electronic-photonic tech-
nologies deploy the SOI approach in a CMOS process, where transistor performances are less
affected by additional process steps needed for the photonic integration [241]. The ePIC-MZMs
presented in this work were as well fabricated with a local-SOI approach, but in IHP’s photonic
BiCMOS platform (SG25H5_ePIC), providing bipolar silicon germanium (SiGe) transistors
with unity-gain frequencies up to 190 GHz [242] and germanium photodiodes with a bandwidth
up to 265GHz [243]. With high transit frequencies, in addition to high breakdown voltages,
bipolar transistors are a preferable choice over MOS transistors [242]. With the possibility
of integrating basic electrical components as well as the optoelectronic elements like modu-
lators and photodetectors, this ePIC platform potentially can enable fully integrated optical
transceivers and signal processing units where only a laser is required as an external optical
element.
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Two different types of ePIC-MZM devices were explored for Nyquist pulse synthesis during
the period of the presented thesis work. The first one was taped out in 2019, while the second
one in 2021. The detailed electronic design of the driver circuitry of these modulators is not
the objective of this thesis work. Design of these devices were done in Paderborn university
as a part of the collaboration. Device characterization and system level implementations are
included in the presented work. Only brief descriptions of the devices are presented here
to give the reader necessary information about the important technological details and the
parameters that are necessary for the experiments.

First Generation ePIC-MZM with a single driver Ref. [189, 190]

The two main modulation mechanisms, which can be exploited in silicon waveguides, are
the thermo-optic and free carrier or plasma-dispersion effect. As discussed in the previous
chapter, the refractive index change due to temperature is quite effective but too slow for
most applications. The plasma dispersion effect describes the refractive index change due to
a change in free or static carrier densities [163]. In order to utilize that effect in silicon, a rib
waveguide is doped to form a p-n diode (see Fig. 3.1(a)). By applying a reverse voltage to the
diode, the depletion width and the overlap of the depletion zone with the mode profile can be
modulated. Since the junction capacitance, which determines the intrinsic bandwidth of the
p-n diode, is minimal at reverse voltage, the depletion mode of operation is recommended for
high-speed applications. The modulation efficiency and insertion loss of these depletion-type
phase-shifters were reported to be VπL = 2.9V-cm and 10 dB/cm at a reverse bias of 1.5V
[244] and were verified in the measurements.
Although the depletion mode is favorable for high-speed operation, the phase changes under

applied voltages are quite low. Thus, the PS arms with a length of a few mm would be
necessary for a silicon MZM. A traveling wave MZM, based on a transmission line approach
must be considered. The main design targets in a traveling wave MZM are to match the
velocities of the electrical and optical modes, and match the RF termination resistor to the
wave impedance of the transmission line. While distributing the effective PS into multiple
segments, those segments can be treated as lumped elements [92]. A 50Ω wave impedance
and termination resistance were targeted for the electrical waveguides so that an identically
designed passive MZM could be characterized with a vector network analyzer. As well, the
transmission line was designed to match the simulated optical group delay of 12.4 ps. The
total effective PS length was 3.2mm, which accounts for a theoretical Vπ of approximately
9.1V.
With the possibility of realizing electronics in the same chip as photonics, it is instinctive to

utilize high-performance RF driving circuitry offered by the electronic platforms. The on-chip
driver on this device is designed as a linear push-pull driver (see Fig. 3.1(b)). The measured
E/O-S21 response shows a 6 dB-bandwidth of approximately 12GHz (see Fig. 3.1(e)) at 5V
reverse voltage, significantly lower than expected. This can be mainly attributed to high
microwave losses and imprecise E/O simulation models. However, the next-generation MZM
features drivers at each PS segment, for which the results will be presented later [238, 245].
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Figure 3.1: Details of the first generation ePIC-MZM. (a) Cross-section of lateral p-n doped phase shifters.
Electrical interconnects from PSs to metal stack/backend-of-line by aluminum vias. (b) MZM detail: As in
a regular push-pull driving method the driver applies a differential signal to the PS arms. Electrodes are
terminated on the chip by 50 Ω resistors. The silicon phase-shifters are reversed-biased through Vp−n,bias. The
light is coupled into the chip via grating couplers and a fiber array. Temperature phase tuners are implemented
to control the MZM bias point. (c) Fabricated MZM chip including driver electronics (yellow) and (d) MZM
chip without driver for characterization. Grating couplers (GC) were used for optical coupling and ground-
signal-signal-ground (GSSG) probes were used for RF signal input. All DC inputs were bonded to a printed
circuit board (PCB). (e) Simulated and measured E/O S21 response. The 6 dB bandwidth has been marked
with a dashed line. (f) Power transfer characteristic of the used Si-MZM with respect to the DC input voltage
to the heating element. The operating point for Nyquist pulse synthesis is marked with a red circle.

By this approach, improved transmission lines can be designed, and the bandwidth can be
extended employing peaking techniques in electronics.

A thermo-optic phase shifter sets the MZM bias point in one of the interferometer arms
because changing the bias voltage over the PSs would alter their junction capacitance and,
therefore, change the wave impedance of the loaded transmission line, and consequently lead
to a severe termination mismatch. The temperature elements were realized by metal routing
close to the waveguide. When sweeping the voltage of the temperature elements, or more
precisely sweeping the current, a DC ER of approximately 27 dB (Fig. 3.1(f)) was measured.

Fig. 3.1(c) shows the layout of the MZM with the driver. The effective PS section has a
length of 3.2mm. Grating couplers (GC) for optical coupling and the driver add up to a total
length of 4.5mm. The width of the MZM in the PS section only amounts to 500µm. Bond
pads for electrical connections and the fixed pitch of the fiber array lead to a total width of
1mm, hence the footprint is 4.5mm2. Still, in a configuration with multiple MZMs, as in the
proposed Nyquist time-interleaved architecture for ADCs, DACs, or a Nyquist transceiver,
the total width can be reduced to an integer-multiple of the individual PS section width.
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3.2 Nyquist Pulse Synthesis Using Silicon ePIC-MZMs

The passive MZM (see Fig. 3.1(d)) without on-chip driving mechanism suffers geometrically
from the same constraints on the width of a fiber array but doesn’t need as many electrical
interconnects. However, each arm needed to be equipped with a GSSG input configuration for
the differential drive.

Second Generation ePIC-MZM with Distributed Drivers Ref. [238]

Figure 3.2: Details of the second generation ePIC-MZM. (a) Block diagram of the fabricated MZM with
a pre-amplifier and a distributed driver that applies complementary signal inputs to the segmented phase
shifters in the two arms. (b) Chip picture: Bond wires connect chip pads to printed circuit board lines for
DC connections. The driving signal to the MZM is applied via a probe in ground-signal-signal-ground (GSSG)
configuration. (c) Optical transfer characterization of the two arms in terms of DC input to the heaters,
integrated with the two arms of the Si-MZM. (d) Measured E/O response of the MZM. The 3 dB bandwidth
of 16GHz is indicated with a dashed line.

In this device, a segmented MZM with distributed linear drivers, as shown in Fig. 3.2(a) and
3.2(b) was fabricated in IHP’s 0.25µmBiCMOS platform [245]. The overall length of the device
is 6.25mm. As a metric for modulation efficiency, the measured Vπ of 420mV is considerably
lower than the best-reported state-of-the-art monolithic approaches [246]. Fig. 3.2(a) shows
that the MZM chip contains segmented MZM and fully differential drive electronics. For the
DC bias point setting of the MZM, additional thermo-optic phase shifters have been placed in
each arm. Electrical signals are applied either by bond wires for DC connections (Fig. 3.2(b))
or via probes for the RF signals. For a full 2π phase shift of the MZM bias point, maximum
electrical power of 90mW must be applied to the thermal phase shifters. The DC extinction
ratio was measured to be 40 dB and 37 dB for the two arms by sweeping the input voltages to
the heaters (Fig. 3.2(c)). The E/O response of the modulator is shown in Fig. 3.2(d).

3.2.2 Experimental Results For Nyquist Pulse Synthesis in ePIC-MZMs

To experimentally generate Nyquist pulses from the ePIC-MZMs, an experimental setup as
shown in Fig. 3.3 was adopted. Polarization-aligned light was subjected to the MZM via on-chip
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3. OFC and Nyquist Pulse Synthesis in Silicon Photonics

Figure 3.3: Schematics of the experimental setup for Nyquist pulse synthesis with ePIC-MZMs. LD: laser
diode, PC: polarization controller, BPF: optical bandpass filter, RFG: radio frequency generator, DC: DC
source, EDFA: Er-doped fiber amplifier, OSA: optical spectrum analyzer, PD: photodiode.
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Figure 3.4: Nyquist pulse synthesis from the first generation ePIC-MZM. (a) Measured Optical spectra of
non-filtered three-line rectangular phase-locked OFC of 12GHz. The values for the power difference between
the comb and next unwanted sideband are noted. (b) Measured Nyquist pulse sequence of 36GHz bandwidth.
(c), (d) Generated 5-line OFC of 5GHz spacing and resultant Nyquist pulse sequence.

grating couplers. The wavelength of the laser was set close to 1550 nm. The measured optical
insertion loss of the device was around 6 dB, excluding the losses from the two grating couplers.
But the fiber-array based optical coupling system had a substantial attenuation, approximately
12 dB per grating coupler. Consequently, an Er-doped fiber pre-amplifier and an Er-doped fiber
amplifier (EDFA) were used to amplify the optical output power before detection. Since the
amplification adds amplified spontaneous emission (ASE) noise to the signal, optical band-
pass filter (BPF)s with 1 nm bandwidth were used to decrease the out-of-band noise level. A
10:90 splitter was used to monitor the output simultaneously in frequency and time-domain,
where the 10% output went to an optical spectrum analyzer (OSA) (Yokogawa AQ6370C). To
perform measurements in the temporal domain, a 100Gb/s photodiode (u2t 70GHz) was used
along with a sampling oscilloscope (Agilent DCAJ 86100C) having an additional measurement
head of 70GHz bandwidth (Agilent 86118A). The RF input to the modulator was injected into
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3.2 Nyquist Pulse Synthesis Using Silicon ePIC-MZMs

the on-chip aluminum pads, through a GSSG high-speed probe (Form factor infinity probe).
To achieve the push-pull mode of operation, a balun (Hyperlabs HL9404) was used to generate
the differential inputs. The RF input was generated from a radio frequency generator (RFG)
(Agilent E8257D). The input RF power was calculated to be 6 dBm at each of the signal inputs
of the GSSG probe by considering all the losses associated with the RF connection (cables,
balun, probe, etc.). The DC voltage for the heater, as well as other DC inputs related to the
driver circuitry and p-n junction bias was applied via the printed circuit board (PCB) bonded
electrical wiring.

For the first generation ePIC-MZM with a single driver, the synthesized flat rectangular
OFC and Nyquist pulses are shown in Fig. 3.4. When driven with a single RF tone, the
resultant three-line comb manifests in the time-domain as a sinc-pulse sequence with two zero
crossings between individual pulses, as expressed by Eq. (2.27) in Sec. 2.7 with N = 3.
Various input RF frequencies were explored. Concerning three-line comb generation, stable
device performance could be achieved up to 12GHz driving frequency. The resultant 36GHz
3-line rectangular OFC and the corresponding Nyquist pulse sequence are shown in Fig. 3.4(a)
and 3.4(b). Since the photodiode is only sensitive to the power of the optical signal, the
resulting pulse sequence is equivalent to the square of Eq. (2.27). The red curve in Fig. 3.4(b)
refers to the theoretical pulse sequence for a three-line comb with ∆f = 12 GHz spacing. As
can be seen, besides the quite high noise amplitude due to the bad coupling efficiency of the
setup, the measured curve follows the theory very well. The repetition time of the pulses is
(12 GHz)−1 = 83.33 ps, while the pulse duration (from the maximum to the first zero crossing)
is (3× 12 GHz)−1 = 27.778 ps.

The operating point of the MZM plays a pivotal role in the generation of identical copies
of the input laser line [15]. Thus, the on-chip heaters were used as phase shifters to steer
the operating point towards achieving spectral components with the same amplitude. The
feasibility of such a control mechanism is confirmed by the modulator’s experimentally mea-
sured optical power transfer function with respect to the DC voltage applied across the heater
element, as shown in Fig. 3.1(f). The maximum extinction ratio of the used MZM is around
27 dB. To obtain a flat spectrum as depicted in Fig. 3.4(a), a DC input voltage of around 2.1V
was applied to the heater. The modulator has to be driven with a low-power electrical sig-
nal to avoid any nonlinearities within the electrical drivers and higher order sidebands within
the modulation. The voltage for maximum possible carrier suppression was 2.15V, and the
chosen operating point of the modulator was 2.1V. Nevertheless, it was sufficient to generate
an equalized carrier and the sidebands with enough power, as can be seen in Fig. 3.4(a). The
flatness of the generated comb was 0.04 dB. Hence, the flatness is better than that achieved
with other integrated modulators (0.42 dB, Ref. [206]) and even better than that of benchtop
commercial LiNbO3 modulators (0.18 dB, Ref. [15]).

This modulator can be used as a cascaded MZM setup to increase the number of lines as well.
However, the highest driving RF frequency should be kept at 12GHz for stable performance.
As discussed earlier in this chapter, two harmonics of RF (n = 2) can be used to generate
an equidistant five-line (N = 2n + 1) rectangular OFC. In the experiment, two RF tones

53



3. OFC and Nyquist Pulse Synthesis in Silicon Photonics

of frequencies 5GHz and 10GHz were used to generate a flat five-line OFC, as shown in
Fig. 3.4(c). The corresponding sinc-shaped Nyquist pulse sequence with a pulse duration of
40 ps and a repetition time of 200 ps is shown in Fig. 3.4(d). It is to be noted that the two
RF inputs were originating from two separate RFGs. Therefore, they had to be synchronized,
and the relative phase difference had to be compensated with an external RF phase shifter.

20 dB

Figure 3.5: Measured Optical spectra of non-filtered three-line rectangular phase-locked OFCs of (a) 10GHz,
(b) 20GHz, and (c) 30GHz spacing under identical RF input power. (d) Measured Nyquist pulse sequence of
60GHz bandwidth, generated with the 16GHz modulator. The values for the power difference between the
comb and next unwanted sideband (SSR) are noted.

Flat rectangular three-line OFCs of different frequency spacing ∆f were also generated
from the second generation MZMs with distributed drivers. The input radio frequency to
the modulator was varied, and waveform measurements were carried out with a real time
oscilloscope in this case. Moreover, only 1% power was used for spectral monitoring in this
case. It is also worth mentioning that, due to the use of bare fibers for in/out coupling, the
coupling efficiency was higher (6 dB per coupler).
The output OFCs of bandwidth (B = 3∆f) are presented in Fig. 3.5(a)-3.5(c) for input radio

frequencies of ∆f =10GHz, 20GHz, and 30GHz, respectively. The flatness of the measured
combs was around 0.1 dB. Although the modulator’s 3 dB E/O bandwidth is 16GHz (see
Fig. 3.2(d)), OFCs with a much higher spacing could be generated. The RF power to the
modulator was kept constant at 4 dBm while the input voltage to the thermal phase-shifters
was varied to suppress the carrier relative to the sideband in order to get the desired flat OFC.
However, this over-driving comes at the expense of decreased optical output power of the
comb, as evident from Fig. 3.5. However, even for the 90GHz comb, the optical signal-to-noise

54



3.3 Nyquist Pulse Synthesis Using Silicon Slow-Light MZM

ratio is still around 20 dB, which should be sufficient for most applications.
Due to nonlinearities associated with the carrier dispersion effect and nonlinear transfer

function, silicon p-n junction modulators have a higher nonlinear response compared to LiNbO3

modulators based on the linear E/O effect (Pockels effect). These nonlinearities result in
higher-order sidebands in the modulated spectra. The differences between the comb power
and the next unwanted sideband are noted in Fig. 3.5(a) and 3.5(b). It is worth noting that
no optical filters were used to suppress the unwanted sidebands, and the suppression was
very high. The results show considerable improvements upon the reported ones for silicon
modulators (see Table. 3.1). In Fig. 3.5(d), a measured pulse waveform is presented for an
OFC of 20GHz spacing, resulting in a 60GHz comb as shown in Fig. 3.5(b). It resembles the
ideal pulse waveform (in black-dashed) very closely, with an RMSE of 0.699%. Pulses beyond
this bandwidth were not measurable with available experimental resources. The RMSE is
calculated using the following equation,

RMSE =

√√√√ 1

K

K∑
n=1

(
|pmeasn | − |pidealn |

)2
. (3.1)

Here, pmeasn represents the measured value of the normalized intensity, and pidealn represents
the normalized intensity of the ideal sinc-shaped Nyquist pulse for the nth sample point.
Later in Chapter 4 and 5, sinc-shaped Nyquist pulses synthesized from ePIC modulators will

be used for various demonstrations of optical sampling and Nyquist transmission. The band-
width of the comb defines the maximum possible aggregate symbol for a Nyquist transceiver
and the sampling rate of a Nyquist ADC or a DAC.

3.3 Nyquist Pulse Synthesis Using Silicon Slow-Light MZM

� Main rib width 340 nm, rib height 220 nm.
� Sidewall corrugation width 170 nm.
� Period 300 nm.
� Duty cycle 50%.
� Slab height 120 nm.

Figure 3.6: Schematics of the experimental setup for Nyquist pulse synthesis with the slow light MZM. The
corrugated waveguide structure and the top-view of the chip is shown.

The carrier dispersion in silicon suggests that the refractive index change is 3–5 fold smaller
than those of III-V semiconductors such as InGaAsP when the carrier density is of the order
of 1017 − 1018 per cm3. The carrier depletion brings a minor modal refractive index change
which is in the order of 10−5 − 10−4. Thus, a phase shifter length L > 5 is required for

55



3. OFC and Nyquist Pulse Synthesis in Silicon Photonics

a full phase shift of π in the MZM. To break this constraint, slow light in corrugated and
photonic crystal waveguides has been explored [247]. The low group velocity vg of slow light
enhances the modulation efficiency, which allows the size reduction of phase shifters. Constant
enhancement in a sufficiently wide bandwidth is obtainable by controlling the photonic crystal
structures and corresponding photonic bands. In addition, the fabrication of such waveguides
is possible in CMOS-compatible processes.
Sinc-shaped Nyquist pulse sequences could also be generated from an ultra-compact, slow-

light silicon MZM with a DC ER of more than 30 dB and VπL of 0.3V-cm. The size of the
used modulator is by far the smallest among the reported ones. The slow-light corrugated
MZM used here was designed by our collaborators in TU Dresden, and fabricated by IHP
microelectronics in Frankfurt (Oder) through a multi-project wafer (MPW) run [248]. For a
slow-light structure, the bias dependence is almost absent for a modulator with a length of more
than 1mm. Therefore, the signal electrodes were kept around 1mm long for the fabricated
device. The expected, as well as measured bandwidth of the modulator, was 14GHz [248].

3.3.1 Experimental Results

(a)

(c)

(b)

(d)

Figure 3.7: Nyquist pulse synthesis from a slow-light MZM. Experimental three-line combs from the slow-light
modulator at 10GHz (a) and at 14GHz (b). The corresponding measured sinc-shaped Nyquist pulse sequences
are shown in (b) and (d) respectively, along with theoretical ones.

To experimentally generate Nyquist pulses from the slow-light modulator, an experimental
setup as shown in Fig. 3.6 was adopted. The setup was almost the same, except for a single
drive scheme rather than push-pull. Another fact is that it was a bare chip instead of a PCB.
Thus, to add DC bias to the modulator, the RF input to the modulator was first subjected to
a bias tee before being injected into the chip through a GSGSG probe (Picoprobe 40A). The
RF and DC bias voltages were applied to the same arm with a bias-tee. If only the bias was
changed and the output power was recorded by an optical power meter, a π shift was observed
for around 3V with an ER of around 30 dB. This bias voltage should be seen as the reverse
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voltage because the device under test is a depletion type silicon MZM. The measured optical
insertion loss of the device was around 3 dB compared to a short straight reference waveguide
on the same chip. But the not optimized grating couplers had a substantial attenuation of
about 7 dB each. Consequently, an EDFA was used to amplify the optical output power before
detection.
With single tone RF signals of 10GHz and 14GHz, the resultant three-line combs are

shown in Fig. 3.7(a) and 3.7(c). It offers a flatness of ∼ 0.47 dB and an SSR of ∼ 13 dB.
The experimentally measured pulses have been shown in Fig. 3.7(b) and 3.7(d), respectively,
with solid blue curves. The theoretical pulses are plotted as red dashed curves. As expected
from the comb, the pulses show slight distortions. The full-width at half-maximum duration
agrees quite accurately with the theory. The measured pulse durations of ∼ 33.4 ps and 23.8 ps
correspond well to the 3-line 10GHz comb and 3-line 14GHz comb, respectively.
It is worth mentioning that although comb generation was possible in these modulators,

the long-term stability of the flatness was found to be inconsistent compared to the other
modulators that have been presented before. Therefore, the PS design of the modulators has
to be improved for the next generation of slow-light modulators. Due to the smaller size, it can
potentially reduce the real estate on the chip. Thus, more such modulators can be interleaved
for an OTDM system or a time-interleaved data converters.

3.4 Analysis of Non-Idealities in Modulator-Based Nyquist Pulse

Synthesis

As already been discussed in the previous chapter during the introduction of various mod-
ulation techniques, the silicon modulators suffer from two kinds of nonlinearities - (a) the
nonlinear transfer function, (b) the nonlinear plasma dispersion effect. On the other hand,
the LiNbO3 modulators suffer only from the nonlinear transfer function, as the Pockels effect
is linear. These nonlinear effects manifest as higher-order harmonics in the spectrum. This
is similar to a roll-off raised cosine response. For a cascaded modulator configuration, these
additional harmonics can contribute to the flatness of the overall comb and introduce ripples in
the spectrum. In a carefully designed modulator driven with modest input RF power, gener-
ally, only one additional higher-order sideband appears on both sides of the desired spectrum.
This is quantified by the SSR. Moreover, similar to every practical device, modulators suffer
from thermal drifts that cause deviation of the transfer function. Thus, the operating point
desired for Nyquist pulse generation can shift over time. Any shift in the operating point will
manifest as a changed carrier power in the spectrum. Consequently, overall flatness will be
affected.
Therefore, the effect of unwanted spectral harmonics and the comb flatness are the two

most critical spectral signatures that can suggest the deviation of the generated pulse from an
ideal one. Investigations of these two crucial issues were carried out experimentally. Similar
simulation setups were established in Lumerical Interconnect software [249] in association with
Mr. Souvaraj De of TU Braunschweig, to validate the experiments. A discussion on bias and
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RF power conditions regarding flat comb generation is included in Appendix 2.9.1, based on
analytical transfer characteristics of the DD-MZM.

3.4.1 The Effect of Sideband Suppression Ratio (SSR)

Figure 3.8: Effect of sideband suppression ratio in Nyquist pulse sequence synthesis. 3-line OFCs for (a) 6 dB
SSR, (b) 9 dB SSR, (e) 12 dB SSR, and (f) 15 dB SSR. The corresponding Nyquist pulses are also presented
in (c), (d), (e), and (f). In the frequency domain, the simulated frequency spectrum is shown in blue, while
the experimental spectrum is shown in green. Note that due to the restricted resolution (4GHz) of the optical
spectrum analyzer, the frequency lines for the experiment appear to be much broader than they really are. In
the time-domain, the ideal sinc-shaped Nyquist pulse with an SSR of around 35 dB is represented in black, and
the experimental and simulated pulse is shown in green and orange, respectively

If the sinc-sequence is generated by filtering an existing frequency comb, the SSR can be
controlled by changing the filter order, as depicted in Fig. 2.16. Alternately, the SSR can be
directly adjusted by altering the bias voltage and the RF-power when generated by one or two
coupled modulators [15]. The simulated and experimental analysis of the SSR includes the first
higher-order unwanted sideband only. The experimental setup looks identical to Fig. 3.6 with
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the exception being the used modulator is a LiNbO3 modulator. A three-line OFC is generated
by modulating a CW source at 1550 nm by a single tone RF signal with 5GHz frequency,
generated from an RF generator (ANRITSU MG3692A). The input light polarization to the
MZM was carefully aligned by a polarization controller (PC). A separate DC source is used
to ensure the proper biasing of the MZM. The resulting signal is then amplified by an EDFA
and passed through an optical BPF with a central wavelength of 1550 nm. The filter has a
bandwidth of 1 nm and is just used to reduce the ASE noise generated by the EDFA. The
90:10 fused fiber coupler splits 10% of the signal power to the OSA (YOKOGAWA AQ3670C)
to determine the frequency spectrum. The remaining 90% power is applied to a Finisar
photodiode (PD) with a bandwidth of 40GHz connected to an electrical sampling oscilloscope
(Agilent 86100C) for the visualization in the time-domain. To investigate the SSR, additional
sidebands were introduced at 10GHz using another sinusoidal source that is synchronized to
the primary RF source. A similar simulation setup is adopted using Lumerical interconnect
for comparison.
Ideally, the sinc-shaped Nyquist pulses should have a periodicity of 0.2 ns, an FWHM of

59.33 ps, and a pulse duration of 66.67 ps. The SSR can be changed by fine-tuning the power
from the second RF source. The corresponding outputs are examined in the frequency and
time-domain, as depicted in Fig. 3.8. As can be seen from the results, raising the SSR subse-
quently improves the pulse duration and FWHM and shows an increased congruence to the
ideal pulses. Thus, similar to a filter with a lower roll-off, with an increased SSR, the higher-
order sideband’s influence reduces, and the waveform distortion is decreased significantly. The
experimental results only slightly differ from the simulation results due to the non-ideal E/O
response of the experimental components, e.g., the photodiode. As can be seen from the
zoomed view in Fig. 3.8(c), for a poor SSR of only 6 dB, the generated sequences highly mis-
match with the ideal ones. On the contrary, when the SSR increases to 15 dB, as observed
in Fig. 3.8(h), the intensity of the pulse side lobes decreases significantly, and the sequence
closely follows the ideal sinc-shaped Nyquist pulses.
In Ref. [15], with two coupled commercial modulators, a sideband suppression of 27 dB

has been achieved. The integrated silicon modulator used in Ref. [206] achieved a sideband
suppression of 13 dB at 5GHz. The SSR observed for the Nyquist pulse generation by the
ePIC-MZMs, are more than 15 dB. Especially for the second-generation chip, 25.76 dB SSR
was observed for a 20GHz spaced three-line comb. Thus, we can conclude from the above
investigations that the experimental results follow the expected scenario [240].

3.4.2 Effect of Comb Flatness

Ripple in the spectrum of a sinc-pulse sequence can be observed due to finite passband ripple
in an optical BPF when it is generated by filtering a frequency comb. For the pulse sequences
generated by modulators, the ripples can occur due to insufficient bias and RF power adjust-
ment. In the experimental setup, the combs are analyzed in the frequency and time-domain
for different values of ripple by adjusting the bias voltage of the MZM, as illustrated in Fig. 3.9.
It is observed that increasing the ripple value results in a further deviation from the ideal sce-
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Figure 3.9: Effect of comb flatness in Nyquist pulse sequence synthesis. 3-line OFC with corresponding sinc-
shaped Nyquist pulse sequence for 0.5 dB ripple (a, c), 1 dB ripple (b, d), 2 dB ripple (e, g) and 3 dB ripple (f,
h). The ideal sinc-shaped Nyquist pulse train without a ripple and an SSR of around 35 dB are represented in
black, and the simulated pulses with respective ripple are shown in orange.

nario with a reduction in the zero-crossing duration (T ) and FWHM in the time-domain while
maintaining the same repetition rate. For a lower ripple value, e.g. 0.5 dB as per Fig. 3.9(c),
the main lobe of the measured and the ideal sinc-shaped Nyquist pulses coincide with each
other, and there exists a slight mismatch in the side lobe, where the measured pulse has a
sinc-shaped Nyquist pulse, resulting in a high inconsistency in the sidelobe of the measured
and the ideal pulse.

If the RMSE in the generated pulse with respect to the theoretically expected pulse is
computed rigorously for different ripple and SSR values for the 3, 5, and 9-line combs, the
results are shown in Fig. 3.10. The measurements were done over a single pulse repetition
period from one peak to another, considering K (total number of samples) = 10000 evaluation
points in Eq. 3.1. In Fig. 3.10(a) an increase in the number of comb lines with same comb
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(a) (b)

Figure 3.10: Comparison of estimated root mean squared errors (in %) for a 3, 5 and 9-line comb for different
values of (a) SSR and, (b) ripple in the flatness.

spacing. This corresponds to a narrowed pulse width and an increased number of lobes which
explains the significant reduction in the RMSE for lower SSR values with an increase in the
number of lines. The ripple analysis was also done for a 3, 5, and 9-line comb (see Fig. 3.10).
It reveals a slightly better performance with lesser error for the 9-line scenario. Even for a
three-line comb generation by integrated silicon modulators, a ripple of just 0.04 dB has been
shown in Sec. 3.2.2. However, the ripple might increase to 1.83 dB for coupled modulators and
other integrated designs[206].
To summarize the results in Fig. 3.10, the error due to SSR is much higher than the passband

ripple in a spectrum of a sinc-sequence. If the unwanted first-order sidebands are filtered out
with a filter [206], a part of the optical power is lost which can be considered as a power
penalty while generating sinc-shaped Nyquist pulses. The power loss increases with the SSR,
leading to a reduction of the optical power of the pulse at the output. At the same time, the
suppression of the sidebands decreases the RMSE leading to a much better shape of the pulse.
Hence, for optimum performance of the system, both of these factors need to be considered.
Thus it is much convenient to have better sideband suppression at the output of the modulator
itself.

3.5 Timing Uncertainty Associated with the Generated Pulses (Jitter

and Phase Noise)
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Figure 3.11: Measured phase noise spectra and of a 5-GHz microwave source (dashed black line) and generated
Nyquist pulses (solid red line).

Sinc-shaped Nyquist pulse sequences allow for a time-interleaving system. This time inter-
leaving system can be utilized for an OTDM system [15, 24], or an ADC [189], or a DAC
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[225, 226]. Therefore, it is important to ensure that the timing uncertainties are minimal to
achieve a reliable and excellent performance. Moreover, the figures of merit, like the effective
number of bits (ENoB), are directly related to the jitter [250–252].
Jitter and phase noise are interrelated quantities [253]. As with any other E/O comb source,

the phase noise of the generated comb is proportional to the phase noise of the input RF tone
[254]. With Ψ = πVdc

2Vπ
, and Ω = πVm

2Vπ
the output field of a DD-MZM from Eq. 2.9 can be

rewritten as,

Eout = Ein

[
cos (Ψ) J0 (Ω) + 2 cos (Ψ)

∞∑
n=1

(−1)nJ2n (Ω) cos
(

2n · (ωmt+ θ)
)

− 2 sin (Ψ)
∞∑
n=1

J2n−1 (Ω) sin
(

(2n− 1) · (ωmt+ θ)
)] (3.2)

From Eq. 3.2, one can easily conclude that the electrical phase θ is passed on to the generated
sidebands of an MZM. For the resultant pulses the phase noise thus can be measured from the
phase noise of the frequency component that corresponds to the repetition rate of the pulses.
In the experiments, this was verified as well. The experimental results are presented in

Fig. 3.11, for three different comb spacings. Similar results have been independently reported
by Liu et al. [206] and Kress et al. [251]. The corresponding root-mean-square jitter values
have been included in the plots. Thus, the jitter values of the presented device depend mainly
on the jitter of the microwave source used to generate the sinusoidal signal. Microwave sources
with ultralow jitter values have already been demonstrated. These sources can reach jitter
values in the zeptosecond range [255] and show a phase noise down to -167 dBc/Hz at an offset
of 10 kHz [256]. However, if the microwave source has to be integrated on the same chip, higher
jitter values may be tolerated.

3.6 Conclusion

In conclusion, flexible Nyquist pulse generation with repetition rates up to 30GHz and pulse
bandwidths up to 90GHz has been presented from integrated silicon photonic modulators of
various kinds. Compared to already reported silicon MZM-based comb generators, the mea-
sured pulses are of excellent quality (RMSE=0.699% for 60GHz Nyquist pulse). Flexible comb
generation with different line numbers was possible. Scrupulous experiments and simulations
were conducted in order to quantify various non-idealities associated with the modulator-
based Nyquist pulse synthesis. In the following chapters, these Nyquist pulses will be utilized
for all-optical high bandwidth signal measurement and for realizing compact on-chip Nyquist
transceivers.
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Integrated Optical Broadband Signal Characterization

With the realization of faster telecommunication data rates and an expanding interest in
ultrafast physical phenomena, ranging, and spectroscopy, etc., it has become impor-

tant to develop techniques that enable simple measurements of optical and electrical waveforms
with high precision both in time and the frequency-domains. Knowledge of the amplitude and
the phase of an electromagnetic field, in combination with digital signal processing, gives any
system a superior performance. In an optical transport network, the optical signal propagates
from the transmitter over optical fiber to the receiver, signal degradation is expected. Thus,
spectral monitoring at various points of the network can provide the information about the
quality of the transmitted optical signal as degraded by the impairments of the transmission
medium.

The commonly used method to temporally characterize an optical signal is to detect by
a photodetector and measure the temporal variation of the generated photocurrent using an
oscilloscope. The advent of electronic converters has enabled the implementation of efficient
digital storage oscilloscopes, which are much advanced than the primitive cathode ray oscil-
loscopes (CROs). The shortest pulse width, which can be measured using this technique, is
determined by the response time of the photodetector and the bandwidth of the oscilloscope.
Using an electrical oscilloscope and the fastest photodetectors available today, the overall
bandwidth of such a measurement system is about 70-110GHz [257, 258]. This bandwidth
allows the measurement of pulsed optical data signals having a pulse width as low as about
5 ps.

There are two types of oscilloscopes, the “real-time scope” and the “sampling scope”. A
real-time oscilloscope is often called a single-shot scope. It captures an entire waveform at
each trigger event. Putting it in another way, this means numerous data points are captured
in one continuous record. One can visualize it as an extremely fast analog-to-digital converter
(ADC) in which the sampling rate determines the sample spacing, and the memory capacity
determines the number of points that will be displayed. To capture any waveform, the ADC
sampling rate needs to be significantly faster than the frequency of the incoming waveform. An
equivalent sampling oscilloscope measures only the instantaneous amplitude of the waveform
at the sampling instant. In contrast to the real-time scope, the input signal is only sampled
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once per trigger. The next time the scope is triggered, a slight delay is added, and another
sample is taken. The intended number of samples determines the resulting number of cycles
needed to reproduce the waveform. The frequency response of the sampler determines the
measurement bandwidth. These types of equipment use electrical sampling and hold circuits
to realize an ADC. On the other hand, optical techniques provide benefits that are far beyond
the capabilities of electronics [10, 259–263]. Optical sampling techniques generally use an
ultrashort optical pulse to sample the waveform. Ultrashort pulse sources like MLLs are
challenging to integrate and hinder the reconfigurability of the system.

This chapter will present source-free all-optical sampling based on the convolution of the
signal spectrum with a frequency comb in an electronic-photonic, co-integrated silicon device.
The method has the potential to achieve very high precision, requires only low power, and can
be fully tunable in the electrical domain. It can achieve sampling rates of three and four times
the E/O bandwidths of the incorporated optical or electronic devices. Thus, the presented
method might lead to low-footprint, fully-integrated, precise, electrically tunable, photonic
ADCs and DACs with very high-analog bandwidths for the digital infrastructure of tomorrow.
In this work, a source-free all-optical sampling of pseudo-random microwave signal patterns has
been demonstrated using a silicon Mach-Zehnder modulator (MZM) in an electronic-photonic
co-integrated chip (ePIC) [189, 190].

Although multiple-shot sampling techniques can achieve picosecond resolution, single-shot
measurements are necessary to analyze events that are rapidly varying in time, asynchronous,
or may occur only once. The ability to measure optical signals with fast dynamics is of sig-
nificant interest in many application fields. Usually, single-shot measurements of non-periodic
signals can be enabled by time-magnification methods. Like an optical lens in the spatial do-
main, a time-magnifier, or a time-lens, stretches a signal in the time-domain. This stretched
signal can then be further processed with low bandwidth photonics and electronics. For a
robust and cost-effective measurement device, integrated solutions would be especially advan-
tageous. Conventional time-lenses require dispersion and nonlinear optical effects. Integration
of strong dispersion and nonlinearities is not straightforward on a silicon photonics platform,
and they might lead to signal distortions. To address this, an integrated time-magnifier system
is presented based on silicon nitride MRR with a very high Q−factor (∼ 106) and frequency-
time coherence based optical sampling [224, 264]. This technique requires neither a dispersion
nor a nonlinearity. Sampling of signals with up to 100GHz bandwidth with a stretching factor
of more than 100 is achieved using low bandwidth measurement equipment. Nevertheless, with
already demonstrated integrated 100GHz modulators, the method enables the measurement
of signals with of up to 400GHz bandwidths. Since the amplitude and phase information
is preserved after the sampling, a combination with the spectrum slicing method might en-
able integrated, cost-effective, small-footprint analog-to-digital converters and measurement
devices to characterize single irregular optical events with fast dynamics and bandwidths in
the THz range. Moreover, the generic sinc-shaped Nyquist pulse sequence sampling method
presented in this chapter will be further extended to optical communication applications in
the next chapter.
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Optical spectrum analyzers (OSA) are precision instruments that are used for measuring
spectra of optical signals. It finds its worth in many applications - characterization of light
sources such as lasers and broadband sources, testing optical devices like wavelength-dependent
gain and noise figure of EDFAs, optical transmission system monitoring, spectroscopic analysis
of biomolecules and chemicals, and beyond. In wavelength division multiplexing systems,
one needs to test the optical powers of the different wavelength channels and measure the
optical signal-to-noise ratio (OSNR) for real-time performance monitoring. High-resolution
spectrometers are vital not only for optics but also for biology, chemistry, and many other fields
of basic sciences and engineering. A section of this chapter will be devoted to demonstrate an
integrated chip-scale optical spectrum analyzer with 1 pm resolution [265, 266].
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4. Integrated Optical Broadband Signal Characterization

4.1 Signal Converters and the Role of Sampling

Apart from primary scientific interests in characterizing ultrafast signal dynamics, high-capacity
optical communication demands signal characterization with high speed and accuracy. The
advent of electronic converters has enabled the implementation of efficient DSP techniques in
optical transport systems. It has revolutionized modern computing systems, high-frequency
radar systems, wireless communications, image processing, etc. state-of-the-art digital stor-
age oscilloscopes employ DSP as well. A digital signal is essentially discrete in amplitude
and time. In contrast, naturally occurring electromagnetic signals are always time and am-
plitude continuous analog waveforms. Digital signal processing requires conversion between
analog and digital domains. A data converter transforms a signal between the digital and the
analog domain and vice versa. The data converters are digital-to-analog converters (DACs)
and analog-to-digital converters (ADCs) [267]. They provide the interface between the analog
domain and the DSP to achieve reconfigurability in modulation format, coding, bandwidth,
etc. For an optical transceiver, ADC and DAC are the most significant devices which define
the signal bandwidth that can be transmitted or received (see Fig. 4.1). The Shannon limit
defines the capacity C that can be transmitted over a channel with the bandwidth B and the
signal-to-noise ratio as [268],

C = B · log2(1 + SNR). (4.1)

The signal-to-noise ratio (SNR) relates to the amplitude and timing error associated with the
conversion processes. Therefore, most optical communication systems require high-speed and
high-accuracy DACs and ADCs.

To support a given symbol rate, signal converters need to have a sampling rate greater
than the symbol rate and an analog bandwidth preferably at least half of the symbol rate.
Table 4.1 gives an overview of the signal converter requirements for different modulation
formats. The ADC parameters are taken from [269] for polarization multiplexed 100GBit/S
transmission. Ideally, a DAC employing an N -bit hardware architecture will have a resolution
of 2N levels. However, all DACs add noise and distortion reducing the amplitude resolution
of the conversion. ENoB is a measure of the effective resolution and is always less than the
hardware architecture for real-time samplers in the absence of averaging. The required DAC
ENoB presented here assumes NRZ signaling without any pulse shaping and pre-emphasis.

Figure 4.1: Generic block diagram of an optical transceiver.

Two significant steps towards the digitalization of a continuous-time and continuous-amplitude
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4.1 Signal Converters and the Role of Sampling

Modulation
Format

Bits/Symbol ENoB
Requirement

(ADC)

ENoB
Requirement

(DAC)

QPSK 2 >3.8 1

16-QAM 4 >4.9 2

64-QAM 6 >5.7 3

256-QAM 8 >7 4

Table 4.1: Comparison of ADC and DAC requirements for optical receivers and transmitters for different
modulation formats [10, 269]

analog signal consist of the discretization in time through sampling and in amplitude through
quantization, respectively. These are graphically illustrated in Fig. 4.2. One can describe the
overall operation of an ADC by following a bandwidth-limited signal s(t) as it progresses
through each block in Fig. 4.2. The sampling operation in a conventional Nyquist-rate ADC

Figure 4.2: Generic block diagram of analog-to-digital conversion. Graphical demonstration of sampling and
quantization methods. A continuous-time, continuous-amplitude analog signal s(t) (a) is sampled to get a
discrete-time, continuous-amplitude signal (b). If only the quantization operation is performed by rounding
down the amplitude to the nearest discrete level then one gets a continuous-time, discrete-amplitude signal (c).
If both the operations are performed then the result is a discrete-time, discrete-amplitude signal as shown in
blue (d). The original analog signal is shown as dashed for comparison.

satisfies the Nyquist criterion, i.e., two samples per period [267]. If the signal s(t) is band lim-
ited by a maximum frequency component of fB then the Nyquist criterion is fs = 2fB = fNq

where fs is the sampling frequency, and fNq is the Nyquist rate. However, if the periodicity of
the signal is known, then under-sampling at a sampling rate below the Nyquist rate is possible
depending on specific applications (sampling scope). Similarly, over-sampling with fs � fNq

is also helpful (real-time scope). Each sample of the sampled signal s(nTs) with Ts = 1/fs is
then mapped to discrete amplitude levels through a scalar quantization process. For example,
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a zero-order hold quantization is shown in Fig. 4.2(c) and Fig. 4.2(d). It keeps the signal at a
constant value for the duration of a sampling period. The number of discrete amplitude levels
for the ADC is most often written in terms of the number of bits required to represent the
levels in binary digits. Uniform quantizers accomplish the quantization process using 2n equal
quantization steps to achieve n-bits of resolution. For example, an ADC with a resolution of
8 bits has 28 = 256 different amplitude levels to approximate the continuous signal. Lastly,
these discrete-time and discrete-amplitude signals are binary coded for digital processing. A
DAC is a device that converts digital codes to an analog signal. This is the reverse operation
of the ADC. The binary coded levels of digital data are approximated to an analog waveform.
In general, the output of a DAC is a stepwise approximation of the intended analog output.
Hence, the higher the sampling rate, the better the quality of the output analog waveform.
Thus, high-speed, high-accuracy sampling is of central importance for realizing data converters
capable of handling high bandwidth signal processing.

However, with increasing wideband applications, traditional electronic converters have been
unable to meet the requirements of high-speed due to limited bandwidth, timing jitter, thermal
noise, etc. In recent years, with the rapid development of photonic technology, using photonic
technology to overcome the bottleneck of electronic data converters has become a research
hotspot in optoelectronics technology [259, 261, 270, 271]. High bandwidth electronic ADCs
and DACs are generally implemented using frequency or time multiplexing or de-multiplexing
techniques [10]. For these interleaved data converters to provide analog bandwidths signifi-
cantly exceeding that of the silicon CMOS converters, they must be fabricated on compound
semiconductor platforms [10]. State-of-the-art integrated circuits with an analog bandwidth of
>67GHz and >110GHz have been fabricated in SiGe and InP HBT technology, respectively,
employing parallelization [272, 273]. Broadband electronic DACs have been demonstrated
with a state-of-the-art performance of 4.1-ENoB at an analog bandwidth of 58.6GHz [274],
and of less than 3-ENoB at an analog bandwidth of 100GHz [275]. The advantages of using
photonic technology in data converters are many-fold. It offers high bandwidth with femtosec-
ond level timing jitter, which is two orders of magnitude smaller than the electrical sampling
pulse [276, 277]. Photonic ADCs have been proven superior to electronic ADCs in terms of
speed and accuracy [259]. Different approaches like time-stretching [278] and parallel temporal
and/or spectral processing [261, 279] have been adopted to digitize of high bandwidth signals.
The above methods use time-to-wavelength mapping for stretching a signal before low band-
width parallel digitization or an ultra-short optical pulse as a sampling clock source. As the
first step towards digitization is sampling, the quality of the sampling clock ensures the perfor-
mance of a data converter. Because of the excellent phase stability of the pulses, traditionally,
photonic samplers have been implemented using an MLL as a source of the sampling pulses
[261, 262, 280]. Although mode-locked pulses have outstanding phase and amplitude jitter
characteristics, generating pulses with a widely re-configurable repetition rate is impossible
with MLLs because of the stringent phase-locking condition.

For present-day applications, an ADC or DAC must be integrated on a chip. Integrated
photonics offers compact, cost-effective and efficient devices for exciting applications. Com-
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pared to other integrated photonic platforms, low-power and high-yield devices and systems
are feasible in silicon photonics due to photonic-electronic co-integration. This feature enables
the opportunity to achieve data converters with much higher analog bandwidths and maybe
even lower power consumption than possible with today’s electronic data converters. How-
ever, a straightforward on-chip integration of MLL is yet to be shown on a silicon photonics
platform. Moreover, most of the time-stretching approaches mentioned above use higher-order
optical nonlinearities or strong dispersion, which are complicated to implement in an integrated
photonics platform using commercial fabrication facilities.

The following section describes a novel time-frequency coherence based all-optical sinc-
shaped Nyquist pulse sequence sampling method. The method is based on the convolution
of the incoming signal spectrum with a rectangular frequency comb of flexible bandwidth
and line numbers. The rectangular comb with N = 2n + 1 optical lines is generated from n

sinusoidal electrical signals. All sampling parameters like sampling rate, bandwidth, sampling-
gate width etc., can directly be adjusted in the electrical domain and precisely be adapted to
the signal to sample. The sampling rate of the integrated device can correspond to three (with
a single modulator) or even four (with two cascaded modulators) times the E/O bandwidth
of the integrated MZM [189, 281]. Additionally, compared to ideal sampling, this method’s
only difference is that the number of copies is restricted [187]. Since convolution is exploited,
nonlinear distortions due to higher order sidebands can be filtered out. Thus, the method has
the potential to offer precise, high bandwidth, and cost-effective integrated sampling devices
for the digital infrastructure. As described in Chapter 2, these pulses can be orthogonally time-
interleaved with substantial overlap. It enables higher sampling rate optical time-interleaved
DACs and ADCs that offers optimal use of the E/O bandwidth.

4.2 Principles of Source-Free Frequency-Time Coherence Based

All-Optical Sampling

The basic principle behind the source-free optical sampling can be viewed as the convolution
of the signal spectrum under test with a flat frequency comb consisting of a finite number of
equidistant lines [187, 189, 281]. In an ideal impulse train sampling as illustrated in Fig. 4.3,
a bandwidth-limited signal spectrum (S(f)) is convolved with an infinite Dirac delta comb
(X∆F (f)) with ∆F comb line spacing to produce an impulse train sampled signal. To avoid
aliasing, the sampling rate (∆F ) has to correspond to at least the optical bandwidth, or twice
the baseband bandwidth of the signal (better known as the Nyquist condition). Thus, the
impulse train sampled signal is an infinite number of signal spectra without spectral overlap.
To reconstruct the original continuous-time signal s(t), one needs to apply an ideal lowpass
filter of bandwidth ∆F/2 in the baseband, or a rectangular optical bandpass filter of bandwidth
∆F to the impulse-sampled signal. According to the Shannon interpolation formula, the
reconstructed signal is a train of sinc-pulses scaled by the samples and represents the original
signal s(t) [267]. This system is practically impossible to implement because each sinc-pulse
extends over a long (theoretically infinite) time interval.
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Figure 4.3: Schematic illustration of the impulse train sampling and ideal reconstruction method. The
frequency-domain represents are shown in the top row while the bottom row corresponds to the time-domain.

In contrast to sampling with an infinite frequency comb, sampling with a practical, rectan-
gular frequency comb with N uniform and phase-locked spectral lines with ∆F spacing leads
to a multiplication of the unlimited number of spectral copies with a rectangular function.

The rectangular comb in the time-domain is a superposition of time-shifted ideal (zero-
roll-off factor) sinc-shaped Nyquist pulses separated by N − 1 zero crossings, as presented in
Eq. 2.27 [15, 16]. Mathematically, this is equivalent to the Fourier transform of an infinite
Dirac comb multiplied with a rectangular filter. Let us define an infinite Dirac comb X∆F (f),
and a flat top rectangular filter uN,∆F (f) as Eq. 2.29 and 2.30, where N denotes the number of
spectral lines that the filter covers, and ∆F denotes the comb spacing. Then the convolution
of a complex bandwidth limited signal spectrum S(f) with an N -line frequency comb can be
expressed as:

Ss(f) = S(f) ∗
[
X∆f (f)× uN,∆F (f)

]
. (4.2)

Here, Ss(f) denotes the convolved spectrum. Accordingly, using the reciprocity of the Fourier
transform, the time-domain description can be expressed as,

ss(t) = s(t)×
[
X∆T (t) ∗ sinc

( Nt
∆T

)]
= s(t)× sin(πN∆Ft)

N sin(π∆Ft)
.

(4.3)

Here, ∆F = (∆T )−1 and the Fourier transform pairs of S(f), Ss(f) and X∆f (f) have been
denoted as s(t), ss(t) and X∆T (t) respectively.

Thus, according to Eq. 4.2, the sampling leads to a finite number of equidistant replicas of
the signal spectrum in the frequency-domain. The only difference to ideal sampling is that the
width of the rectangular function limits the number of spectral copies. According to Eq. 4.3,
in the equivalent time-domain the sampling is a multiplication between the bandwidth limited
signal s(t) and an infinitely stretched sinc-shaped Nyquist pulse sequence, where each pulse is
shifted by N − 1 zero crossings.

This process has been graphically demonstrated in Fig. 4.4. A signal spectrum convolved
with a five-line comb generates five identical copies of the spectrum. In the time-domain, this
corresponds to the multiplication of the signal with a sinc-sequence with four zero crossings.
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Figure 4.4: Schematic illustration of the all-optical sinc-shaped Nyquist pulse sequence sampling method. A
bandwidth limited signal spectrum is convolved with a frequency comb with N spectral lines. In the time-
domain, it corresponds to a sampled version of the signal with a sinc-shaped Nyquist pulse sequence having
N − 1 zero crossings between individual pulses. As a photodiode is only sensitive to power, the intensity has
been depicted. The corresponding sampling points are the integral over the repetition time of the pulses in the
sequence.
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Figure 4.5: Conventional optical sampling with an MZM (a) and the proposed method (b). For the conven-
tional method, an optical pulse sequence (a frequency comb (c)) is multiplied with the RF signal to sample
(d). The result is wanted spectral copies of the input spectrum and due to nonlinear modulator impairments
unwanted spectral copies inside the wanted ones (e). For the proposed method the signal to sample is in the
optical domain (f), whereas the sampling signal is just one single sinusoidal frequency line (g). The nonlinear
impairments of the modulator lead to unwanted spectral copies outside the spectrum of the wanted ones (h).
Thus, an additional filter might remarkably reduce them.

The sampling points are the integral over the repetition time of the pulse sequence. In prac-
tice, a low-bandwidth photodetector can obtain the sampling points, i.e., the photodetector
bandwidth should correspond to the inverse repetition time of the pulses. In Fig. 4.4, the
intensity as measured by a photodiode is shown. However, a coherent receiver will ensure a
full-field detection of the sampled signal [187].

As we saw in the last chapter, a flat and phase-coherent OFC can be generated from a single
CW line using one or more E/O MZM with suitable bias conditions. This idea can be further
extended to create spectral replicas of the input spectrum having equal spectral powers. As
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described earlier, this operation can be seen as the convolution with a finite frequency comb in
the frequency-domain, which translates to a multiplication of the signal with a sinc-sequence
in the time-domain.

A comparison of conventional mode-locked pulse sampling techniques using MZM [261,
262] and the method presented here can be seen in Fig. 4.5(a) and 4.5(b), respectively. For
conventional sampling (Fig. 4.5(a)), the optical input signal is a sequence of short optical pulses
generated by an MLL. In the frequency-domain, this is a number of frequency lines separated
by the repetition rate of the laser and multiplied with the Fourier transform of the time shape
of these pulses (Fig. 4.5(c)). The signal to sample is an RF signal applied to the RF input of
the MZM (Fig. 4.5(d)). This operation results in several spectral copies of the signal to sample
(see Fig. 4.5(e)). Due to the nonlinearities of the MZM, unwanted copies of the spectrum fall
inside the sampled signal spectrum and cannot be filtered out.

The convolution method is shown in Fig. 4.5(b). The signal to sample is in the optical domain
and applied to the optical input of the MZM (Fig. 4.5(f)). The MZM is driven with a sinusoidal
RF (Fig. 4.5(g)). The result is three identical copies of the input spectrum (Fig. 4.5(h)). The
nonlinearities of the modulator again lead to unwanted copies of the spectrum. However, as can
be seen from the figure, these unwanted spectral copies are outside the spectrum of the sampled
signal and might be drastically reduced by a filter. Additionally, for the convolution method,
the modulator is driven with a single sinusoidal frequency in the linear regime of the modulator.
Consequently, the residual nonlinearities are quite low. An in-depth comparative discussion
about the effects of nonlinearities on the generated frequency comb and the quality of resulting
sinc-pulses has been presented in the previous chapter. Please note from (Fig. 4.5(h)), the
bandwidth of the sampling pulses corresponds to three times the bandwidth of the sinusoidal
input frequency ∆f . Thus, modulators with an RF frequency of ∆f can generate sampling
pulses with three-times this bandwidth. For two cascaded modulators, this bandwidth can
be increased to four [15]. If the signal to sample is in the electrical domain, it has to be
transferred to the optical domain before it can be sampled by the proposed method. Due
to the nonlinearities of conventional MZM, this transfer process might lead to distortions of
the transferred signal. Nevertheless, these distortions can be drastically reduced by special
modulators with high linearity [282] or by rectangular optical bandpass filters [283, 284].
Integrating these optical bandpass filters is possible on a silicon photonics platform as well
[285, 286].

In order to increase the number of spectral copies, the modulator has to be driven with more
than one input frequency, otherwise, one or more additional modulators can be added. The
modulator nonlinearities will lead to undesired spectral components inside the desired spectra
if more than one input line is used. If the unwanted sidebands of the first modulator are
filtered out before being subjected to the next cascaded modulator, this effect will diminish.
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4.3 Integrated Signal Converters Based on Sinc-Shaped Nyquist Pulse

Sequence Sampling

For implementation on an electronic photonic co-integrated silicon chip with a low footprint,
the simplest way is to use one MZM and drive it with a single or n frequencies from an on-chip
oscillator to generate three or N = 2n + 1 identical copies of the input spectrum. In the
simplest case, n = 1 and N = 3 will suffice the need.

Figure 4.6: A conceptual integrated Nyquist time-interleaved ADC and DAC architecture. The chip will
include electronics and photonics on the same platform. Key components of the chip are an optical splitter,
MZMs, RF generator, RF phase-shifter, receiver electronics and digital electronics for signal processing. ∆φ
refers to the RF phase delay between the branches and k is the number of branches. A prototype ePIC chip
layout with three branches can be seen in the inset. Since an integrated device with all components is not
available yet, for the presented proof of concept all-optical sampling experiment one integrated modulator along
with an integrated driver has been used. This serves as one branch of the proposed integrated Nyquist ADC
or DAC.

The proposed integrated Nyquist ADC and DAC architecture, based on time-frequency
coherence based all-optical sinc-sequence sampling can be seen in Fig. 4.6. In the ADC, the
incoming optical signal to sample is split into N branches, where each branch contains one
MZM and a photodiode along with post detection electronics. If each MZM is driven with
n equispaced sinusoidal frequencies of ∆F spacing and the device consists of N = 2n + 1

branches, the real-time sampling rate of the device would correspond to the bandwidth of the
generated pulses (i.e. N ×∆F ). For a single sinusoidal input frequency, this would result in
a sampling rate of three times the E/O bandwidth of the incorporated modulators. The time
shift of the sampling points can be achieved by a simple phase change of the electrical input
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signal. Thus, the method is entirely tunable and can be fully adapted to the signal to sample.
Additionally, no optical delay lines are required for parallelization. These delay lines would
limit the tunability of the device, and they would lead to an additional unequal attenuation,
which has to be compensated for. For the sampling of optical signals, no additional optical
source is required. Moreover, the electrical signal is just one or n sinusoidal frequencies. Thus,
an integrated RF source is sufficient, and no expensive arbitrary waveform generator is required
[223].
The same sampling concept can be utilized to demonstrate a DAC as well [225, 226, 287].

In such a Nyquist DAC, a CW laser line from the source is split into N branches. Time-
interleaved amplitude levels S1, S2, ..., SN with ∆F repetition rate, are modulated in each
branch. Following, these amplitude modulated optical signals are sampled by orthogonally
time-shifted sinc-sequences at each branch. At last, the weighted sinc-sequences are superim-
posed to generate the required arbitrary output signal. The overall sampling rate of the DAC
will be N ×∆F .
The inset of Fig. 4.6 shows a possible electronics-photonics co-integrated silicon ADC chip

consisting of three sampling branches. A standard multimode interference splitter divides the
input into three branches with three parallel MZM driven by phase-shifted RFs. The sampled
signals will then be detected by the photodiodes and processed in parallel by DSP electronics,
either externally or even on the same chip.
Beyond signal converters, this technique will also be beneficial to realize practical Nyquist

transceivers. As discussed in Chapter 2, one can realize the practical Nyquist transceivers
based on modulation of data signals in sinc-shaped Nyquist pulse sequences. In Chapter 5,
such a transceiver system will be practically demonstrated based on the presented sampling
concept.
A proof-of-concept characterization of the most critical step, i.e., on-chip source free sam-

pling, is necessary to implement these signal converter and transceiver concepts practically.
Therefore, in a move towards a fully-integrated silicon photonic sampler, a chip with the core
optical component, the MZM, was designed along with single integrated driver electronics by
our collaborators in Paderborn university and fabricated in IHP (first generation ePIC-MZM
chip). The technological aspects of such an ePIC-MZM with low-power requirements and
flexible control of the amplitudes of spectral lines have already been discussed in the previous
chapter (see Sec. 3.2.1).

4.4 Sinc-Shaped Nyquist Pulse Sequence Sampling in Silicon

Photonics

4.4.1 Experiment and Results

To demonstrate the convolution-based source-free all-optical sampling, an experimental proof
of concept setup as depicted in Fig. 4.7 was adopted using the first generation ePIC silicon
MZM. The signal to be sampled was generated in the electrical domain by a pseudo-random
pattern generator (PG, Anritsu MP1800A). This signal was encoded on an optical carrier
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generated from a distributed feedback laser diode (LD) by a commercial LiNbO3 MZM and
then launched into the integrated silicon modulator through a fiber array coupled to the on-
chip grating couplers. Please note that this optical source would not be necessary if the signal
to be sampled is already in the optical domain. The signal was amplified prior to the silicon
chip by an EDFA. A polarization controller ensured proper input polarization to the chip.
The coupling loss was 12 dB per grating coupler, mainly due to the inefficiency of the coupling
arrangement. The optical insertion loss of the device was around 6 dB as measured with respect
to a short reference waveguide coupled by the same fiber array. Consequently, subsequent
amplification stages consisting of a pre-amplifier and an EDFA were used to compensate for
the very high coupling losses. Two 1 nm BPF were used after each amplifier to mitigate the
amplified spontaneous emission noise. Before visualizing the signals in the time-domain by
an electrical sampling oscilloscope (Agilent 86100C), they were transformed to the electrical
domain by a 70GHz Finisar photodetector. An OSA was used to monitor the flatness of the
spectrum. The silicon modulator, which acts as the convolution-based sampling device, was
driven by an RFG. The input RF was split using a balun which gives a differential (π shifted)
output. This differential signal was fed to the on-chip electronic driver using a GSSG probe.
The RF power used for the generation of flat, equal copies of the input spectrum was around
6 dBm at each of the signal inputs of the GSSG probe. A synchronization between the signal
to sample and the sampling pulses was established as depicted by the dashed line in Fig. 4.7.
The operating point of the MZM plays a pivotal role in the generation of identical spectral
replicas [15]. Thus, the on-chip heaters were used as phase-shifters to steer the operating point
towards achieving spectral copies with the same amplitude. The feasibility of such control
mechanism is confirmed by the experimentally measured optical power transfer function of
the modulator with respect to the DC voltage applied across the heater element, as shown
in Fig. 3.1(f). Evidently, the maximum extinction ratio of the used MZM is around 27 dB.
To obtain a flat spectrum as depicted in Fig. 3.4(a), a DC input voltage of approximately
2.1V was applied to the heater. The modulator should be driven with a low-power electrical
signal to avoid any nonlinearities within the electrical drivers and higher-order sidebands. The
voltage for maximum possible carrier suppression was 2.15V, and the chosen operating point
of the modulator was 2.1V for sinc-shaped Nyquist pulse generation and the desired sampling.

LD

PC MZM EDFA PC
ePIC

Si-MZM

Pre-Amp BPF 50% EDFA BPF PD

Optical

Spectrum

Analyzer
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ScopeBalun

0 π DC
Control
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TriggerClock-in

Microwave
signal to sample

Figure 4.7: Experimental setup for all-optical source free sampling with sinc-shaped Nyquist pulse sequence.
LD: laser diode, PC: polarization controller, MZM: Mach-Zehnder Modulator, EDFA: Er-doped fiber amplifier,
PG: pattern generator, PD: photodiode.

If a CW light is at the input to the modulator, then with the above-mentioned bias point,
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the result is a sinc-shaped Nyquist pulse sequence. If the optical CW wave is replaced by
the signal to sample, the MZM driven with one RF frequency produces three copies of the
optical input spectrum, whereas the same MZM driven with two RF frequencies produces five
copies of the input spectrum. As discussed in Sec. 4.2, in the time-domain, this convolution
corresponds to a multiplication between the input signal and the sinc-sequence. As a signal
to sample, an arbitrary microwave pseudo-random bit sequence (PRBS) has been used. This
signal is depicted by the blue line in Fig. 4.8. The electrical signal from the pattern generator
itself was quite deformed compared to an expected NRZ PRBS data signal. In Fig. 4.8(a), the
input signal was sampled by driving the MZM with just one sinusoidal RF tone of frequency
7GHz as one pulse per symbol. Similarly, in Fig. 4.8(b) and 4.8(d), the sampling was done at
a rate of 12GHz. Whereas, Fig. 4.8(c) corresponds to the sampling with two sinusoidal input
frequencies of 5 and 10GHz. For the sake of experimental simplicity, the clock input of the
pattern generator was the same as the pulse repetition rate.
The noisy output behavior in Fig. 4.8 can be attributed to the quite bad coupling efficiency

of 12 dB per facet, requiring successive amplification stages. Improving the coupling efficiency,
especially using on-chip photodetectors, as offered by the same integration platform [288], will
eventually improve the noise performance. However, the nonzero DC floor associated with the
sampling pulses does not affect the sampling process, as this is a multiplication by a constant
factor throughout the signal to sample. The sampling points were calculated by an integration
over the repetition rate of the Nyquist pulses, as described in Sec. 4.2. As shown in Fig. 4.8(d),
although the proof of concept results are quite noisy, the sampling points are well in agreement
with the signal to sample. The standard deviation of the calculated sampling values from the
measured signal values was found to be 0.0035V at 12GHz (in Fig. 4.8(d)).
As described in Sec. 4.2 one MZM can be seen as one branch of an ADC. By parallel

Figure 4.8: Sinc-sequence sampling in an ePIC silicon modulator. Optical sinc-shaped Nyquist pulse sequence
sampling of microwave PRBS (blue) with pulse sequences (orange) corresponding to three-line combs of (a)
7GHz spacing and (b) 12GHz spacing, respectively. (c) Similar sampling is demonstrated for a sinc-sequence
corresponding to five-line comb of 5GHz spacing. (d) All-optical sampling of microwave pattern with pulse
sequence corresponding to a three line comb of 12GHz spacing. The red points correspond to the integration
over one period of the corresponding sampling pulse.
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sampling with RF phase shifts and time interleaving, the real-time sampling rate for Fig. 4.8(a),
4.8(b) and Fig. 4.8(c) would correspond to 21, 36, and 25GS/s, respectively.

4.4.2 Discussion

A source-free all-optical sampling, based on the convolution of the signal spectrum with a
frequency comb has been demonstrated by an electronic-photonic, co-integrated silicon device.
The method is able to sample the whole field (amplitude and phase) and it has the potential
to achieve very high-precision.
The on-chip RF drivers ensured very low RF power requirements. The method offers a very

flexible and precise control over the pulse repetition rate, pulse width, and duty cycle directly
in the electrical domain. Thus, the device can be easily adapted to the signal to sample,
optical delay lines are not necessary.
With an RF input of 12GHz, a sampling rate of 36GS/s has been achieved. By a paralleliza-

tion, straightforward with silicon photonics, the method has the potential to attain real-time
sampling rates of three and up to four times the E/O bandwidths of the integrated compo-
nents. Thus, with 100GHz modulators, already shown in silicon photonics [98, 102, 103, 183],
real-time sampling rates of 300 and even 400GS/s might be possible.
Additionally, the bandwidth of the sinc-sequences and hence the sampling rate can be ad-

justed very easily in the electrical domain to the requirements of the signal converter or Nyquist
transceiver. For the time-domain interleaving, no optical delays are required electrical phase-
shifters can be used instead. These electrical phase-shifters have several advantages compared
to optical delays. The main advantage, however, is that much higher tuning ranges are possi-
ble. Electrical phase-shifters with a total 2π phase change for a wide frequency tuning range
can be achieved in SiGe BiCMOS technology [289, 290].
Another important factor defining the sampling quality is the aperture jitter of the clock. As

discussed in Sec. 3.5, the jitter in the generated pulse sequence comes primarily from the RF
source. Thus, using an RF source with better temporal stability, one can reduce the aperture
jitter of a sinc-sequence based sampling device [251].
As silicon photonics enables the co-integration of all key components of the sampler, the

presented method can lead to low footprint, low electrical power, fully integrated, precise,
electrically tunable, photonic ADCs with very high-analog bandwidths. This might assist in
keeping pace with the gradually increasing data rates in the worldwide digital infrastructure.

4.5 Integrated Optical Time-Magnifier Based on a High-Q SiN Microring

Resonator

Observation of the temporal shape of a short-lived optical signal is essential for many ap-
plications in optical physics, communication technology, and spectroscopy. Amplitude and
phase of short optical signals can be measured in the frequency and time-domain by nonlin-
ear methods like frequency-resolved optical gating (FROG) [291]. Conventionally, single-shot
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measurement methods like FROG require significant pulse energies [291–293] while, in applica-
tion fields like optical communications and radar, usually signals with a meager signal-to-noise
ratio are incorporated. Although very efficient high-order digital modulation formats are used
today, the optical communication bandwidth is ever-increasing towards even the terahertz
range [294–296]. Continuing advancements in CMOS technology have led to astonishingly fast
digital signal processors. But, the analog bandwidth of wideband digitizers is still one of the
significant bottlenecks [261]. By spectral slicing [297], i.e., the parallel coherent detection of
low bandwidth spectral slices of a broadband signal, high bandwidth arbitrary input signals
can be measured. However, a narrow-spacing, flat-top wavelength de-multiplexer is required
to slice the broadband spectrum before homodyne detection and digitization with low-speed
electronics are possible. A silicon photonic implementation of the method has just recently
been reported [263].

Therefore, a system capable of stretching a short optical signal temporally to a scale that
enables the measurement with conventional low-bandwidth electronic systems is essential for
present-day applications. Usually, a time-lens is utilized for the temporal magnification of
short input signals. Like a lens in the spatial domain, a time-lens can magnify ultrafast time
evolutions in time [58, 133, 298–302]. In general, there exists a mathematical equivalence
between spatial diffraction and time-domain dispersion. Moreover, temporal quadratic phase
modulation is analogous to spatial phase modulation by a conventional lens. Therefore, a
suitable combination of dispersion and quadratic phase modulation can result in a system
where the temporal behavior of a signal can be scaled in an arbitrarily [58, 300, 302].

The concept of time-magnification was first proposed in the electrical domain [298] before it
was implemented in optics. A typical optical time-magnifier system can be realized either by
exploiting time-frequency conversion [301, 303] analogous to the Fourier transform properties
of a spatial lens [304], using an E/O phase modulator [305], or by utilizing parametric nonlinear
wave mixing processes like sum-difference frequency generation [58] and FWM [133, 306, 307].
A method that can map the incoming signal spectrum to a temporal waveform is the dispersive
Fourier transform [308]. Dispersive Fourier transform has been instrumental for photonic time-
stretched analog-to-digital converters (TSADC) for fast digitization of high bandwidth signals
[278, 309]. A high bandwidth data signal is modulated on a chirped pulse by an E/O intensity
modulator. This step acts as a time-to-frequency conversion for the input signal. A dispersive
unit afterwards stretches the signal in time before detection by a conventional photodiode [309].
A combination of dispersive Fourier transform and time-lens has been used for the single shot
complete transient characterization, where the spectral and temporal behavior of the signal is
retrieved separately followed by a Gerchberg-Saxton algorithm to get the complete intensity
and phase information [310]. Another method for photonic analog-to-digital conversion is
based on a fiber loop with optical amplification to generate copies of the input signal in
combination with dispersion compensated fiber, large effective-area fiber, and highly nonlinear
fiber (HNLF) to magnify successive parts of each copy using dispersion engineering and FWM
[307].

Most of the aforementioned time-magnification methods require a strong dispersion or non-
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linearity. Integrated, small footprint and economical measurement devices would be advan-
tageous for various application fields. However, the on-chip integration of nonlinear optical
effects or elements with a strong dispersion is challenging using conventional commercial fabri-
cation facilities. Furthermore, nonlinearities require high signal intensities and long interaction
lengths. Use of higher-order dispersion and other nonlinearities can lead to signal distortions.
In this section, a time-magnifier system based on the multiplication of the signal spectrum

with a frequency comb, enabled by an integrated SiN MRR, and the following convolution with
a rectangular frequency comb by two cascaded intensity modulators will be presented. The
method does not rely on optical nonlinearities or dispersion management. Thus, integration
into a photonic integrated circuit is straightforward. Additionally, the measurement device can
achieve sampling rates of up to four times the E/O bandwidth of the integrated modulator with
the highest bandwidth. If combined with spectrum slicing and co-integrated electronics, single,
irregular signals with THz bandwidths could be characterized by low bandwidth photonics and
electronics in a single integrated device.

4.5.1 Operating Principle

The basic working principle of the dispersion- and nonlinearity-less time-magnifier is presented
in Fig. 4.9. An integrated MRR with a round trip time, much longer than the duration of
the single isolated input signal, is used to sample the input signal in the frequency-domain
(Fig. 4.9(c)), i.e., to generate several copies of the input signal in the time-domain (Fig. 4.9(d))
with a distinct repetition rate. In a second step, two cascaded intensity modulators are used
to sample the different copies in the time-domain using the frequency-time coherence method
[187, 281]. Due to a subtle difference between repetition and sampling rate, the sampled values
are taken from different temporal positions of the signal copies (Fig. 4.9(g)). The envelope
over these sampling values is the time-stretched and sampled input signal (dashed line in
Fig. 4.9(g)).
For the explanation of the MRR and the sampling stage acting together, a comprehensive

formulation of the interaction in the time and equivalent frequency-domain offers a better
description. The optical powers required for the experiment are far too low to generate any
nonlinear optical effects, and dispersion-induced signal broadening was absent in the experi-
mental outcome. Therefore, these effects have been neglected for the sake of simplicity in the
theoretical formulation.
An arbitrary signal in the frequency (top) and time-domain (bottom) is depicted in Fig. 4.9.

Assume that the input signal s(t) in time and S(f) in the frequency-domain, has a higher
optical bandwidth B0 than the free spectral range (∆fR) of the ring (Fig. 4.9(a)). Additionally,
for the sake of simplicity, consider that the finesse (∆fR/∆f), with ∆f as the FWHM is
infinite, i.e., the ideal transmission spectrum at the drop port of the ring can be seen as an
infinite number of discrete Dirac delta frequency lines equally separated by ∆fR. Thus, the
MRR multiplies the signal spectrum with a Dirac frequency comb, i.e., it extracts single,
equidistant frequency lines, leading to a discrete signal spectrum (Fig. 4.9(c)). This process
can be considered as a sampling in the frequency-domain. With the definition of Dirac-delta
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Figure 4.9: Basic concept of the proposed time-magnifier in the frequency (top) and time-domain (bottom).
The multiplication between the optical input signal spectrum (a) with a frequency comb realized by the transfer
function of an MRR with an infinitely high finesse (F) (b) results in a convolution between the input signal
and a Dirac delta comb in the time-domain, or an infinite number of time copies of the input signal (d). In the
next step, a set of two cascaded modulators (e) enables the convolution in the frequency-domain between the
discrete signal spectrum (c), produced by the MRR and a rectangular frequency comb. In the corresponding
time-domain, this is the multiplication of the signal copies with a sinc-sequence (g). Since the free spectral
range of the ring is slightly different from the repetition rate of the sequence, the signal copies are sampled at
different positions. The sampling points are the integral of the sequence over the repetition rate (blue dots)
and the envelope of the sampling points gives the stretched input pulse (blue dashed line).

sequences in frequency and time-domain as:

X∆X(x) =

+∞∑
n=−∞

δ(x− n∆X), (4.4)

with x = f, t, the output of the ring resonator can be expressed in frequency and time-domain
as:

SRR(f) = S(f)×X∆fR(f). (4.5)

sRR(t) =
1

∆fR

+∞∑
n=−∞

s
(
t− n

∆fR

)
(4.6)

Consequently, the sampling in the frequency-domain (Eq. 4.5), carried out by the ring res-
onator, leads to an infinite number of equal copies of the input signal in the time-domain
as expressed by Eq. 4.6 [311–313]. If the finesse (F) is considered to be finite, an additional
decaying factor has to be included in Eq. 4.5. However, since the method uses an electronic
post-processing, as will be described later, this decay plays no role for the concept and will be
neglected here. In a second step, the discrete signal spectrum (Fig. 4.9(c)) is convolved with a
rectangular frequency comb, leading to identical copies of the discrete signal spectrum in the
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frequency-domain (Eq. 4.7, Fig. 4.9(f)),

Ss(f) = SRR(f) ∗ [X∆fs(f)× uN,∆fs(f)]. (4.7)

Where uN,∆fs(f) is a rectangular function defined around the optical carrier frequency fc as
expressed by Eq. 2.30.
In the equivalent time-domain, Eq. 4.7 can be expressed as:

ss(t) =
1

∆fR

+∞∑
n=−∞

s

(
t− n

∆fR

)
×
[
X 1

∆fs

(t) ∗ sinc (N∆fst)
]

=
1

∆fR

+∞∑
n=−∞

s
(
t− n

∆fR

)
×

+∞∑
k=−∞

sinc
(
N∆fs

(
t− k

∆fs

))
.

(4.8)

Eq. 2.32 has been used to express the convolution between the Dirac delta sequence and the
sinc-function as the sinc-sequence. The bandwidth and duration (from the peak to the first
zero crossing) of the single pulses in the sequence is given by Fs = N∆fs. For a time shift
of τ = 1/(N∆fs) the sinc-sequence is orthogonal to a time-shifted version of itself. Following
Sec. 4.2, this process can be seen as a sinc-sequence sampling in the time-domain.
Thus, following Eq. 4.8, the ring resonator generates equal time-domain replicas of the input
signal with a repetition time of TR = 1/∆fR, and in the following step, these time copies are
multiplied with an infinite sequence of sinc-pulses with a repetition time of Ts = 1/∆fs. If
Ts ≈ mTR, with m = 1, 2, 3, ..., the stretching factor of the input signal is given by:

∆S =
Tseff

|Tseff −mTR|
=

∆fR
|∆fR −m∆fseff |

(4.9)

Here Tseff and ∆fseff are the effective repetition time and repetition rate, respectively. If not
every, but every second or third copy will be multiplied by the sampling pulses, the repetition
time has to be multiplied by 1/2 or 1/3 to get the effective values. For a practical system, the
number of useful time copies is restricted by the optical input power, the finesse, and losses of
the MRR. Thus, the maximum stretching factor can be achieved for m = 1.

If the envelope is compressed by the stretching factor, it gives the sampling of the original
pulse. Henceforth, this will be called compressed sampling rate ∆fCS = ∆fseff∆S. Fur-
thermore, it will be shown in the discussion section that the achievable maximum effective
compressed sampling rate can be defined by the bandwidth of the rectangular frequency comb
as ∆fCSeff = Fs = N∆fs.

The convolution of the discrete signal spectrum with a rectangular frequency comb (Eq. 4.7)
is carried out by two cascaded intensity modulators, where each of them is driven with one
or more synchronized sinusoidal RF signals (Fig. 4.9(e)). To achieve such a frequency-domain
convolution, both modulators have to be adjusted in a way, that the generated spectral copies
have the same amplitude and phase [281]. For the sake of simplicity, it is assumed that just one
RF frequency is applied to each modulator. The first modulator is driven with the frequency
∆fs. Thus, it generates three identical copies of the discrete signal spectrum, i.e., the copy
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with the central frequency of the carrier fc and at fc ± ∆fs. The second modulator is then
driven with a frequency 3∆fs. Again, the second modulator produces three identical copies
of its input spectrum. Thus, the second modulator enhances the number of equal spectral
copies to N = 9 (see Fig. 4.9(f)). According to Eq. 4.8, this corresponds to a multiplication of
the time copies with a sinc-sequence with eight zero crossings in the equivalent time-domain
(Fig. 4.9(g)). If the first modulator is driven with ‘p’ and the second with ‘q’ RF frequencies,
the number of spectral copies can be enhanced to N = (2p + 1)(2q + 1) with the achievable
pulse bandwidth of Fs = N∆fs.

The sampled values are the integral of the sinc-sequence over its repetition rate, which is
again ∆fs, and if a coherent receiver is used, the full-field can be sampled [187]. Thus, the
amplitude and phase values can be extracted by low bandwidth photodiodes and electronics.
If a frequency tripler is used to generate the input frequency for the second modulator, the
maximum required electronic bandwidth and the bandwidth of the photodiode is ∆fs. So, even
with low E/O bandwidth electronics and photonics, high-bandwidth signals can be measured.

4.5.2 Proof-of-Concept Experiment

Figure 4.10: Characteristics of the MRR. (a) Cross-section of the waveguide, the mode profile, and the
coupling setup. (b) Top layout of a portion of the chip. For the experiment, ring 1 with a free spectral range
of 18.774GHz has been used. Due to lack of space, only half of the ring 1 is shown. However, the layout is the
same as that of ring 2. (c) Transfer characteristic at the drop port measured using a broadband source and an
optical spectrum analyzer with 0.02 nm resolution. (d) Single resonance peak at 1545.94 nm, measured by an
optical power meter and a frequency scan (cyan) with an MZM driven with a tunable RF frequency. The red
curve corresponds to the Lorentzian fit to the measured data. The calculated finesse F is 145.

To prove the theoretical predictions, an integrated silicon nitride MRR has been used to
create time-domain replicas of the input signal and two cascaded conventional LiNbO3 MZMs
have been used for the convolution with a rectangular frequency comb.
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Design, fabrication, and characteristics of the SiN microring resonator

A cross-sectional and top view of the fabricated ring can be seen in Fig. 4.10(a) and Fig. 4.10(b),
respectively.
A group of silicon nitride MRRs of different sizes were prepared for tape out by the collabo-

rators in SJTU, China. The silicon nitride waveguides are of 1.8 µm width and 800 nm height.
The waveguide sidewall angle is 82◦ due to the dry etch. The device that was used (ring 1 in
Fig. 4.10(b)), is a racetrack-type MRR with the straight section being 3462 µm long and bend-
ing radius 100µm. The MRR is coupled with input and output access waveguides via S-bends
at the long straight sections. The S-bend has a bending radius of 100µm and a gap separation
of 0.4µm from the MRR. The fabrication was done in the commercial foundry LIGENTEC. A
500µm thick silicon wafer was initially oxidized to form a 4µm thick silicon dioxide layer as the
under-cladding of the device. Then, the 800 nm thick core silicon nitride layer was deposited
using low-pressure chemical vapor deposition (LPCVD). The strip waveguides are patterned
with electron-beam lithography and transferred to the substrate by reactive ion etching (RIE)
with SF6/CH4 chemistry. Finally, the device was covered by 2.7µm-thick silicon dioxide as
upper-cladding deposited by plasma-enhanced chemical vapor deposition (PECVD). The ac-
curacy in the layer thickness is 1% in the thickness of the deposited layers.
For the experiments, the ring with the lowest FSR of ∆fR = 18.774GHz (labeled with

1 in Fig. 4.10(b)) was used. The transfer function of the ring’s drop port, measured with a
broadband light source and an OSA, can be seen in Fig. 4.10(c). Since the resolution of the
spectral measurement is restricted by the OSA (2.5GHz @ 1550 nm), one of the frequency
resonances was scanned by a sideband generated with an MZM, driven with a tunable RFG.
From this measurement, the FWHM of the resonance was found to be ∆f = 128.9MHz
(Fig. 4.10(d)), leading to a finesse (F) of around 145 and a Q-factor of ≈ 1.5× 106.

Experimental setup

Nyquist/Sampling Block

MLFL WS

EDFA1 PC
MRR

EDFA2 PC MZM1 EDFA3 PC MZM2 EDFA4 90/10 PD

OSC

OSA×3∆ϕ

PLL
100 MHz Bias Control

Figure 4.11: Experimental Setup. The pulses were generated by a mode-locked fiber laser (MLFL), restricted
in bandwidth by a waveshaper (WS) and fed into the microring resonator (MRR). The temporal character-
ization was done by an electrical sampling scope (Osci), whereas the spectral characterization was carried
out by an optical spectrum analyzer (OSA). Two cascaded intensity modulators with synchronized frequency
inputs served as the Nyquist block, which samples the signal. IM: Lithium Niobate Mach-Zehnder intensity
modulator, PLL: phase-locked loop, PD: photodiode.

The experimental setup is shown in Fig. 4.11. The used laser source was a passively mode-
locked femtosecond Er-doped fiber laser (FemtoFErb 1560). The overall bandwidth and the
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repetition rate of this laser were 30THz and 100MHz, respectively. In order to be measurable
by available instruments, the bandwidth of the input signal was reduced to by a waveshaper.
Before feeding to the MRR, the output of the waveshaper was amplified by an EDFA to
12 dBm of average power. The light was coupled into the MRR using inverted tapers on
the integrated waveguides and lensed tapered single-mode fibers. The insertion loss of the
fiber-to-chip coupling was estimated to be around 6 dB, based on the measurements on a
straight waveguide. The chip was placed on a temperature stabilized stage with stabilization of
27±0.001 ◦C. The input polarization was suitably adjusted using a fiber polarization controller
with an insertion loss of around 1 dB. Therefore, the optical power in the input bus waveguide
of the ring was around 5 dBm. Due to the coupling losses of the ring, the optical power in
the ring was much lower. As the spectral bandwidth (reduced to 60GHz, or 100GHz by
the waveshaper) of the input signal is much larger than the free spectral range of the MRR
(18.774GHz), the pulse initially couples into the resonator and travels around the ring. At
each pass, it couples energy out to the two adjacent waveguides. This results in a series of
output pulses with a diminishing amplitude at the drop port. The repetition rate of the input
pulse (100MHz) was so low that there was no optical power left in the resonator before the
next input pulse arrived.

The generated pulse copies were subjected to the all-optical sampling stage (Nyquist/sampling
block in Fig. 4.11), which consists of two cascaded LiNbO3 MZMs. The MZMs were driven
by a sinusoidal RF signal generated by a phase-locked loop (PLL) (Analog Devices ADF4159)
which uses the repetition rate of the femtosecond laser as the reference signal for the phase-
locked operation. A three-times higher frequency drove the second MZM than the driving
frequency of the first MZM. A passive frequency tripler was used for this purpose. An RF
phase-shifter was used to compensate any phase mismatch between the RFs at the input of
the two MZMs. The position of the sampling points can be arbitrarily controlled by changing
the phase of the RF frequency generated by the PLL. For the sampling stabilization, the
MZM bias points were controlled suitably to get a nearly flat top spectrum at the OSA. For
the proof-of-concept experiment, the PLL was necessary for the synchronization of the input
sampling frequency to the signal to sample. For single, non-periodical events, this can be
achieved by synchronizing the sampling frequency to the ring repetition rate.

All the time-domain measurements were carried out with a 100GHz photodiode (Finisar
XPDV412xR) along with a sampling oscilloscope (Agilent DCA-J 86100C) equipped with an
additional measurement head of 70GHz bandwidth (Agilent 86118A). Due to this limitation
in measurement, the measured sampling pulses are distorted, although the integration over
one period will still give the correct sampling value. Thus, a photodiode and measurement
equipment with 12GHz bandwidth would have been sufficient just for getting the sampling
points. The original pulse, as well as the replicas at the output of the ring, were measured
with the same measurement instruments.
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Figure 4.12: Time and frequency-domain (insets) representation of the signal at the input (a) and output
of the ring (b). The input signal (a) is a pulse train with a repetition rate of 100MHz (10 ns), produced by
an Erbium-doped, mode-locked fibre laser and bandwidth limited to 60GHz by a waveshaper (inset in (a)).
Frequency lines are carved out from the signal spectrum by the transfer function of the ring (inset in (b)).
Since the finesse of the ring is finite and due to losses, the ring produces copies for around 2 ns. The amplitude
behavior of the copies after the ring is defined by the ring parameters and the input power but not by the
input signal. Thus, it can be equalized by post-processing of the data. Please note from the inset in (b) that
new frequency lines outside the original spectrum (dashed line) cannot be seen. Thus, the ring does not lead
to any visible nonlinear optical effects.

4.5.3 Results

In contrast to the simplified theory, the finesse of the MRR is finite, and there is attenuation
in the ring. These lead to the diminishing of the copies long before the next input pulse enters
the ring. Thus, there is no interaction between residual optical power from the copies and the
power of the next input pulse. As can be seen from Fig. 4.12(b), the number of copies that
can be used for sampling with a fairly good power associated with the sampling points, last
for a duration of about 2 ns. We shall see later, these many copies are sufficient for achieving
a stretching factor up to 71 for these pulses. The repetition time of the mode-locked laser was
10 ns (100MHz) and thus five times longer than the duration of the copies. So, although a
periodical signal has been used for the proof of concept experiment, the time-magnifier works
on every single pulse. The bandwidth of the generated laser pulses was 30THz and by far
too broad for the electronic measurement devices available in the lab in order to verify the
proposed method. Thus, the waveshaper reduced signal bandwidth for the proof of concept
experiments to 60 and 100GHz. This can be seen as a sliced part of the broader spectrum.
For a measurement device based on spectral slicing, a number of these spectral slices would
be processed in parallel. The reduced bandwidth of the mode-locked frequencies results in
pulses with an FWHM duration of around 15.55 ps and 10.37 ps, respectively. The higher the
bandwidth of the sliced part of the spectrum, the lower the required parallel branches.
The time and frequency representation of the single pulses before the ring can be seen in

Fig. 4.12(a). These pulses were coupled into the MRR. Due to the drop port transfer charac-
teristic of the ring, single frequencies were extracted from its spectrum (inset in Fig. 4.12(b)).
According to Eqs. 4.5 and 4.6, these discrete spectrum corresponds to several copies of the
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input pulse in the time-domain (Fig. 4.12(b)). As can be seen from the inset in Fig. 4.12(b),
there are no newly generated frequency lines outside the original pulse spectrum. According
to the measurements, an optical input power of 25 dBm was necessary to generate small side-
bands by FWM in the used MRR, and an input power of as much as 34 dBm was required to
generate a frequency comb. Thus, with an optical input power of just 5 dBm at the input bus
waveguide, as used for the experiments, the nonlinearity of the MRR and possible accompanied
distortions are negligible.

Due to the roundtrip loss in the ring, the temporal replicas are decreasing. In Fig. 4.12(b),
the third and fourth copies have much lower power than expected, and the power of other
replicas slightly fluctuates. This is the same for all signals and independent of the input
power. This behavior arises from spurious resonances with much lower power than the principal
resonance caused by (i) multiple waveguide modes, (ii) sidewall corrugation of the fabricated
ring [314], or (iii) the presence of coupling sections that act as a perturbation for the MRR
[315]. A more comprehensive explanation of this phenomenon can be found in [168]. Since
this effect depends on the fabricated ring and not on the input signal, the same fluctuation
can be seen for all input signals, and it can be compensated by post-processing of the data.
Therefore, it does not influence the measurement. Additionally, an integrated photodiode at
the through-port of the ring with a bandwidth comparable to the ring FSR can be used to
get the envelope of the power distribution as well as the repetition rate of the copies for post-
processing. By monitoring the actual repetition rate, temperature stabilization of the ring can
be avoided.

As depicted in Fig. 4.9, the time copies generated by the MRR were fed into two cascaded
modulators. The first modulator was driven with a frequency ∆fs of 12GHz, generated by the
PLL. The bias voltage and RF power of the modulator were adjusted so that the upper and
lower copies of the input spectrum had the same amplitude and phase as the spectrum in the
middle [187, 281]. The second modulator was driven with three times the RF ∆fS , generated
by a frequency tripler. As discussed in the theory section, the second modulator enhances the
number of spectral copies to nine. This corresponds to a convolution of the input spectrum
with a nine-line rectangular frequency comb. In the time-domain, it is the multiplication of
the time-copies with a sinc-sequence with eight zero-crossings [187, 281] (Eq. 4.8).

By changing the phase of the RF, generated by the PLL, the sinc-pulses can be shifted
through the replicas, as shown in Fig. 4.13. Each color represents a measurement with a sinc-
sequence with a different phase. As can be seen, the sampling follows the signal regardless of
the amplitude or an additional pedestal. The inset in Fig. 4.13 shows a zoom into one of the
copies. The stars represent the sampling points achieved by an integration of the sinc-pulses
over the sampling time (repetition time of the sinc-pulses). The bandwidth of the sampling
pulses is Fs = N∆fs = 9×12GHz = 108GHz and thus higher than the bandwidth of the used
photodiode (100GHz) and the electrical oscilloscope (70GHz). consequently, the measured
sampling pulses, as shown in Fig. 4.13 were distorted. However, since the sampling points can
be achieved by integrating the sinc-sequences over its repetition time, this does not influence
the measurement. Following the theory section, a photodiode and electronics bandwidth
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Figure 4.13: Sampling of the signal replicas appearing at the output of the MRR. The cascaded modulators
convolve the discrete input spectrum with a nine-line rectangular frequency comb with a frequency spacing of
∆fS = 12GHz. In the corresponding time-domain, this results in a multiplication of the signal copies with
a sinc-sequence. The sequence can be shifted through the signal to sample by a phase shift of the electrical
signal used to produce the frequency comb. Each color represents one sinc-sequence with a different RF phase.
Regardless of the amplitude difference or pedestal of the pulses, the sampling follows the signal. In the inset,
the sampling of just one copy with three different sequences is shown. The stars represent the sampling points
achieved by an integration of the sequences over its repetition time. The sampling pulses are distorted since
their bandwidth was 108GHz and thus broader than the bandwidth of the photodiode (100GHz). However,
this does not influence the result.

corresponding to the repetition time of the pulses (around 12GHz) would be sufficient for the
measurement.

Since single pulses can be measured by the method, just one single phase adjustment is
sufficient. As the time interval between the copies is fixed by the roundtrip time or the
FSR of the ring, the sampling interval can be chosen such that each copy is sampled at a
specific position. As described with Eq. 4.8 and shown in Fig. 4.14, this phenomenon can be
exploited to stretch the input pulse in time. As the FSR of the ring was measured to be
∆fR = 18.774GHz, the temporal signal copies had a fixed time difference of around 53.265 ps.
The sampling interval was chosen in a way that for each shot, the sinc-sequence is multiplied
with the copies at successive positions. Due to limitations of the PLL, the sampling frequency
∆fs could not be adjusted close to the FSR of the ring. Hence, only every third copy has been
sampled by the sinc-sequence. The result for a 60GHz input pulse and a sampling frequency of
∆fs = 12.23GHz can be seen in Fig. 4.14. Due to the subtle difference between the repetition
and the sampling frequency, the single pulse was stretched in time. Since only every third
copy was hit by a sampling pulse, every second sampling pulse falls into the gap between two
copies (see the small red lines in Fig. 4.14). Therefore, the effective sampling time is doubled,
leading to an effective sampling frequency of ∆fseff = 6.115GHz.

From Eq. 4.9 and with m = 3 (every third copy is sampled), the stretching factor can
be calculated to be ∆S = 44, and the compressed sampling rate or frequency is ∆fCS =

∆fseff∆S ≈ 270GS/s. However, the effective compressed sampling rate depends on the
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Figure 4.14: Stretching and sampling of the 15.55 ps input pulse. The signal copies at the output of the
ring resonator (green) are multiplied with a sinc-sequence (red) by convolution in the frequency-domain with
a nine-line frequency comb with ∆fS = 12.23GHz. For better visualization, the pedestal was removed, the
output copies were normalized to the one with the highest amplitude and the sampling pulses were multiplied
with the corresponding normalization factor. Since the ring behaves equally for all input signals, this can be
done by a post-processing of the data. The sampling points (red diamonds) are retrieved by an integration of
the sampling pulses over their repetition time. Due to limitations of the PLL, the sampling frequency was not
close to the repetition rate of the replicas ∆fR = 18.774GHz. Thus, only every third copy could be sampled,
and every second sampling pulse is in the gap between two copies (small red lines). The stretched pulse is the
envelope over the sampling points and has a stretching factor of ∆S = 44.

bandwidth of the pulses and is ∆fCSeff = N∆fS ≈ 110GS/s, as will be discussed in the next
section (Sec. 4.5.4).

Figure 4.15: Stretching and sampling of the 15.55 ps input pulse with different sampling frequencies and
resulting stretching factors. (a) By a small change of the sampling frequency ∆fS from 12.15GHz (green) via
12.23GHz (red) to 12.34GHz (cyan) the stretching factor ∆S can be altered from 34 via 44 to 71. Please note
that here, again, the effective sampling frequency is ∆fSeff = ∆fS/2. In (b) the measured results of (a) are
compressed by the corresponding stretching factor ∆S. The stars and dots correspond to (a). The black trace
is the measured input pulse, as already presented in Fig. 4.12(a). Evidently, the compressed pulses follow the
original measurement very well.

By altering the sampling frequency, the stretching factor can be changed as reported in
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Fig. 4.15(a). Here just three slightly different sampling frequencies have been used to achieve
stretching factors of 34 (green dots), 44 (red stars), and 71 (cyan dots). If the measured data
are compressed by ∆S, they give the original input pulse, as shown in Fig. 4.15(b). The black
trace is the measured 15.55 ps input pulse (Fig. 4.15(a)), and the stars and the dots correspond
to the sampling points in Fig. 4.15(a). As can be seen, the compressed measured data follow
the input pulse very well. Thus, we can assume that dispersion in the ring does not lead to
an inaccuracy in the measurement.

Figure 4.16: Sampled and stretched input pulse with a bandwidth of 100GHz. (a) Post processed pulse
copies (green) with a repetition rate of ∆fR = 18.774GHz sampled with an effective sampling frequency of
6.2GHz (∆fS = 12.4GHz, blue dots). The stretching factor is ∆S = 108. (b) Reconstructed input pulse with
an FWHM duration of 10.37 ps.

Fig. 4.16(a) shows the sampling of an input pulse with an optical bandwidth of 100GHz
defined by the waveshaper. Since this is at the bandwidth edge of the used photodiode, for
the electronic measurement, the pulse copies and the sampling pulses were distorted. How-
ever, since the sampling points are the integral of the sinc-sequence over its repetition time,
this distortion does not influence the measurement. The sampling points still give the time-
stretched input pulse with a stretching factor of ∆S = 108. In Fig. 4.16(b) the input pulse
was reconstructed from the sampled data. The FWHM duration of the reconstructed signal
follows with 10.37 ps very well the expectations.

4.5.4 Discussion

For the 100GHz pulse, the compressed sampling rate is ∆fCS = ∆fseff∆S ≈ 670GS/s.
However, since the sinc-pulses used for sampling have just about 1/6th of this bandwidth, for
such a sampling rate they cannot provide independent information about the sampling points.
Each bandwidth-limited signal can be written as a superposition of time-shifted sinc-functions:

s(t) =
+∞∑

k=−∞
s
( k
F0

)
sinc (F0t− k) (4.10)
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The bandwidth of this signal in the optical domain is F0 and correspondingly its baseband
width F0/2. Since sinc-functions are orthogonal, it can be shown that:∫ +∞

−∞
s
( k
F0

)
sinc (F0t− k)× sinc (N∆fst− k)dt =

1

F0
s
( k
F0

)
(4.11)

and ∫ +∞

−∞
s
( k
F0

)
sinc (F0t− k)× sinc (N∆fst− k)dt = 0 (4.12)

with k, l ∈ I, k 6= l, and I as the set of integer numbers. However, this only holds for sinc-
pulses with a bandwidth of Fs = N∆fs ≥ F0. Thus, to retrieve a distinct sampling value
s( l
F0

), the signal has to be multiplied with a sinc-pulse with a bandwidth of at least F = F0

to get: ∫ +∞

−∞

∞∑
−∞

s
( k
F0

)
sinc (F0t− k)× sinc (F0t− l)dt =

1

F0
s
( l

F0

)
(4.13)

with 1/F0 as a constant, which is irrelevant for the concept. So, as long as the repetition rate
is higher than the bandwidth of the sampling pulses, the maximum optical bandwidth of the
signal which can be sampled is defined by the bandwidth of the sampling pulses and not by
their repetition rate. Since the bandwidth of the sampling pulses used to sample the 100GHz
pulses was around 112GHz, the effective compressed sampling rate is ∆fCSeff = 112GS/s
and the maximum optical bandwidth that can be sampled with these pulses is below 112GHz.
Thus, the corresponding width in the baseband will be below 56GHz.

Therefore, the pulse bandwidth and the effective compressed sampling rate are defined by
the E/O bandwidth of the used modulators. With two cascaded modulators, the maximum
achievable pulse bandwidth for a frequency comb with an even number of lines is four times
and three times their E/O bandwidth for an odd number. Since integrated modulators with
bandwidths over 100GHz have been shown [98, 99, 103, 183], an integrated sampling with
sampling rates of up to 400GS/s can be achieved.

As discussed before, instead of a simple photodiode, a coherent receiver will be used to
integrate the sampling points, a full-field sampling can be accomplished. Additionally, much
higher bandwidth signals can be measured by a combination of the method with spectral slic-
ing [263, 297]. Compared to conventional spectrum slicing methods [297], the method requires
much lower bandwidth electronics and reduces the number of parallel channels. Thus, by the
co-integration of electronics and photonics, fully integrated, ultra-high bandwidth measure-
ment devices would be possible on a silicon-on-insulator platform.

Another important parameter defining the resolution of the measurement is the jitter. For
the method presented here, two important jitter contributions can be distinguished. The first
is the ring itself, and the other is the RF source. Temperature changes of the ring can be
compensated by active temperature control to keep the free spectral range, and therefore,
the repetition rate of the time copies at constant. However, another possibility would be to
monitor the change of the FSR by a photodetector, as described below, and to consider it in
the post-processing. The RF source driving the two cascaded modulators can be replaced by
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sources with ultra-low jitter as mentioned before.

For the proof-of-concept experiment, the two cascaded modulators were synchronized with
the source. However, for the magnification of a single isolated event, the synchronization of
the repetition rate of the signal replicas with the sampling interval is crucial. This can be
achieved by a photodetector with a bandwidth of the ring’s FSR at the through-port of the
ring. This photodetector would monitor not only the FSR of the ring but also the power
distribution between individual copies for post-processing.

In the proof-of-concept setup, the use of optical amplifiers was necessary to compensate for
coupling losses. A fully integrated system comprising the ring, the coupled modulators, and
a photodiode may avoid an amplification. Due to high-Q resonance of the ring, it still might
have high losses. Nevertheless, a variable bus waveguide to ring coupling can solve this issue.

4.6 Integrated High-Resolution Optical Spectrum Analyzer

High-precision analysis of the power spectral density is among the most fundamental measure-
ment protocols. It is applied in a wide variety of fields in optics and photonics: spectroscopy of
chemical compositions and biological molecules, analysis of band structure in semiconductors
[316], sensor readouts, and monitoring of communication networks [317]. The proper function
of WDM networks critically depends on tight spectral control and careful monitoring of signal-
to-noise ratios, side-mode suppression, and more [317]. High-resolution, continuous spectral
analysis helps to identify and mitigate detrimental effects such as nonlinear wave mixing, and
crosstalk.

Most OSAs are based on the motorized rotation of diffraction gratings [318]. These gratings
resolve the spectral components of an incident optical signal in different directions. The acqui-
sition duration is restricted by mechanical motion, which may also affect long-term reliability.
State-of-the-art commercial instruments reach around 2GHz resolution at telecommunication
wavelengths. However, high-resolution grating spectrometers are often expensive, bulky, and
complex because of the inverse relationship between spectral resolution and free-space op-
tical path length. Additionally, they are sensitive to environmental shocks and vibrations,
which limit their application areas. Interferometer-based OSAs provide higher resolution than
grating-based ones [318]. On the other hand, their spectral ranges are typically narrower,
and they also suffer from drawbacks associated with moving mirrors. Heterodyne detection
down-converts the optical spectrum to the microwave domain through beating with a fixed
frequency optical local oscillator [319]. However, the spectral range is restricted to tens of GHz
at most by the bandwidths of detectors and electrical spectrum analyzers. The spectral range
may be extended by sweeping the local oscillator frequency [320]. Both methods show a high
resolution in the range of ∼ 20MHz and are capable of measuring the phase and the amplitude
simultaneously. But, they require additional tunable lasers and expensive electronics.

Over the last decade, the nonlinear effect of stimulated Brillouin scattering gained a lot of
attention for optical spectrum analysis [321, 322]. Thereby, the narrow Brillouin gain is shifted
through the unknown spectrum, amplifies the signal under test and the power is recorded versus
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the wavelength. These systems show a resolution of 10MHz, which can be decreased down
to 3.4MHz [323, 324]. The out-of-band rejection and dynamic range of Brillouin-based OSAs
were enhanced using polarization pulling [325]. Finally, the combination of Brillouin analysis
and heterodyne detection has led to kHz-scale resolutions [326]. The measurement systems
are rather complex, as they require a long optical fiber as a Brillouin gain medium, amplifiers,
stable and tunable lasers, and high bandwidth modulators [326].
In many fields of applications, more sturdy and compact devices for optical spectral analysis

would be preferable. Photonic integrated circuits might dramatically reduce the size, weight,
and cost of OSAs. Within the last years, several approaches for integrated spectrum analyzers
for different kind of application areas have been proposed and demonstrated [327–330]. Most
make use of arrayed waveguide gratings in order to separate different spectral components.
Integration of arrayed waveguide gratings with a large channel count and high spectral res-
olution, presents a considerable challenge. On-chip Fourier transform spectrometers, on the
other hand, generally require complex electronic processing [331].
In this section, a silicon-photonic integrated optical spectrum analyzer has been presented

that can be realized on a single electronic and photonic co-integrated platform, requires low
power, is compact and robust, and supports fast scanning through parallel channels. The
performance of the integrated OSA is scalable to broader spectral ranges with high resolution.
In a proof of concept experiment, the optical power spectrum of a 20Gbps PRBS signal is
characterized over 50GHz bandwidth with a spectral resolution of 128MHz (∼ 1 pm).

4.6.1 Operation Principle of the Integrated Spectrum Analyzer
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Figure 4.17: Schematic illustration of the principle of operation of the integrated optical spectrum analyzer.
The blue peaks represent the resonances of the ring, and the green curves denote the filter shape and outputs
of the WDM filter. The gray color regions within the WDM filter shapes indicate sliced spectra, and the
combined spectrum can be seen on the bottom.

The concept of the proposed photonic-integrated OSA is illustrated in Fig. 4.17. It com-
prises two cascaded filter stages. The first stage is a MRR with a high Q−factor, which is
characterized by discrete and narrow transmission resonances with uniform FSR separation.
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The spectrum of the input signal is therefore sampled at the drop port of the resonator at fixed
frequency intervals. The resonance frequencies may be scanned precisely by heating the res-
onator. The second filter stage is a wavelength-division de-multiplexer device, which separates
the spectral samples to different output ports. Each output is collected by a low-bandwidth
photodetector. The entire spectrum of the signal is reconstructed by combining power spectra
across all output channels. The spectral resolution of the dual-stage OSA is determined by
the resonator linewidth, whereas the spectral range equals the combined bandwidths of all
wavelength-division channels. The parallel detection of multiple channels helps in reducing
the acquisition time. In the proof-of-concept below, the channel spacing of the wavelength
division de-multiplexer device was chosen to match the FSR of the ring resonator. In princi-
ple, the response of a smaller resonator with a wider FSR may be tuned across several WDM
channels. Note, however, that a smaller ring resonator might degrade the Q-factor [168]. In
addition, the tuning of the resonator across a broader FSR may require a longer measurement
duration.
Silicon is the most suitable material platform for the realization of the proposed integrated

OSA [168]. The fabrication processes of silicon-photonic devices are compatible with CMOS
electronics. Ring resonators in silicon reach high Q-factors, take up comparatively small
footprint, and support thermo-optic tuning through the injection of current in metal or highly
doped silicon micro-heaters [332–335]. The change in the effective index of the guided mode,
and the offset in resonance frequencies, are proportional to local temperature change [331, 335].
WDM devices are readily implemented in silicon as well [95, 330, 336–340], in the forms of
arrayed waveguide gratings [330, 336], cascaded Mach-Zehnder interferometers [338], and a
more complex layout that combines Mach-Zehnder interferometers and resonators [340].

4.6.2 Experimental Results

The setup of a proof of concept experiment is illustrated in Fig. 4.18. The two filter stages of the
proposed OSA were realized on separate devices, connected by optical fiber interfaces. How-
ever, such separation is not a fundamental requirement. The optical source was a conventional
distributed feedback laser diode, driven by a current source, and regulated in temperature by
a controller. The laser light was modulated in a LiNbO3 E/O MZM of 40GHz bandwidth.
The modulator was driven by a periodic 27 − 1 bits long binary sequence (PRBS-7) from a
pulse pattern generator (PPG). The radio-frequency power of the modulating waveform was
20 dBm. The optical power spectrum of the modulated optical carrier consists of discrete
tones with 157MHz separation. The signal was amplified to 16 dBm by an EDFA, and edge-
coupled into the ring resonator filter device using lensed fibers. A PC was used to adjust the
state-of-polarization of the signal at the device input.
The ring resonator used in the proof of concept experiment had an FSR of 18.7GHz. It is

essentially the same MRR chip as described earlier. The linewidth of the drop-port periodic
resonance transmission bands was 128MHz (Q-factor of 1.5× 106 [224]). Thermal tuning was
performed by heating the entire chip. The thermo-optic response of the resonance transmission
frequencies was ∼ 3GHz per 1◦C. The device stage temperature was regulated by a Peltier
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Figure 4.18: Setup of the proof of concept experiment for the integrated optical spectrum analyzer consisting
of two separate chips. Partial photograph of the silicon photonic WDM de-multiplexer (chip-2). LD: laser
diode, TEC: temperature controller, LDC: current source, PPG: pulse pattern generator, PM: power meter,
SUT: signal under test.

element in combination with a temperature sensor. The thermal tuning characteristics of three
consecutive resonances is presented in Fig. 4.19. If the two filter stages are integrated on a
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Figure 4.19: Measured wavelength shifts of three adjacent ring resonances (red, green, and blue) as functions
of temperature. The resonances are red-shifted as temperature increases.

single chip, thermal crosstalk may lead to small-scale offsets in the WDM transfer functions
while scanning the resonator response. However, thermal crosstalk may be effectively mitigated
[335].
Light at the output port of the resonator filter device was amplified by a second EDFA to

16 dBm power, to compensate for coupling losses. A second PC was used to align the state
of polarization at the input of the second filter device. The eight-channel, dense wavelength-
division de-multiplexer device separated the spectrum of incident light into eight output ports.
The device was designed and fabricated by the collaborators from Bar-Ilan University, Israel.
The de-multiplexer layout consisted of seven cascaded Mach-Zehnder interferometer stages,
with ring resonators nested in the shorter arm of each interferometer [340]. The transfer
functions of the device are characterized by uniform passbands, strong out-of-band rejection,
and sharp spectral transitions between pass and stop bands [340]. Proper function of the
device relies critically on the accurate control over phase delays in 14 individual waveguide
paths, with 0.01 radians precision [340]. Phase trimming was achieved using local illumination
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Figure 4.20: Measured transfer functions of three adjacent resonances of the MRR, taken at three tempera-
tures (see legend for colors), and transfer functions of three adjacent output ports of the wavelength division
de-multiplexer device used for optical spectral analysis (see legend for colors).

Figure 4.21: (a) Measurement results for the proposed integrated optical spectrum analyzer (orange) in
comparison to a grating based one (blue). (b) Magnified view of the measured spectrum, revealing spectral
components spaced at 157MHZ apart. This corresponds to the 20Gbps non return to zero PRBS-7 signal used
as the signal to be analyzed.

of an upper cladding layer of photo-sensitive chalcogenide glass [340]. The frequency spacing
between adjacent channels was 17GHz, in close agreement with the FSR of the resonator filter
stage (see Fig. 4.20). It is to be noted that, while the MRR chip was employed in an edge
coupling setup, the WDM filter chip was used in a grating coupling setup.

The optical power spectrum of the data-carrying signal was characterized by scanning the
resonance frequencies of the first filter stage over 17GHz range with a temperature tuning step
of 0.01◦C and recording the optical power at three adjacent outputs of the second filter stage.
Residual temperature dependence of power transfer through the resonator and non-uniformity
of the de-multiplexer passbands were pre-calibrated. Due to the slight mismatch between the
FSR s of the two stages (see Fig. 4.20), data at the three output ports were collected in series,
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using successive, separate scans. Sequential operation would not be necessary with better
alignment of FSR s in future realizations.

The reconstructed signal spectrum is shown in Fig. 4.21(a), alongside the measurement
using a grating based OSA with 4GHz resolution. As can be seen, finer spectral details
are resolved using the silicon-photonic integrated OSA. Fig. 4.21(b) shows a magnified view
of the reconstructed spectrum. The expected periodicity of 157MHz in the spectrum of the
20Gbps, PRBS-7 signal can be clearly identified. This spectral period approaches the expected
128MHz resolution of the MRR filter.

4.6.3 Discussion

A drawback of the presented experiment was the high optical loss originating from the two
separate fiber-to-chip coupling setups that have to be arranged due to the unavailability of
a single chip. This high loss forced the used inline EDFAs to the off-state during operation
at the white spaces (space between two spectral components) of the spectrum when there
was no output from the ring. A more wideband stable operation can be expected if a low-
loss single-chip device could be fabricated instead of two high-loss coupling setups. To prove
this, the experiment was repeated without the WDM filter chip. Alternatively, a waveshaper
was used as the filter. This slight modification considerably reduced the overall loss, and the
second EDFA in Fig. 4.18 could be avoided. The result can be seen in Fig. 4.22. It is worth
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Figure 4.22: Measurement results for the proposed integrated optical spectrum analyzer employing wave-
shaper. The measured spectrum on the left is composed out of three filter outputs, which were processed with
a single narrow bandwidth resonance of the ring resonator. The right image shows a magnified part of the
spectrum, where separate lines with a frequency distance of 98MHz can be clearly distinguished.

noting that, the waveshaper separately mimicked each WDM filter channel. Three successive
measurements around the three microring resonances have been shown with three different
colors. A magnified part of the spectrum, where the lines are separated by ∆f = 98MHz, can
be seen on the right side of Fig. 4.22. According to the data signal used for the experiment
(12.5GHz PRBS-7) the spectral lines must be separated by ∼ 98.425MHz. Therefore, the
measurement coincides with the expected results.
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4.7 Conclusion

In conclusion, in this chapter, a source-free all-optical sampling, based on the convolution of
the signal spectrum with a frequency comb, has been demonstrated in an electronic-photonic,
co-integrated silicon chip. The method is able to sample the full-field (amplitude and phase),
and it has the potential to achieve a very high-precision and low aperture jitter. The on-chip
RF drivers ensured very low RF power requirements. The method offers flexible and precise
control over the pulse repetition rate, pulse width, and duty cycle directly in the electrical
domain. Thus, the device can be easily adapted to the signal to sample, and no thermo-optic
or electro-optic delay line is necessary. With an RF input of 12GHz, a sampling rate of 36GS/s
has been achieved. By a parallelization, straightforward with silicon photonics, the method
has the potential to attain real-time sampling rates of three and up to four times the E/O
bandwidths of the integrated components. Thus, with 100GHz modulators already shown
in silicon photonics, real-time sampling rates of 300 and even 400GS/s might be possible.
As silicon photonics enables the co-integration of all key components of a signal converter
based on this technique, the presented method can lead to low footprint, low electrical power,
fully integrated, precise, electrically tunable, photonic ADCs and DACs with very high-analog
bandwidths. This might assist in keeping pace with the gradually increasing data rates in the
worldwide digital infrastructure.
Additionally, a new optical time-magnification method that neither requires any dispersion

nor nonlinearities has been presented to measure fast single isolated events. The proof-of-
concept experiments were carried out with an integrated silicon MRR and commercial Lithium
Niobate intensity modulators. However, an integration of the whole setup on a CMOS platform
might be straightforward. The method does not only stretch the input signal, but at the same
time, it samples the shape of the signal. With 40GHz modulators, the sampling of signals with
an optical bandwidth of up to 100GHz and an effective compressed sampling rate of around
112GS/s has been shown. Electronic equipment and a photodiode with a maximum bandwidth
of 12 GHz would have been sufficient except for the frequency tripler. The achieved stretching
factor was up to 108. The measurement bandwidth is restricted by the E/O bandwidth of
the used modulators. Since the whole field (amplitude and phase) can be sampled, much
higher measurement bandwidths can be achieved by combining spectrum slicing with it. Since
bandwidths of 100GHz can be characterized with standard silicon photonic CMOS compatible
devices and low bandwidth electronics (12GHz), a 100GHz WDM filter combined with the
described method, spectrum slicing, and co-integrated electronics could enable the single-shot
measurement of very short events with THz bandwidths in integrated, low bandwidth CMOS
compatible devices.
Further, for frequency-domain characterization, a concept for a high-resolution integrated-

photonic OSA is presented comprised of two consecutive filter devices: a tunable ring resonator
and a WDM de-multiplexer of matched FSRs. The proposed device is compact, robust, and
can be realized on a single electronic and photonic co-integrated platform with low-power
consumption. The device would be suitable for measurements at fast acquisition speed over
a broad spectral range under challenging environmental conditions. The first proof of con-
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cept experiment, employing two discrete chips, showed spectral measurements with 128MHz
resolution.
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5
Integrated Signal Agnostic Nyquist Sampling Transceiver

Surging data traffic in high-speed communication, the internet-of-things, and datacen-
ters demand a further scaling of multiplexing and transmission techniques, along with

upgraded transceiver designs capable of handling higher modulation formats adaptively and
flexibly on a power-efficient, small footprint, and economical platform like silicon photonics.
Along with the efforts in parallel transmission using multiplexing in space, wavelength, and po-
larization, the enhancement of single carrier line rates is also essential in this regard [65, 341].
TDM facilitates single carrier line rate enhancement in a WDM system without increasing the
E/O bandwidth of available transceiver components [342].

As already introduced in Chapter 2, Nyquist pulse transmission offers the most efficient
way of time-domain multiplexing owing to the zero ISI between such pulses, low peak-to-
average power ratio (PAPR), and tolerance to linear and nonlinear impairments in high data
rate channels [15, 24, 26, 28, 220, 231, 343]. This allows several time-domain channels to
be multiplexed if the data is modulated on such pulses and then interleaved with a specific
time delay dictated by the orthogonality condition [15, 26]. There has been abundant ex-
ploration on sinc-shaped Nyquist pulse synthesis and multiplexing techniques over the years
[15, 24, 26, 28, 220, 231, 343]. This includes filtering-based pulse shaping in electrical and op-
tical domains, as well as Nyquist sequence multiplexing. These techniques have been discussed
in detail in Chapter 2. However, the reception techniques are limited to a few. De-multiplexing
of sinc-shaped orthogonal time-domain multiplexed channels requires either the sampling with
much higher sampling rates and narrower time gates or a sinc-shaped orthogonal time-domain
gate that extracts the concerned time-domain channel without interference. The first method
is realized by very high-bandwidth DSP [344] or by a polarization-sensitive nonlinear optical
sampling of synchronous control pulse trains of much higher bandwidth in a nonlinear optical
loop mirror (NOLM) [26, 71, 220, 230, 231]. To have orthogonal de-multiplexing, generally, a
sinc-shaped orthogonal time-domain gate is used. This can be achieved either by linear optical
sampling in a coherent receiver using Nyquist pulse sequences as the LO [221, 235, 345] or by
optical Fourier transform (OFT) [346] or by optical parametric amplification [347]. However,
these receiver configurations suffer from significant drawbacks such as complex system archi-
tectures for nonlinear optical interactions, static configuration due to scarcity of reconfigurable
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external sampling pulse sources in terms of central wavelength and pulse width, need for sam-
pling pulses with bandwidth much higher than the signal bandwidth, or intensive electronics
and computational hardware requirements in terms of bandwidth for the DSP.

In contrast, time-frequency coherence based all-optical sinc-shaped Nyquist pulse sequence
sampling provides a much easier solution for orthogonal multiplexing, and de-multiplexing
[187–189, 224, 281]. The method utilizes spectral convolution by creating equal, phase-locked
spectral replicas of the incoming signal to achieve a full-field sampling in the time-domain. It
neither requires reconfigurable Nyquist pulse sources operating at different spectral bands nor
any optical filters or tunable delay lines. Channel selection is achieved merely by phase shifts
in the electrical driving signals to the modulator. Besides simplicity, this method is also agile
by virtue of multi-wavelength operation with fully tunable operational bandwidth. Several low
bandwidth signal channels can be multiplexed using sinc-shaped Nyquist pulse sequences into
one Nyquist OTDM signal utilizing MZM-based sampling. This multiplexed signal can be de-
multiplexed into several low bandwidth signal channels, again using sinc-sequence sampling.
The bandwidth of the receiver electronics can be as low as 1/(2N) times the overall single
carrier symbol rate. Additionally, it is possible to transmit higher-order M-QAM channels
along with microwave analog waveform in real-time [74].

Based on the convenient setup and the basic integrability of the optical and electronic com-
ponents, this sampling technique is apt for realization using integrated photonics platforms
like silicon photonics, InP, or LiNbO3-on-insulator. Many commercial foundries offer silicon
MZMs, germanium photodetectors, and other standard photonic devices as part of their pro-
cess design kits [108, 348]. In addition, silicon leverages matured semiconductor processing
technology for electronic integration along with photonics. So far, a few non-orthogonal optical
time-domain multiplexing or serializer circuits based on Gaussian pulses have been reported
in silicon photonics [349, 350]. Recently, sinc-shaped Nyquist pulse sequence generation with
various silicon-based MZM structures have been demonstrated [189, 196, 206, 239]. However,
the demonstration of a Nyquist transceiver in any integrated platform is reported for the first
time during this thesis work.

In this chapter, the experimental demonstration of a signal agnostic Nyquist transceiver in
silicon photonics is presented. High-capacity QAM signals, as well as analog RF signals, have
been multiplexed and de-multiplexed using MZM. A single modulator is required to sample
N signal channels and their time-domain multiplexing into a rectangular optical bandwidth
B. The aggregate symbol rate of the signal channels corresponds to the optical channel band-
width or twice the electrical bandwidth of the modulator. By a modification of the system,
it can be increased to three times the modulator bandwidth. These rectangular spectra can
be additionally multiplexed into wavelength-superchannels without any guard band. For the
de-multiplexing of the single signal channel, just another modulator and a detector with an
electrical bandwidth of the signal channel in the baseband B/(2N) is required. No reconfig-
urable optical filter, high-speed signal processing, or unconventional photonic component is
needed. Due to its simplicity and the possibility of transmitting high-bandwidth signals with
low-bandwidth electronics and photonics, it can be easily integrated into any platform and thus
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provides a cost-effective and energy-efficient solution for future communication networks. The
generic receiver architecture presented here can be extended to de-multiplex Nyquist signals.
Thus, demonstration of reconfigurable and real-time orthogonal time-domain de-multiplexing
of coherent multilevel Nyquist signals in silicon photonics has been presented during this thesis
work for the first time.
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5.1 Principle of Operation

In the signal agnostic Nyquist sampling transceiver, not the signal waveform itself, but its
sampled version will be multiplexed and transmitted. For ideal devices without noise, it
transports any band-limited signal without loss in information as long as the Nyquist-Shannon
sampling theorem is satisfied. In contrast to other methods, the signal has not to be processed
by high-bandwidth electronics. Additionally, the signals are multiplexed into a rectangular
bandwidth, enabling the possibility to attain a WDM superchannel without any guard band.
The proposed transceiver is based on the Nyquist-Shannon sampling theorem and the or-

thogonality of sinc-sequences. The generalized working principle is illustrated in Fig. 5.1. In
the transmitter (purple dashed box in Fig. 5.1), a CW carrier, which can be an electrical, opti-
cal, microwave, or terahertz wave, is modulated in a way that a sinc-sequence is generated (see
Fig. 5.1(a)). The frequency-domain corresponds to a rectangular frequency comb, as shown in
Fig. 5.1(b). Such a comb with N frequency lines and a frequency separation of ∆f has a total
bandwidth of F = N∆f . The corresponding sinc-sequence in the time-domain has a time
duration of T = 1/F , from the peaks to the first zero crossings of the individual pulses, with
a periodicity of ∆T = 1/∆f . Hence, there are N − 1 zero crossings between two successive
pulse peaks in the sequence. Analogous to ideal sinc-pulses, sinc-sequences are also orthogonal
if the following sequence is time-shifted by T to the previous one. Therefore, a comb with N
lines can be utilized for the transmission of information in N independent, orthogonal channels
occupying the same spectral width.
At the first step, the signal agnostic Nyquist sampling transceiver samples the signals of

the N channels with Nyquist pulses, which is accomplished in the transmitter’s multiplication
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F

Figure 5.1: Schematic illustration of the basic concept behind the proposed signal agnostic Nyquist sampling
transceiver. The “Multiplication” block represents a multiplication in the time-domain. In the transmitter
(green dashed box on the left), an electrical, optical, microwave, or terahertz carrier is modulated so that a
sinc-sequence (a) will be generated. This corresponds to a rectangular frequency comb with N frequency lines
and locked phases (b). This sequence is divided into N branches and delayed in time so that all sequences are
orthogonal to each other. In each branch, the signal representing the information to be transmitted ((c) in the
time and (d) in the frequency domain) will be multiplied with the sinc-sequence, resulting in a sampling of the
signal ((e) in the time and (f) in the frequency domain). All N orthogonal channels will be time-multiplexed
(g) into the same rectangular spectral band (h), and transmitted. In the receiver (orange dashed box on the
right), all multiplexed channels will be multiplied with a sinc-sequence with the correct time shift (i). Due to
the orthogonality between all channels, the result is the retrieved sampled channel (j), or a triangular-shaped
spectrum resulting from the convolution of two rectangular spectra (k). Individual signals in their exact form
are retrieved by filtering around the carrier with a band-pass filter of bandwidth same as the frequency spacing
of the comb lines, or with a low-pass filter of half that bandwidth in the baseband after demodulation.

blocks in Fig. 5.1. As long as the input signal in each N channel is band-limited and the
sampling theorem is not violated, the sampling values represent the original signal without any
loss of information (amplitude and phase). In the time-domain, the sampling corresponds to
the multiplication between the signal (Fig. 5.1(c)) and a sinc-sequence (Fig. 5.1(a)). The result
is the sampled signal (Fig. 5.1(e)) with the red dots representing the sampling values. In the
equivalent frequency domain, the sampling is the convolution of a frequency comb (Fig. 5.1(b))
with the spectrum of the signal to sample (Fig. 5.1(d)) [187, 281]. Here, the frequency comb
consists of N equidistant phase-locked lines with equal spectral power, and accordingly, the
sampling generates N identical spectral copies of the input signal (Fig. 5.1(f)). In the next
step, all channels are multiplexed together. In the time-domain, the N different signal channels
have a time shift of T = ∆T/N , corresponding to a phase shift of ∆φ = 2π/N between the
channels in the frequency-domain. Note that each of the N sampled signal channels occupies
the same rectangular spectrum with N spectral copies. Due to the time-shifts, the sampled
signals are orthogonal to each other in the time-domain and can be multiplexed into the same
rectangular frequency band to form an OTDM channel, as shown in Fig. 5.1(g) and Fig. 5.1(h)
in the time and the frequency domain, respectively.

In the receiver (the orange box on the right of Fig. 5.1), individual signal channels need to be
orthogonally de-multiplexed, and the original signals need to be retrieved from the sampling
values. In each branch, the corresponding signal channel will be de-multiplexed by multiplying
the multiplexed signal (Fig. 5.1(g)) with a sinc-sequence with the corresponding time shift
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(Fig. 5.1(i)) [73]. The result is shown in Fig. 5.1(j). In the equivalent frequency domain, this
process corresponds to the convolution between the rectangular spectrum representing the N
copies (Fig. 5.1(h)) and another rectangular frequency comb (Fig. 5.1(b)). Hence, the result is
a triangular-shaped spectrum, as depicted in Fig. 5.1(k). In the last step, the signal spectrum
around the carrier has to be filtered out to have an ideal reconstruction of the transmitted
signal [74, 238, 351]. Alternatively, this can be done in the baseband by demodulation with
a low-bandwidth coherent receiver or a low-pass filter of bandwidth corresponding to that of
the single signal channel (∆f/2). For a WDM superchannel, each wavelength channel has one
time-domain signal channel with the same time shift. However, due to the coherent receiver,
the two directly adjacent channels have a frequency separation of N∆f = F in the baseband.
Thus, either the receiver has a sufficiently low bandwidth of F/(2N), or a low-pass filter has
to be incorporated.

The operation of orthogonal de-multiplexing is valid for any band-limited signal (s(t)) de-
fined by the sum of time-shifted ideal sinc-pulses or sinc-sequences (please refer to Eq. 2.37
and Eq. 2.35). For the transceiver system proposed here, the receiver ideally reconstructs the
N transmitted low bandwidth signals. For an arbitrary band-limited Nyquist data signal, the
receiver down-converts the high bandwidth signal into N low bandwidth Nyquist signals where
the sampling points, i.e., the symbols, are preserved. As described, at first, the incoming signal
is sampled with sinc-sequences, and then it is filtered or detected with low bandwidth. The
sampled signal in one of the branches can be mathematically expressed as,

s̃l(t) = s(t) · sqN,F
(
t− l − 1

F

)
. (5.1)

The sinc-sequence sampled signal can be filtered in the optical domain by an optical BPF
of bandwidth ∆f = F/N to create an optical analog signal for further all-optical signal
processing purposes. However, baseband analog or digital filtering can also be done after
demodulation with a low-pass filter of bandwidth F/(2N). Alternatively, a detection system
of that bandwidth can be used. The output signal after filtering is given by [74],[
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(5.2)

Here, the low bandwidth detection system or the low pass filter is defined as a rectangular
function uN,∆f (f) equal to 1 for |f | < ∆f

2 , 0.5 for |f | = ∆f
2 , and 0, elsewhere.

If the sampling theorem [267] is fulfilled, and for ideal noiseless components, the input signal
in each signal channel is equal to the output signal [74].

Furthermore, the transceiver sets no precondition to the signal, and the sampling method
is also valid for amplitude, and phase [187]. Thus, any signal can be transmitted in any of the
N signal channels. The signal can be analog or digital; it can be amplitude/phase-modulated
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or pre-multiplexed in any format in the electrical domain.
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Figure 5.2: Minimized setup for the transmitter. The sinc-sequence generation and sampling can be carried
out in two consecutive (a) or one single modulator (b). The “×” in (b) depict a multiplication between the
left and right input. The overall optical bandwidth in (a) is 2N/(N − 1) times the maximum E/O bandwidth
of the incorporated modulators, BM therefore 3BM for N = 3. The E/O bandwidth of the single channel is
BB . For the single modulator, the maximum bandwidth corresponds to 2BM . Accordingly, if three channels
are multiplexed together, the aggregated symbol rate can be up to 3BM or (a) and 2BM for (b). An RF
network (RF-NW) can process N such signals together (c) before putting it to an MZM for transmitting N
such intensity modulated channels within a rectangular spectral band. For quadrature amplitude modulation,
the in-phase (I) and quadrature (Q) components of a signal have to be processed separately before subjecting
to a DP-MZM or more popularly know as I-Q modulator (d).

All the transmitter functionalities, i.e., the generation of a sinc-pulse sequence, the sampling
of N signal channels, and their orthogonal multiplexing into a rectangular bandwidth, can be
carried out in one single modulator [74]. The principles of sinc-shaped Nyquist pulse generation
and sampling based on intensity modulators like MZMs have already been discussed. A single
modulator driven with n equidistant sinusoidal radio frequencies generates a flat, phase-locked,
rectangular frequency comb withN = 2n+1 lines in the optical domain (Fig. 5.2(a), for n = 1).
Thereafter, in a second modulator, the pulse sequence can optically sample an electrical signal
by a convolution between the comb and the signal spectrum [187, 281]. The second modulator
can be an intensity modulator, where a signal linearly modulates the optical intensity, or a
DP-MZM, where a complex signal modulation generates a QAM optical field. For the single
intensity modulator, the result is three copies of the signal spectrum with an overall bandwidth
of 2N

(N−1) ×BM as shown in Fig. 5.2 (a), with BM as the E/O bandwidth of the modulator and
BB as the bandwidth of the signal spectrum. Alternatively, as shown in Fig. 5.2(b), the signal
can be multiplied with n sinusoidal radio frequencies in an analog electrical multiplier (“×” in
Fig. 5.2(b)). Thus, with a proper DC voltage level associated with the RF signals, the sinc-
sequence generation and the sampling can be carried out in one single modulator. Therefore,
N such RF multiplied signals can also be multiplexed electrically and transferred to a suitable
carrier by a modulator where it will be sampled and transmitted as shown in Fig. 5.2(c) and
5.2(d). This simplified scheme will be of particular interest for the ePIC platforms, where the
low bandwidth signal processing can be transferred to the electrical domain.

Following this concept, the modified system diagram of the transceiver is shown in Fig. 5.3.
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Figure 5.3: Schematic setup of the simplified agnostic sampling transceiver. In the transmitter (left), N chan-
nels will be sampled, multiplexed, and transferred to the optical domain by one single modulator (Modulation).
The modulator must be suitable for the required modulation format. The optical wave is generated by a contin-
uous wave (CW) source. The N signals are pre-processed by a radio frequency network (RF-NW), consisting
of RF mixers or multipliers and phase-shifters. The RF-NW is driven with n sinusoidal radio frequencies,
generated by a generator (RFn). The electrical signal after the RF-NW for n = 2 sinusoidal frequencies with
a spacing of ∆f , leading to N = 2n + 1 = 5 sampled signal channels in the modulator is shown in inset (a).
Due to the phase shift between the sinusoidal frequencies, all these N channels (C0, C1, . . . ) can be multiplexed
into the same rectangular optical bandwidth B (c). In the time-domain (b), this corresponds to the orthogonal
multiplexing of the sinc-sequences, weighted with the sampling points of the N input channels (C0,k, C1,k, . . . ).
In the frequency domain (c), the different signal channels have a phase shift of ∆φ = 2π/N to each other.
In the N receivers (right), the signals are de-multiplexed in a single intensity modulator like an MZM and
transferred back to the electrical domain by a coherent detector (CD). If the detector’s electrical bandwidth
is higher than B/(2N), an electrical low pass filter is required at the output.

In the first step, the transmitter samples all N input signals s0, s1, . . . , sN−1 with sinc-
sequences with N −1 zero crossings between two consecutive pulses in the sequence [187, 281].
Consequently, the sinc-sequences are weighted with the input signals giving the sampling points
C0,k, C1,k, . . . as shown in Fig. 5.3(b). As explained before, the receiver uses the orthogonal
sinc-sequence sampling to retrieve the sampling points. Here, independent of the modulation
formats, a single intensity modulator is sufficient. The multiplexed input signal has to be di-
vided into N parts for the N number of receivers. The input signal power for each receiver is
divided by N as well. The modulator in each receiver samples the received multiplexed input
with an orthogonal sinc-sequence. The orthogonality is defined by the time shift between the
sinc-sequence and is achieved by the phase shift of the RF input.

Fig. 5.4 presents a wavelength- and time- multiplexed coherent transmission system that
can potentially enable high symbol rate transmission. An OFC source has been considered
as a replacement of multiple discrete lasers to reduce the cost of the multi-terabit transceiver
[63–67]. OFC-based WDM transmission employs two OFC sources with stabilized wavelengths
as carriers and local oscillators at the transmitter and receiver sides, respectively. Each wave-
length channel can carry numerous time channels in the proposed transmitter and offers more
granularity with ideal spectral efficiency (1 Symbol/s/Hz). Moreover, as the process is signal
agnostic, digital data and any waveform, e.g., a signal from a radio-over-fiber network or a
remotely deployed sensor system, can be transmitted.

In the next section, the experimental results will be presented for the signal agnostic Nyquist
sampling transceiver. The experiments were carried out for single and multiple carriers. A
demonstration with a silicon photonic ePIC-MZM is also presented.
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Figure 5.4: Concept of the wavelength- and time- multiplexed transmission system enabled by electro-optic
modulators with black and colored lines denoting the optical paths and the blue lines as electrical paths.
Sinc-Tx and sinc-receiver (Rx) are the Nyquist-transmitter and Nyquist-receiver, respectively, with its detailed
setup.

5.2 Experiment and Results

Figure 5.5: Proof-of-concept experimental setup for single-carrier signal agnostic Nyquist sampling transceiver.

The experimental setup used in the proof-of-concept demonstration of the agnostic sampling
transceiver is illustrated in Fig. 5.5. The simplified working principle was followed for proof-
of-concept experiments. Optically, the transmitter (Tx) section of the setup includes a LD as
the source of the carrier signal and an electro-optic MZM or an I-Q modulator with proper
polarization alignment. Polarization diversity was not implemented to avoid complexity. Elec-
trically the transmitter consists of an oscillator to generate a sinusoidal RF signal, a DC source,
and corresponding bias-tee, phase shifters for each channel, and RF mixers to mix the phase-
shifted RFs with the signal. However, for the case of experimental simplicity, two arbitrary
waveform generators (AWG70000A, Tektronix) producing the three-channel multiplexed signal
for the ‘I’ and ‘Q’ branch have been used. The arbitrary waveform generator (AWG) limits the
maximum achievable data rate for the proof-of-concept setup. Single mode fibers (SMFs) of
different lengths were used as the transmission medium between the Tx and Rx. The variable
optical attenuator (VOA) before the fiber was used to adjust the optical signal power to alter
the OSNR before the receiver. The receiver includes one MZM to de-multiplex all the data
channels one by one with proper phase shifts. The de-multiplexed signal then goes through
coherent detection. The in-phase and quadrature components are recorded and stored in a
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real-time oscilloscope for the signal classification carried out on a computer. Electrical ampli-
fiers are used to amplify the electrical signals before injecting them into the modulators. An
EDFA along with a 1 nm BPF amplifies the optical signal when required. In a single receiver
branch, different channels were de-multiplexed successively. The receiver consisted of a single
MZM and a coherent detector (Tektronix OM4245) along with a real-time oscilloscope (Tek-
tronix DPO73304SX) and the modulation analyzer. Post-detection digital low-pass filtering in
the baseband was used to mimic a low-bandwidth detection system. A coherent modulation
analyzer (Tektronix-OM1106) performed the required DSP of the recorded waveforms in a
real-time oscilloscope for the visualization of symbol constellations and the measurement of
other performance metrics like Q-factor and error vector magnitude (EVM). forward error
correction (FEC), pre-distortion, and nonlinearity compensation were not performed in the
experiment. The experiments were carried out for more than 300,000 bits.

5.2.1 Single Carrier Performance

Only one carrier wavelength was implemented in the first experiments, and the number of signal
channels was N = 3. Thus, one OTDM channel consists of three independent signal channels.
Since the modulator generates N = 2n + 1 electrical lines, a single tone RF input n = 1 is
sufficient for the three channels. The signals in the N = 3 channels have been multiplied for
the ‘I’ and ‘Q’ branch with three-phase shifted (∆φ = 120◦) copies of the same sinusoidal RF
frequency and summed together. This can be accomplished with proper microwave circuitry,
and it can be integrated with the modulator. However, since such microwave circuitry was
not available for the experiments, AWGs were utilized to mimic this network. The sampling
rate of the used AWG limits with 48GS/s the maximum aggregated data rate for the single
wavelength experiments to 48Gbit/s. The straightforward mathematical operation was carried
out in Matlab, and the resultant analog signal was produced from a Tektronix AWG 70000A.
The AWGs were used only to mimic the RF network, no electrical pre-compensation for the
nonlinearities of different components or the chromatic dispersion was applied.
PRBS signals of different lengths and symbol rates were used as the data signals to be trans-

mitted. In one set of experiments, standard data signals were used where the symbols were
shaped digitally by RC filters with β = 1.0 for each low symbol rate channel (see Sec. 2.6).
For another set of experiments, data signals were shaped by RC filters with β = 0.1 , i.e.,
Nyquist signals were used (see Sec. 2.6). The sampling was carried out with sinc-sequences
corresponding to 8GHz single tone (n = 1) sinusoidal signal. After digitally multiplexing
three (N = 2n + 1) such sampled signals with an appropriate time shift (τ = 125 ps), all
the signals were subjected to the electro-optical modulator. Thus, for standard signals in
the 24GHz optical channel bandwidth, an aggregate data rate of 12GBd was multiplexed
with three optical sinc-sequences, each modulated with a 4GBd data stream, correspond-
ing to a 0.5 symbol/s/Hz spectral efficiency. For Nyquist signals, the spectral efficiency of
1 symbol/s/Hz could be achieved. Hence, each time-domain channel can have a symbol rate
of 8GBd. It is to be noted that the theory demands that the signals to be transmitted have
to be band-limited and should follow the Nyquist-Shannon sampling theorem. Therefore, the
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spectral bandwidth was kept below or equal to 4GHz for the experiment.

The optical signal after E/O conversion was amplified to 16 dBm and propagated through a
standard single mode fiber (SMF) of different lengths. For the proof-of-concept, one modulator
de-multiplexed the signals in one OTDM channel successively. The modulator was driven with
a single tone RF signal with different phase shifts to recover other time channels. The optical
signal after the MZM was amplified again before subjecting to the coherent detector (CD). The
output of the CD was connected to the real-time oscilloscope, where the signal was recorded.
The recorded waveform was analyzed on a personal computer using Matlab. A software-
defined, low-pass RC filter with β = 0.1 was applied for the required filtering as described
in the principle of operation section (see Eq. 5.2). To de-multiplex one of the channels in the
receiver, the multiplexed channels will be multiplied with another sinc-sequence at a proper
time instance dictated by the desired channel. This is done in the receiver MZM by driving
it with an 8GHz sinusoidal RF signal, which was synchronized to the transmitter. Different
signal channels can be obtained with a corresponding phase shift in the RF signal driving the
MZM at the receiver.

Figure 5.6: Received signals after 10 km of fiber for three different signal channels modulated with the signal
agnostic Nyquist sampling transceiver on a single carrier. The channels were modulated with a 4GBd BPSK
(a), a 4GBd pulse amplitude modulation (PAM)-4 (b) and a 2GHz sinusoidal signal (c).

To show the agnostic behavior, one BPSK signal, one PAM-4 signal, and one sinusoidal
waveform were sampled, multiplexed, transmitted, and de-multiplexed, as shown in Fig. 5.6.
A LiNbO3 MZM was used in this case at the transmitter as well as the receiver. The digital
data was transmitted without any bit error up to 3 × 105 transmitted bits, and the analog
sinusoidal signal shows almost no distortion.

For the following experiments, the MZM in the transmitter was replaced by an I-Q modu-
lator. The ‘I’ and ‘Q’ components were processed separately in the same way as described for
the single modulator before feeding into the ‘I’ and ‘Q’ branch of the modulator. As described
in the previous section, an intensity modulator is sufficient for de-multiplexing I-Q modulated
signals. Thus, in the receiver, the same configuration was kept.

First, the processing and transmission of three 4GBd 16-QAM standard signal channels
with a PRBS-9 (29 − 1) data were investigated. The data signals were again multiplied with
phase-shifted 8GHz sinusoidal signals and applied to the modulator’s ‘I’ and ‘Q’ branch. The
measured signal constellation diagrams are presented in Figs. 5.7 (a), (b), and (c) for a
back-to-back (B2B) transmission, a 10 km and a 30 km SMF transmission, respectively. The
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Figure 5.7: Measured constellation diagrams, Q-factors, and average EVM values for sinc-sequence de-
multiplexed 4GBd 16-QAM signals with 4GHz baseband width after different fiber transmission distances
(a-c). B2B denotes back-to-back, where the transmitter is directly connected to the receiver. The correspond-
ing average EVM and Q-factors are also given. The bandwidth was 24 GHz for the optical channel, while the
aggregated symbol rate was 12GBd. No digital chromatic dispersion compensation, nonlinearity compensation,
or forward error correction was considered in encoding or analyzing the data.

B2B

(g

(c)(a) (b) (d)
10 km 40 km 10 km

𝑄 = 18.30277 ± 0.10779 dB
EVM𝑎𝑣𝑔 = 13.5803 ± 0.1127 %

𝑄 = 17.92433 ± 0.18365 dB
EVM𝑎𝑣𝑔 = 14.2215 ± 0.2189%

𝑄 = 14.48108 ± 0.15211 dB
EVM𝑎𝑣𝑔 = 21.5480 ± 0.3013 %

𝑄 = 13.946 ± 0.47026 dB
EVM𝑎𝑣𝑔 = 7.56 ± 0.2670%

Figure 5.8: The signal constellations of one of the three transmitted 8GBd Nyquist-QPSK channel after
different fiber lengths are shown in (a-c). The optical channel bandwidth was 24GHz, while the aggregated
symbol rate was 24GBd for (a-c), corresponding to the maximum symbol rate. In (d) one of three 4GBd
Nyquist-16-QAM signal channels multiplexed into a 12GHz optical bandwidth after 10 km of fiber is presented.

aggregated symbol rate is 12GBd, corresponding to an aggregated data rate of 48Gbit/s,
whereas the baseband bandwidth is 12GHz and the optical rectangular channel bandwidth
is 24GHz. Since the single channel with an E/O bandwidth of 4GHz is multiplied with the
8GHz sinusoidal wave, the Nyquist-Shannon sampling theorem is fulfilled. Thus, the data is
transmitted without any bit error for these measurements, as evident from the EVM, Q-factor,
and bit error rate (BER) measurements for the 16-QAM signals. The EVM is defined as the
root-mean-square average distance of the received symbol to the ideal one. The Q-factors were
measured following the decision threshold method [352].

The maximum possible symbol rate transmitted in a channel equals to the optical bandwidth
B. The signal agnostic Nyquist sampling transceiver has to follow the sampling theorem. To
double the symbol rate compared to the previous experiments, filtering of the data to the
Nyquist limit were carried out. With a RC filter with β = 0.1, the 8GBd Nyquist-QPSK signal
was restricted to 4GHz baseband width. Consequently, equivalent to OFDM and Nyquist-
WDM, the proposed transceiver can transmit data with the theoretically maximum symbol
rate, transmitting 24GBd in a rectangular optical bandwidth of 24GHz. In Figs. 5.8 (a), (b),
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and (c), the measured signal constellation diagrams are shown for different transmission ranges
for 8GBd Nyquist-QPSK signals. Similar to the previous case, three channels were transmitted
together, while each channel was de-multiplexed successively. Three 4GBd Nyquist-16-QAM
signals were also transmitted by the sampling transceiver in a 12GHz optical bandwidth. The
constellation after 10 km of SMF transmission is shown in Fig. 5.8(d). The aggregated bit rate
is 48Gbit/s, restricted by our transmitter equipment for all the cases.

(b)

Figure 5.9: Single carrier transceiver performance. Q-factor, average EVM, and BER performances in terms
of OSNR are shown in (a) and (b). The standard 4GBd 16-QAM signal measurements correspond to (Fig. 5.7)
and the 8GBd Nyquist-QPSK measurements to (Fig. 5.8(a-c)). Thus both the times, single carrier line rate
was 48Gbit/s. In (b) the hard decision FEC limit (∼ 4.5× 10−3) is marked with a green dashed line.

Fig. 5.9(a) depicts the EVM and Q-factor variation with the OSNR. The measurement of
the OSNR sensitivity was carried out by varying the amount of attenuation with a variable
optical attenuator (VOA) at the transmitter’s output, i.e. after the modulator (see Fig. 5.5).
For these measurements, a 4GBd standard 16-QAM and 8GBd Nyquist-QPSK were sampled
with an 8GHz sinusoidal wave in the sampling transceiver, i.e. 12GBd in a channel bandwidth
of 24GHz for the 16-QAM and 24GBd in 24GHz for the Nyquist-QPSK. At low OSNR, BER
values could me measured by recording up to 3× 105 bits. However, at higher OSNR values,
to avoid a long data acquisition time, the BER values were estimated from the Q-factors
(in linear scale) for two-level signals following the relationship BERest ≈ (1/2)erfc(Q/

√
2),

[353]. In Fig. 5.9(b), measured and calculated BER values have been plotted. Up to OSNR of
around 12 dB the BER values for the QPSK signals were well below the 4.5 × 10−3 limit for
the hard-decision forward error correction (HD-FEC) codings with 7% overhead [354].
Finally, the optical spectra of the multiplexed and de-multiplexed signals are shown in

Fig. 5.10. In Fig. 5.10(a) the spectra corresponding to a standard 4GBd 16-QAM signal is
shown. In Fig. 5.10(b) the spectra corresponding to a standard 8GBd Nyquist-QPSK signal
is presented.

5.2.2 Multi-carrier Performance

One of the major advantages of the signal agnostic Nyquist sampling transceiver is, that the
channels are transmitted in a rectangular bandwidth. Thus, the N signal channels building a
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Figure 5.10: Optical spectra after multiplexing and de-multiplexing. The rectangular optical spectrum of
the three multiplexed channels sampled with time-shifted sinc-sequences (corresponding to an OFC of 8GHz
spacing) is shown in gray for standard 4GBd 16-QAM signal (a) and 8GBd Nyquist-QPSK signal (b). The
corresponding triangular-shaped optical spectrum after de-multiplexing is shown in black.
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Figure 5.11: The transmitter set up and EVM penalty in terms of channel overlap for multichannel perfor-
mance characterization. (a) Transmitter setup. The outputs of three independent lasers are used to characterize
the signal agnostic Nyquist sampling transceiver performance depending on the channel spacing. Suppose three
different wavelength channels (each carrying three signal channels) with different carrier frequencies are mul-
tiplexed to a wavelength- and time- multiplexed superchannel. (b) The resultant spectra after wavelength
multiplexing having a different spacing between the spectral channels. The channel overlap is given relative to
the bandwidth of one WDM channel. Thus, an overlap of 33% means that only two-thirds of the channel in
the middle is free from interference from neighboring channels, one-sixth is overlapped by the left and another
one-sixth by the right channel. (c) The EVM performance with varying spectral spacing to assess the potential
spectral efficiency is presented for 8GBd Nyquist-QPSK signals. The insets show the measured constellation
diagrams for the corresponding channel overlap.

single wavelength- and time- multiplexed channel can be further multiplexed in the wavelength
domain to construct a wavelength- and time- multiplexed superchannel (see Fig. 5.4).

The achievable spectral efficiency in an ultra-dense wavelength division multiplexed system
depends on how close the individual carriers can be placed. The performance evaluation of the
proposed transceiver in terms of the inter-channel overlap is presented in Fig. 5.11. For the
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Figure 5.12: Multicarrier experimental setup. (a) Nine comb lines with a spacing of 24GHz are generated
by three independent laser diodes, each of which is externally modulated with a phase modulator (PM). After
phase modulation, a waveShaper (WS) ensured equal power in all nine comb lines. Each of these nine comb
lines is modulated with three 8GBd Nyquist-QPSK signal channels, resulting in a line rate of 432Gbit/s in
a rectangular bandwidth of 216GHz. Optical spectra of the transmitted five (red) and nine (blue) WDM
channels before the agnostic receiver. (b) The optical spectrum of the transmitted five (red) and nine (blue)
WDM channels before the agnostic receiver. Each WDM channel consisted of three 8Gbd Nyquist-QPSK
signals covering 24GHz spectral band.

superchannel performance evaluation, three different wavelength channels are created (each of
which consists of three time channels), as shown in Fig. 5.11(a). The middle carrier frequency
is fc,1 and the other two carriers fc,2 and fc,3 are shifted by 24GHz to both sides. The middle
channel was modulated with three time-domain 8GBd Nyquist-QPSK signals, and the other
two carriers are each modulated by three time-domain Nyquist-BPSK signal from the same
AWG but with one of the inverse output ports.

The carrier spacing between three independent single wavelength channels with maximum
symbol rate and a bandwidth of 24GHz was varied from 24GHz (corresponding to no guard
band, or 0% spectral overlap in Fig. 5.11(b-c)) to 20GHz (corresponding to -4GHz guard band
or approximately 33.33% spectral overlap). At 20GHz spacing, only two-thirds of the channel
in the middle are free from the overlap by neighboring channels. Note that, use of QPSK for
the middle channel and BPSK for the exterior channels ensures uncorrelated data streams at
the receiver. If the channels overlap, the EVM increases as expected. However, the BER of
the signal channels remains below the FEC limit until one-third of the channel bandwidth
is overlapped by the adjacent channels. This shows that the time-domain channels can be
multiplexed to robust WDM superchannels without any guard band and virtually without any
loss in information. Additionally, in contrast to OFDM and Nyquist-WDM, even relatively
high-frequency drifts between the sub-channels only slightly influence the signal transmission.

The same holds for a jitter of the radio frequency driving the modulator in the transmitter
or receiver for the multiplexing and de-multiplexing of the signals. OptiSystem simulations
were done to evaluate the influence of the jitter, showing only a limited response till a jitter
ratio of 7%, which equals 8.75 ps for the 8GHz sine wave. Until this value, the BER is below
the HD-FEC limit. State-of-the-art RF sources show jitter values in the range of femtoseconds,
e.g. the Keysight E8257D with 22 fs at 10GHz [355] or the VCO HMC732 from Analog Devices
with 140 fs at 8GHz [356]. This shows as well that the transmission is quite robust against a
slight phase change of the sine waves driving the transmitter and receiver modulators.

A superchannel transmission consisting of five times three Nyquist-QPSK signal channels
with no guard band between the channels at a line rate of 240Gbit/s in a 120GHz optical
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bandwidth. Using one laser and a 5-line optical comb generated from a PM as illustrated
in Fig. 5.12(a). This phase modulation of one CW source with a single RF tone of 24GHz
has produced 5 spectral lines with a frequency spacing of 24GHz. After equalization of the
lines with a waveshaper, each line was modulated by the signal agnostic Nyquist sampling
transceiver with three Nyquist-QPSK signal channels with a symbol rate of 8GBd in each
signal channel, resulting in a wavelength- and time- multiplexed superchannel with a data
rate of 240Gbit/s in a rectangular bandwidth of 120GHz as shown in Fig. 5.12(b) by the red
curve.
Moreover, using three lasers and subsequent phase modulation to get nine comb lines, a

line rate of 432Gbit/s for nine times three Nyquist-QPSK signal channels within an optical
bandwidth of 216GHz was achieved. For this experiment, the output of all three lasers was
combined and modulated with an external modulator to produce two sidebands around each of
the three laser frequencies, as shown in Fig. 5.12(a). Again, the result was a nine-line frequency
comb with a frequency spacing of 24GHz. Each of these nine lines was modulated with three
8GBd, Nyquist-QPSK signal channels, resulting in a line rate of 432Gbit/s (blue curve in
Fig. 5.12(b)). For all these experiments, the signal channel in the middle of the spectrum was
de-multiplexed, and no bit error was measured for 300,000 transmitted bits, and the signals
were transmitted through SMF up to 50 km.

Transmittable symbol rate

If the sinc-pulse generation and multiplexing of all N channels are carried out with only one
modulator of E/O bandwidth BM , the maximum bandwidth of the generated optical frequency
comb convoluted with the signal spectrum corresponds to 2BM . In this case, the maximum
symbol rate for one channel can be BB = 2BM/N . Thus, the aggregated symbol rate of all
N channels corresponds to twice the modulator bandwidth 2BM . The symbol rate can be
increased if the pulse generation and sampling are carried out in two consecutive modulators.
If one single modulator is driven with n equidistant sinusoidal radio frequencies for pulse
generation, the modulator generates a rectangular frequency comb with N = 2n + 1 lines in
the optical domain. In this case, the maximum bandwidth of the comb convoluted with the
signal spectrum corresponds to 2N/(N − 1)BM , with BM as its maximum E/O bandwidth,
or 3BM for N = 3 and n = 1. Thus, the aggregated symbol rate in all three channels together
would be 3BM .

5.3 Silicon Photonic Implementation of Agnostic Sampling Transceiver

To implement the full agnostic sampling transceiver on a chip, one needs to implement both
the transmitter and receiver on a single chip. Either one of the two proposed architectures, as
in Fig. 5.1 and Fig. 5.3, can be implemented on-chip. However, if an ePIC process is available,
then Fig. 5.3 will be much easier to implement. This will also save the real estate on a chip.
In this section, the first proof-of-concept demonstrations will be presented based on the

second generation ePIC-MZM. The details of the device have already been presented in
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Sec. 3.2.1. At first, the performance of the MZM as transmitter alone has been presented.
For this experiment, a LiNbO3 MZM has been used as the de-multiplexer in the receiver,
and the measurements were restricted to amplitude modulated signals. Secondly, the generic
Nyquist de-multiplexer was implemented, suitable for the agnostic transceiver as well as any
Nyquist-OTDM system on silicon photonics. Only an MZM is sufficient for de-multiplexing
even M-QAM signals.

5.3.1 Si-MZM as Transmitter

In this section, the performance of the Si-MZM as the transmitter is presented. The exper-
imental setup was similar to Fig. 5.5. The only modification being the DP-MZM replaced
by the ePIC silicon MZM. Restricted by the possibility of using only intensity or amplitude
modulation, the transmission experiments were done for Nyquist-BPSK and Nyquist-PAM4
signals. The experimental results are shown in Fig. 5.13. The measured Q−factor and EVM
values are also included. It is to be noted that, the aggregated symbol rate was 24GBd. As
shown in Fig. 3.2, the bandwidth of the modulator was 16GHz. The transmitter electronics
constrained the possibilities of reaching more capacity in the experiments. However, these
results are the first proof-of-concept of a Nyquist transmitter in silicon photonics. Beyond
this, the performance can be improved, and the same principle can be upgraded to an I-Q
modulator.

Figure 5.13: Measured eye diagram for one de-multiplexed 8GBd Nyquist-BPSK (a,b), and a 8GBd Nyquist-
PAM4 signal (c) from an orthogonal sinc-sequence multiplexed channel with a symbol rate of 24GBd (24GHz
bandwidth) originating from a single carrier at 193.4THz. Experiments were carried out for 10 km SMF
transmission.

5.3.2 Si-MZM as Receiver

In this section, the performance of the silicon photonic MZM as a Nyquist time-domain de-
multiplexer has been investigated. As discussed in the principle of operation section (Eq. 5.2
in Sec. 5.1), the sinc-sequence based de-multiplexer is not only suitable for the signal agnostic
transceiver presented here, but also effective for a generic Nyquist signal. No external pulse
source is needed, and frequency-time coherence is used to sample the incoming Nyquist-OTDM
signal with orthogonal sinc-shaped Nyquist pulse sequences using MZMs. All the parameters
such as bandwidth and channel selection are completely tunable in the electrical domain. The
feasibility of this scheme is demonstrated through a de-multiplexing experiment over the entire

114



5.3 Silicon Photonic Implementation of Agnostic Sampling Transceiver

C-band (1530 nm - 1550 nm), employing 24Gbaud Nyquist-QAM signals due to experimental
constraints on the transmitter side. The high bandwidth Nyquist channel was created by
combining three low bandwidth Nyquist signals. As we already saw via Eq. 2.32 and Eq. 2.35,
this operation is identical.

Figure 5.14: Schematic illustration of the experimental setup. A single carrier from an integrated tunable
laser assembly (ITLA) is modulated with three different data channels and then orthogonally multiplexed using
sinc-shaped pulse sequences to create a high-capacity Nyquist channel. After transmission through SMF, the
channels are de-multiplexed by the Si-MZM before detection by a coherent detector.

For the experimental demonstration, a setup as illustrated in Fig. 5.14 was adopted. A
wavelength-tunable CW laser was modulated with three different data streams and orthog-
onally multiplexed with sinc-shaped Nyquist pulse sequences in the time-domain. After
transmission through the standard SMF, the multiplexed signal was subjected to the silicon
electronic-photonic co-integrated MZM. After 20m SMF transmission, a coherent detector
detected the de-multiplexed signals with another CW laser used as the local oscillator. The
20m SMF was necessary since the integrated device measurement setup was placed in another
laboratory room than the asynchronous detector. Post-detection digital low-pass filtering was
used in the baseband to mimic a low-bandwidth detection system. A coherent modulation
analyzer (Tektronix-OM1106) performed the required DSP of the recorded waveforms in a
real-time oscilloscope (Tektronix DPO73304) for the visualization of symbol constellations
and the measurement of other performance metrics like Q-factor and EVM, Forward error
correction, pre-distortion, and nonlinearity compensation were not applied in the experiment.
1% of the output power after the chip was subjected to an OSA (Yokogawa AQ6370) for
spectral measurements. The limited sampling rate of the used arbitrary waveform generators
for data signal generation prohibited the possibility of reaching higher single carrier optical
bandwidths beyond 24GHz for the sinc-sequence multiplexed channels. As the transmitter
was limiting the symbol rate to F = 24GBd, the RF input to the modulator was 8GHz (B/3),
and the receiver was restricted in the baseband to 4GHz (B/6) via low pass digital filtering.
EDFAs along with BPFs were used to amplify the optical signals when required. Polarization
diversity was not employed in the proof-of-concept experiment.

Results and discussion

In the first experiments, de-multiplexing of standard data signals were done. The symbols
were shaped digitally by RC filters with β = 1.0 and baseband width of 4GHz, for each
low symbol rate channel. Thus, in the 24GHz channel bandwidth, an aggregate data rate of
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Figure 5.15: Measured Symbol constellation and eye diagram for one de-multiplexed 4GBd QPSK (a,b), and
a 4GBd 16-QAM signal (c,d) from an orthogonal sinc-sequence multiplexed channel with a symbol rate of
12GBd (24GHz bandwidth) originating from a single carrier at 193.4THz. Experiments were carried out for
10 km (a,c) and 30 km (b,d) SMF transmission.

12GBd was multiplexed with three optical sinc-sequences, each modulated with a 4GBd data
stream, corresponding to a 0.5 symbols/sec/Hz spectral efficiency. The result for the data
contained in one of the three sinc-sequences can be seen in Fig. 5.15 for QPSK and 16-QAM
data formats transmitted via 10 and 30 km of fiber. The other signals can be de-multiplexed by
120◦ phase shifts of the RF signal driving the modulator. The eye diagrams correspond to the
in-phase component. The corresponding signal metrics such as Q-factors and average-EVM
values have been presented in Table. 5.1. All the measurements of signal metrics were carried
out for 3×105 recorded bits. For these experiments, direct measurements of the BER were not
possible since no errors occurred during the measurement. To avoid a long data acquisition
time, the BER values were estimated from the Q-factors. The measured Q-factors for the
de-multiplexed QPSK signals after 30 km transmission correspond to estimated BER values
in the order of 10−17. These values are well below the 4.5 × 10−3 limit for the hard-decision
forward error correction (HD-FEC) codings with 7% overhead [354].
In another set of experiments, each low-capacity channel was modulated with Nyquist sig-

nals of B/4 = 8GBd symbol rate having 4GHz baseband width. Again, three of such signals
were multiplexed via optical sinc-sequences of 24GHz bandwidth. Thereby, a 24GBd Nyquist-
QPSK channel was created with a theoretically maximum spectral efficiency of 1 symbol/s/Hz.
In the experiments, the bandwidth of our AWG restricted us to a maximum data rate of
48Gbit/s. Thus, modulation formats higher than QPSK could not be generated in this band-
width.
For one of the three de-multiplexed Nyquist-QPSK signal branch with a symbol rate of

8GBd, the symbol constellations and eye diagrams are presented in Fig. 5.16, with the mea-
sured signal metrics presented in Table. 5.2 after 10 km and 30 km of SMF transmission. The
optical signal-to-noise ratio values before de-multiplexing were around 37 dB and 33 dB re-
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Format Distance Q-factor Average EVM
(km) (dB) (%)

QPSK 10
I = 20.42887± 1.04338

9.9889± 0.4216
Q = 19.96499± 0.51241

QPSK 30
I = 18.46182± 0.64159

13.1057± 0.5449
Q = 18.268± 0.25387

16-QAM 10
I = 14.75606± 0.40704

6.6485± 0.1887
Q = 13.58524± 0.26846

16-QAM 30
I = 12.03721± 0.22764

9.27± 0.1891
Q = 11.102± 0.16626

Table 5.1: Measured performance metrics of one de-multiplexed 4GBd data channel from a 12GBd multi-
plexed channel with a carrier frequency of 193.4THz.

spectively after 10 km and 30 km of fiber transmission for the measurements involving 8GBd
QPSK signals. As shown in Fig. 5.17, all the three de-multiplexed 8GBd Nyquist-QPSK sig-
nals from the 24GBd Nyquist channel have similar performance for a certain distance of fiber
transmissions. All the measured BER values are far away from the limit for HD-FEC coding
with 7 % overhead.

Figure 5.16: Measured Symbol constellations and eye diagrams for one of the three de-multiplexed 8GBd
Nyquist-QPSK signals from a Nyquist channel with a symbol rate of 24 Gbaud in a 24 GHz bandwidth around
193.4THz after (a) 10 km and (b) 30 km SMF transmission.

Format Distance Q-factor Average EVM
(km) (dB) (%)

Nyquist-
10

I = 18.61079± 0.17767
12.3597± 0.1567

Q = 18.29439± 0.12573

QPSK
30

I = 16.22659± 0.36605
15.9707± 0.9316

Q = 16.1480± 0.3467

Table 5.2: Measured performance metrics of one de-multiplexed 8GBd Nyquist-QPSK signal from the 24GBd
Nyquist channel around 193.4THz.

The optical spectra of the multiplexed (dashed lines) and de-multiplexed (solid lines) signals
around a single carrier at 193.4THz for de-multiplexing with a flat, three-line rectangular
comb can be seen in Fig. 5.18. Note that the de-multiplexing is based on convolution with
the three-line comb. Thus, the spectrum after multiplexing has a rectangular shape (dashed
lines), and the spectral content broadens due to the de-multiplexing . However, the whole
information of the signal is just in the B/3 fraction of the bandwidth around the carrier (red
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Output

Figure 5.17: Measured Q-factors (in black) and estimated BER values (in red) for different transmission
ranges of all three 8GBd Nyquist-QPSK signals de-multiplexed from the 24GBd Nyquist channel.

rectangle), resulting in a required electrical detector bandwidth of B/6. For Fig. 5.18(a), three
4GBd QPSK signals were multiplexed within the 24GHz bandwidth and for Fig. 5.18(b), three
Nyquist-QPSK signals of 8GBd symbol rate were multiplexed in the same bandwidth (dashed
curve).

Figure 5.18: Measured Optical spectra before (dashed curves) and after (solid curves) de-multiplexing with-
out any transmission fiber of significant length. For (a) three 4GBd QPSK signals were orthogonally time-
multiplexed in a 24GHz bandwidth (blue rectangle). For (b), three 8GBd Nyquist-QPSK signals were mul-
tiplexed in the same bandwidth. The red rectangles show the spectral regions of the data information after
de-multiplexing. The corresponding detector bandwidth should be B/6 in the baseband.

Central frequency Q-factor Average EVM
(THz) (dB) (%)

192.65
I = 15.92985± 0.29706

16.1480± 0.3467
Q = 15.91293± 0.16985

193.4
I = 16.22659± 0.36605

15.9707± 0.9316
Q = 16.1480± 0.3467

195.95
I = 16.174± 0.43588

16.0940± 0.2871
Q = 16.13527± 0.50083

Table 5.3: Signal metrics for the de-multiplexed 8GBd Nyquist QPSK signal at different central frequencies
after 30 km SMF transmission

Furthermore, to evaluate the optical operation bandwidth, Nyquist-QPSK signal trans-
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5.3 Silicon Photonic Implementation of Agnostic Sampling Transceiver

Figure 5.19: Measured Optical spectra at central frequencies of (a) 192.65THz, and (b) 195.90THz after
de-multiplexing a 24GBd Nyquist-QPSK channel to three 8GBd Nyquist QPSK channels for 30 km SMF
transmission.

mission experiments were carried out at different carrier frequencies. Three nominal cen-
tral frequencies of 195.90THz (1530.3341 nm), 193.40THz (1550.116 nm), and 192.65THz
(1556.151 nm) were chosen in accordance with the recommendation of the international telecom-
munication union (ITU-T G.694.1(10/20)). The experimental setup adopted here is the same
as the previous one except for the operating laser frequency. The spectrum at 193.4THz
(1550.116 nm) has already been presented above. The measured optical spectra for the other
two frequencies after de-multiplexing have been presented in Fig. 5.19, and the data transmis-
sion metrics are summarized in Table. 5.3 for 30 km SMF transmission.

It can be seen that the performance of the de-multiplexer is very similar at this wide fre-
quency range spanning almost the full C-band (1530 nm - 1560 nm) with estimated BER values
of the order of 10−10 after 30 km of SMF transmission. Wavelength-dependent grating couplers
would mainly determine a limitation in the operational wavelength range for optical coupling
to the chip and on-chip multimode interferometers used for splitting and combining the MZM
arms. However, the basic principle can be implemented for any carrier frequency of interest
belonging to any communication band.

The de-multiplexing of the Nyquist data channel is based on the convolution between the
incoming optical signal of bandwidth F and the three-line frequency comb generated in the
modulator by driving it with one single RF frequency ∆f . For a CW optical line as input,
a flat three-line frequency comb with a frequency spacing of ∆f would be the result of the
convolution. Thus, as long as the modulator can generate this three-line comb for a CW
input, it would be able to de-multiplex a corresponding Nyquist signal with a bandwidth of
3∆f . Therefore, to demonstrate the tunability of the pulse repetition rate and bandwidth, flat
rectangular three-line OFCs of different frequency spacing ∆f were generated. The bandwidth
of the comb (3∆f) defines the maximum possible aggregate symbol rate per carrier for de-
multiplexing. The output OFCs of bandwidth (F = 3∆f) have already been presented in
Fig. 3.5(a)-3.5(c) for input radio frequencies of ∆f =10GHz, 20GHz, and 30GHz respectively.
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5.4 Conclusion

In conclusion, an experimental demonstration of a modulator-based transceiver concept is
presented, which is entirely agnostic to the signals to be transmitted. It allows the data trans-
mission with the maximum possible symbol rate (1 symbol/s/Hz). The transceiver can be
implemented with N parallelized optical sampling branches, or in only a single modulator,
the signals of N different electrical inputs, which can be intensity or phase-modulated digital
or analog ones, are optically sampled with sinc-sequences and time-division multiplexed to
build a OTDM channel with a rectangular bandwidth. These OTDM channels can be further
multiplexed to form WDM superchannels without any guard band. For the receiver, a detec-
tor with the baseband bandwidth of the single channel B/(2N) is sufficient per branch. The
maximum possible symbol rate is three times the E/O bandwidth of the used modulators. No
optical delay lines, filters, phase shifters, or broadband digital signal processing is required.
Due to the simplicity of the method, integration into silicon photonics or any other equivalent
platform is straightforward, enabling cost-effective mass production. Under electronic infras-
tructure constraints in the laboratory, the initial experiments with silicon photonic modulator
achieved 48GBd symbol rate and as we have already seen in Chapter 3 that up to 90GHz
bandwidth pulse generation was possible. This can enable a 90GBd signal agnostic Nyquist
transceiver that can transmit any band-limited signal waveform - analog or digital.
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Optical Channel Aggregation with Electro-Optic Modulators

As the bit rates of routed data streams exceed the throughput of the present wavelength-
division multiplexing systems, the use of spectrally efficient modulation formats and

traffic aggregation become essential for optical network scaling. In this chapter, a scheme for
all-optical aggregation of several low-bitrate channels to fewer channels with higher spectral
efficiency has been presented. The method is based on optical vector summation facilitated
by coherent spectral superposition. It does not need any optical nonlinearities and is based on
linear signal processing with an electro-optic modulator. Furthermore, optical phase tuning
required for vector addition can be easily achieved by a phase tuning of the radio frequency
signal driving the modulator. Experimental demonstration of the aggregation of two 10GBd
BPSK signals into one 10GBd QPSK and one 10GBd PAM-4 signal, the aggregation of two
10GBd QPSK signals into a 10GBd 16-QAM, as well as the aggregation of sinc-shaped Nyquist
signals have been shown. The presented concept of in-line, all-optical aggregation demonstrates
considerable improvement in network spectrum utilization and can significantly enhance the
operational capacity with reduced complexity. It provides a new way of realizing a flexible
optical transmitter for advanced modulation format signals using low-quality electronics. It
also suits future dynamically reconfigurable optical networks where spectral traffic aggregation
is utilized in a central network node. Since the method is based on linear signal processing
with an electro-optic modulator, integration into any integrated photonic platform is straight-
forward.
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6.1 State-of-the-Art

To satisfy the sustained growth in demand for communication bandwidth, the use of advanced
modulation techniques such as QAM has attracted abundant interest for high spectral effi-
ciency transmission. A conventional method for generating an optical M-QAM signal is to use
the output from two electronic DAC to drive the I and Q branch of an IQ-modulator. For
generating an M-QAM optical signal with a symbol rate of RGBd, each of the two DACs
needs a resolution and sampling rate of at least log2

√
M and R GS/s, respectively [20]. Thus,

electronic DACs significantly define the capacity of present-day optical networks. There is an
upcoming limit to the future scalability of the CMOS or BiCMOS technology platforms, which
can obstruct withstanding the future capacity crunch [10, 260]. Additionally, these electronic
DACs and IQ-modulator driver amplifiers have a finite linearity range at high baud rates,
which leads to inconsistencies in the data constellation points and considerably increases the
complexity and power consumption of the network.
Instead, all-optical signal processing techniques enable high data rate operation with flexible

and efficient bandwidth utilization at low power consumption [357]. Specifically, the aggrega-
tion of two or more less complex, lower bit rate channels to a single higher bit rate channel
can be performed all optically through coherent vector addition. Hence, several low-resolution
DACs could be implemented to generate low spectral efficiency channels that can be later
optically aggregated to a channel with high spectral efficiency [75–77, 358–365]. This can be
done in a transmitter or in a central node of an aggregation network, for instance. The latter
would be very promising for future passive aggregation networks, where an integrated optical
comb source in the central node supplies the ONU with phase- and frequency-locked carriers
[29, 30]. Besides aggregation, such comb sources enable a power reduction in the networks
[22] and they might be a solution for the so-called capacity crunch problem [23]. Optical ag-
gregation enables promising advances for the elastic optical networking (EON) [358, 359] and
near future fifth-generation (5G) technology [360] with the existing network architecture. It
gives an easy option to switch between easy to generate modulation formats including on-off
keying (OOK) and BPSK in metro and local access networks (M/LAN) and higher modulation
formats like QAM with improved transmission capacity in optical backbone networks.
Commonly, different nonlinear optical effects like FWM, cross-phase modulation (XPM),

SPM, parametric amplification (PA), and cross-gain modulation (XGM) arising from the
second or third-order susceptibility of HNLF, periodically poled lithium niobate (PPLN)
waveguides or semiconductor optical amplifiers have been used for channel aggregation [75–
77, 358–365]. In [358, 359, 365] for instance, the aggregation of OOK and M-PSK signals to
a higher bit rate QPSK signal based on XPM using HNLF has been shown. QAM-8 signals
have been generated by the aggregation of QPSK and OOK signals using XPM and XGM
in semiconductor optical amplifier (SOA) [365] and also from BPSK inputs using XPM and
PA in HNLF [361, 362]. Optical aggregation of four OOK to a single QAM-16 signal using a
nonlinear optical loop mirror (NOLM) based on XPM and PA has been presented in [363]. To
demonstrate tunable optical aggregation of two QPSK channels to a QAM-16 channel based
on nonlinear wave mixing, various coherent comb sources like MLLs [76] and Kerr combs orig-
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inating from microring resonators [77] have been used. These methods also use nonlinear wave
mixing for the coherent vector summation of the input channels. In a recent experiment, ag-
gregation of sinc-shaped Nyquist channels has been reported using the 2nd-order nonlinearity
of PPLN waveguides [77].

All channel aggregation methods reported so far require various nonlinear effects, special
optical devices, pump laser sources, and sufficient optical power for the nonlinear interactions,
leading to increased system complexity, polarization dependence, power consumption, and
additional noise, which hinders the operational reconfigurability and range of applications. It
would be of great interest to have a less complex linear approach for channel aggregation which
can be directly deployed in elastic optical networks and offers the potential to be implemented
on an integrated photonic platform like silicon photonics.

In this chapter, a simple technique for flexible all-optical aggregation without using any
optical nonlinearity, additional pump sources, or specific optical components will be demon-
strated. It uses a completely linear approach for the vector summation of the input channels
with low modulation formats into fewer channels with higher modulation formats. The signal
channels to be aggregated must be modulated on coherent carriers at distinct wavelengths,
which can be achieved by an optical frequency comb generated by an integrated ring resonator
[77]. Then a phase or intensity modulator modulates the input channels to generate sidebands
in a way that they superimpose for phase-coherent vector summation. Via a control over the
electrical phase of the RF input to the modulator, the optical phase difference between the
superimposed sidebands can be controlled.

This new concept of in-line all-optical aggregation can significantly enhance the operational
capacity for optical communication networks with considerably reduced complexity. Moreover,
the utilization of standard components like electro-optic modulators offered as a part of the
process design kits of commercial foundries provides an opportunity for on-chip implementation
with low cost and high yield.

6.2 Operating Pinciple

The all-optical aggregation of lower bit rate channels is based on optical vector summation
as shown in Fig. 6.1. In Fig. 6.1(a) the vector for the symbol 0 from BPSK1 (red) is summed
up with the vector for the 0 symbol from BPSK2 (green) to build the 00 vector of the QPSK
signal (blue). To achieve this, the two vectors should have the same amplitude but a phase
difference of φ = π/2. If the two vectors have the same phase but a different amplitude, a
PAM-4 signal can be generated, as illustrated in Fig. 6.1(b). Similarly, Fig. 6.1(c) shows the
generation of a 16-QAM signal by vector summation of two QPSK signals.

Optical aggregation using coherent vector addition [75–77] can be achieved by coherently
superposing two signal spectra [366] with suitable amplitude and phase difference in the car-
riers. The operating principle of coherent spectral superposition with optical modulators in
a transmitter is illustrated in Fig. 6.2. This concept has the special advantage that the high-
resolution DACs needed for the generation of higher-order modulation formats can be replaced
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Figure 6.1: Concept for vector addition. Schematic representation of the aggregation of two BPSK signals as
shown with the red and green constellations to (a) one QPSK, and (b) one PAM-4 signal as shown in blue. For
QPSK, both the parent BPSK signals have the same peak-to-peak amplitude (α = 1.0, with α as the amplitude
ratio) but the corresponding carriers have a phase difference of 90◦. For PAM-4 the carriers are in phase but,
BPSK1 has half the amplitude of BPSK2 (α = 0.5). (c) Two QPSK signals with QPSK1 (red) and QPSK2

with α = 0.5 can be aggregated to one 16-QAM signal (blue) through vector summation. The arrows show the
vector summation of the 00 symbol from QPSK2 and the 10 symbol from QPSK1 to form the 0010 symbol of
the QAM-16 signal. Other modulation formats like M-PSK, M-ASK, and M-QAM with higher values of M,
hence higher spectral efficiency, can be achieved in the same way.

(a)

(b)

Figure 6.2: (a) Graphical illustration of the operating principle of the all-optical aggregation method using
electro-optic modulators for the case that higher-order modulation formats shall be generated with low-quality
electronics in a transmitter. Several input channels with lower spectral efficiency can be aggregated to fewer
output channels with higher spectral efficiency. Here the method is illustrated for two independent lower bit
rate optical data channels around ωc1 and ωc2, generated by modulation of a phase-coherent optical frequency
comb with low-quality electronics. These two channels are aggregated to build an output channel with twice
the spectral efficiency by superposition with a correct phase and amplitude difference between them. A weight
factor (α) assigns different amplitudes to the vectors to be summed. The lower sideband (LSB) from the higher
frequency channel (ωc2) overlaps with the higher sideband (HSB) from the lower frequency channel (ωc1) after
modulation by the electro-optic modulator. The frequency difference between the channels (∆ω = ωc1 − ωc2)
and the input RF signal frequency (ωm) is related as ωm = ∆ω/2. The phase difference required for the vector
summation is achieved by varying the input RF phase φ = ωmtp to the modulator generated from an RFG.
Here an MZM is employed in carrier suppression (Vbias = Vπ) for better illustration. A BPF then allows the
required superimposed band to be transmitted after aggregation. If the aggregation is employed in a central
network node of a passive optical network, the frequency comb source is in the central node, and the different
carriers are transmitted to the network terminals where they are modulated by low-quality electronics with the
data and send back to the node. This ensures a phase- and frequency locking of the carriers [67], required for
the aggregation in the central node. A tunable delay unit can compensate for irregular time delays between the
channels which are smaller than the symbol duration. (b) Diagram for the parallel channel aggregation in two
branches. Channels 1 and 3 are aggregated at the position of channel 2, and channels 2 and 4 are aggregated at
the position of channel 3, freeing the former channels 1 and 4 which can now be filled with new data content.

by low-resolution DACs.
The coherent superposition does not rely on nonlinear optical effects. In contrast, electro-
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optic modulation is utilized. In principle, several channels with lower spectral efficiencies can
be combined to construct fewer channels with higher spectral efficiency. However, in Fig. 6.2
the aggregation of two channels to one output channel is shown for the sake of simplicity.
Carriers originating from a phase-locked comb are modulated with low spectral efficiency data
signals in a less complex WDM transmitter as shown in the left block. Afterward, in the right
block, any two channels are aggregated to build a channel with twice the spectral efficiency,
preserving the spectral width. In parallel processing any other two channels can be aggregated
to another channel with twice the spectral efficiency and in a second stage, these two channels
can be combined to an aggregated channel with four times the spectral efficiency of the four
inputs and so on. Please note that the system is not restricted to input channels with the
same spectral efficiency and an odd number of channels can be aggregated as well.
At first, the two targeted input channels at ωc1 and ωc2 are chosen by a WDM filter. One of

the channels is then weighted in amplitude with a suitable weight factor α determined by the
targeted higher modulation format. The weighting can be achieved with a tunable attenuation
or amplification. These two channels are then combined and injected into an electro-optic
modulator. The modulator is driven with a sinusoidal RF signal of frequency ωm, generated
by a RFG, as in the experiment, or a simple voltage controlled oscillator. Due to modulation,
the lower sideband (LSB) resulting from the channel around ωc2 is superimposed with the
higher sideband (HSB) resulting from the channel around ωc1. As indicated in Fig. 6.2 the
frequency spacing between the parent channels can be as high as 2ωm.
To achieve the required vector summation for the intended modulation format, merely a

superposition of the spectral amplitudes is insufficient. The optical carrier phases of the
superimposing spectra are also an important factor to be considered. For the presented concept
the optical carrier phases of the superposing spectra are manipulated by the phase of the input
sinusoidal RF signal to the modulator. Following, a mathematical analysis regarding the phase
relationship of the two optical sidebands resulting from the electro-optic modulation process is
presented, which in turn determines the feasibility of the proposed concept. The mathematical
analysis presented here was developed in association with Janosch Meier of TU Braunschweig
[367, 368].
In general, a complex quadrature amplitude modulated carrier can be decomposed into

two amplitude modulated signals known as in-phase and quadrature components. These two
components are related by a constant phase offset of π/2 between the respective carrier wave
(ωc).
Let us consider the in-phase component can be expressed as,

sI(t) = I(t) · cos
(
ωc (t+ ta)

)
. (6.1)

Here, ta is a time constant defining the phase of the I-component. After being modulated by
a single drive MZM with a sinusoidal RF signal with angular frequency ωm, the output can
be written as,

sMI (t) =
1√
2
I(t) · cos

(
ωc(t+A · sin(ωm(t+ tp)) + b+ ta)

)
+

1√
2
I(t) · cos

(
ωc(t+ ta)

)
(6.2)
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with tp as an arbitrary time shift of the RF input with amplitude A, and b is the time shift
induced by the DC bias to the modulator. The time shift tp can be realized simply by an
electrical phase shift of the RF input.
Using the Jacobi-Anger expansion and expressing the associated constant phase term as θ =

ωcb+ ωcta,

sMI (t) =
1√
2
I(t) · Re

(
ei(ωct+θ) ·

∞∑
n=−∞

Jn(A · ωc) · ei·n(ωmt+ωmtp)
)

+
1√
2
I(t) · cos (ωc(t+ ta)).

(6.3)
Here, the summation variable n corresponds to the order of the sidebands. Considering only
the carrier and 1st order sidebands (n = 0,±1),

s̃MI (t) =
1√
2
I(t) ·

[
J0(A · ωc) · cos(ωct+ θ) + J+1(A · ωc) · cos

(
(ωc + ωm)t+ ωmtp + θ

)
+ J−1(A · ωc) · cos

(
(ωc − ωm)t− ωmtp + θ

)]
+

1√
2
I(t) · cos (ωc(t+ ta)).

(6.4)

It can be seen from Eq. 6.4 that the LSB (n = −1) and HSB (n = +1) exhibit phase changes
in the inverse direction, when the phase of the sinusoidal RF signal applied to the modulator
(φ = ωmtp) is varied. Therefore, with a careful adjustment of the RF phase, an arbitrary and
adjustable optical phase relationship between the carriers of the two optical sidebands (LSB
and HSB) can be achieved.

A superposition of the HSB and LSB originating from ωc1 and ωc2 respectively, will lead to
the aggregated I- component as:

sAI (t) =
1√
2

[
I1(t) · J+1(A · ωc1) · cos

(
(ωc1 + ωm)t+ ωmtp + θ1

)
+ I2(t) · J−1(A · ωc2) · cos

(
(ωc2 − ωm)t− ωmtp + θ2

)] (6.5)

Here the constant phase terms associated with the I-components have been expressed as,
θ1 = ωcb + ωcta1 and θ2 = ωcb + ωcta2 respectively. Equation 6.5 indicates that the phase
(ωcta) associated with the I-component is still preserved after the electro-optic modulation
along with a constant phase contribution from the bias of the modulator (ωcb). Hence, it can
be safely assumed that the above treatment will be valid for the quadrature component (Q)
as well. For the Q-component the phase change due to the modulation will also be exactly
the same amount as for the I-component. However, the constant carrier phase difference of
π/2 between the I and Q components will remain preserved. Thus, by adjusting the optical
amplitude difference between the channels and the phase of the sinusoidal frequency driving
the modulator, any modulation format can be achieved.

Similar to all other optical techniques for coherent vector addition shown so far [75–77,
358–365], the proposed method essentially relies on an optical phase locking between the
different comb lines. However, locking between the optical and RF phase or with the data
is not necessary. The actual phase difference between the lines is not important as well,
since it can be adjusted with the RF phase. It must only be constant during the aggregation
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process. Frequencies and phases are locked if a frequency comb is used to generate the carrier
frequencies of the different channels [67, 68]. Integrated frequency combs offer many unique
additional advantages for future optical transmission systems. They offer a solution for the so-
called capacity crunch problem [23] and enable a drastic electrical power reduction for optical
transmission systems [22]. Recent advancements in micro-combs have opened a new horizon
for high-capacity coherent communication [22, 60, 65, 66]. In a microcomb based transmission
system, the comb lines remain correlated for a long transmission distance [67]. Although the
absolute phase of the lines changes over time, the phase relationship is always conserved [67].
Thus frequency- and phase- locking are inherent to the comb sources, and since they offer much
more advantages, they will be used extensively in next-generation optical communications.

Besides enhancing the overall capacity while maintaining low-quality electronic infrastruc-
ture, the presented method can as well be implemented in a central network node in an optical
frequency comb based, cost-effective wavelength division multiplexed passive optical network
(WDM-PON), where source-free optical network units (ONUs) utilize optical carriers coming
from a comb source situated at the central station[29, 30]. In this case, the aggregation can
be used to aggregate the channels modulated with the low spectral efficiency from the ONUs
to one or several channels with higher spectral efficiency. However, in this case, there can
be stochastic amplitude or power, phase difference or delay fluctuations in the channels to
be aggregated. Any such fluctuation affects the aggregated channel performance due to the
change in the aggregated constellation or eye diagram. In the following, means to mitigate or
circumvent the influence of these fluctuations on the aggregated signal are discussed with the
focus being an integrated solution.

The influence of power fluctuations can be circumvented by associating a power monitoring
and adjustment mechanism. A variable optical attenuator can adjust the weighting factor
associated with the channels to be aggregated. Moreover, photodiodes for power monitoring
and integrated monolithic variable optical attenuators have been widely reported in silicon
photonics, which can be employed for this purpose for on-chip implementation of the technique
[369, 370].

If the ONUs are far away from the central station, there can be a relative delay between
the channels to be aggregated. Any delay corresponding to an integer multiple of the symbol
period will not affect the transmitted information, as discussed above. However, a stochastic
delay in excess or smaller than the symbol period may lead to a distortion in the aggregated
signal. Additionally, remote ONUs might lead to a change in the phase difference between
the optical carriers from the two different positions. Here again, a constant phase difference
does not affect the aggregation, since it can be compensated by the RF phase of the sinusoidal
signal driving the modulator. However, stochastic changes in the phase difference lead to a
stochastic angle variation between I and Q in the constellation diagram. For the application
of the presented method in a central network node, both effects have to be monitored and
compensated. This can be done by one single frequency from the frequency comb used as a
pilot tone and sent to every ONU and back-propagated to the central station. This pilot tone
can be used to monitor the phase difference, which can be compensated with the RF phase.

127



6. Optical Channel Aggregation with Electro-Optic Modulators

By modulating a time-stamp on the pilot tone, stochastic time variations might be monitored
as well. These time variations can be compensated by employing tunable delay lines. Since
the maximum required delay is the symbol duration, which corresponds to a few picoseconds,
tunable delay lines are available in silicon photonics [371, 372]. These devices can be easily
implemented in the integrated aggregation device. Instead of the pilot tone, signal monitoring
can be used to monitor stochastic phase and time variations.

As evident from Fig. 6.2, the aggregated channel is at a different wavelength position than
the input channels. If the aggregation is used in a transmitter, this provides the opportunity
to utilize the allocated bandwidth more efficiently by enhancing spectral efficiency. If the
method is used for aggregation in a central network node, several spectral bands will be freed
simultaneously. Let us assume, four adjacent WDM channels shall be aggregated to two
higher spectral efficiency channels and that every two channels are aggregated in two different
branches (please see Fig. 6.2(b)). In the first branch, the WDM filter only extracts channels 1
and 3 from the four incoming channels. These two channels are aggregated to the position of
the second WDM channel, freeing channels 1 and 3 after the filter. The second parallel branch
extracts channels 2 and 4, which are aggregated to position 3 and freeing 2 and 4. Thus, if
the outputs of the two branches are multiplexed in a WDM multiplexer, channel 2 now carries
the information of 1 and 3 and channel 3 that of 2 and 4, keeping still free grid-1 and grid-4,
which now can be filled with additional data channels.

A bandpass filter (BPF in Fig. 6.2) needs to be implemented to suppress all the unwanted
spectral components. Apart from standard WDM filters that can be used for this purpose,
integrated silicon photonics filters can be used. Such filters with more than 25 dB extinction
ratio have also been demonstrated [196, 340, 373]. Additionally, it is to be noted that the
bandwidth of the aggregated output channel is the same as that of a single input channel,
only the bits/symbol i.e., the spectral efficiency is increased. Nevertheless, the aggregated
signal is at a different carrier frequency than the input channels. For a wavelength transparent
conversion, a second modulation with the following filtering stage could be used to shift the
signal back to its original wavelength channel. Alternatively, other wavelength conversion
methods can be used for this purpose, if needed [374–376].

The special advantage of the method is that it only uses standard equipment and offers the
possibility to be integrated on every photonics platform. By controlling the RF phase, the
phase difference between the corresponding optical carriers associated with the superimposing
spectra can be arbitrarily regulated to get the required vector summation for the intended
modulation format. A fixed RF phase shifter can be implemented by a distinct waveguide
length for the RF signal and tunable RF phase shifter devices are widely available as inte-
grated circuits as well as embedded modules. However, the proposed method aims to be fully
integrable into a chip. Tunable RF phase shifters can be integrated by using a quadrature
vector summation technique [377]. The input RF is first fed to a quadrature signal generator
which provides differential 0◦ and 90◦ phase-shifted signals. This can be achieved by means
of frequency division [378] or 90◦ hybrid couplers [379]. Then, the two phase-shifted signals
are fed to tunable vector combiners that generate the RF signals through weighted signal
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summation [377, 379].
Lastly, a high-capacity optical transport system utilizes polarization multiplexing to dou-

ble the throughput without sacrificing the bandwidth. Thus, in real-world applications, the
aggregation module has to be polarization diverse. As an E/O modulator is often polarization-
dependent, a polarization rotator device has to be incorporated to align the input polarization
of the channels to be aggregated. For a system-on-chip implementation of the presented
method, integrated polarization controllers can be used [275, 380–382].

6.3 Experiment and Results

Figure 6.3: Proof-of-concept experimental setup for the all-optical aggregation. An optical carrier wave
generated from a laser diode is modulated by MZM-1 in the carrier suppression mode to generate two phase-
locked ancillary carriers. A waveshaper (WS) introduces different amplitudes to the carriers, defined by α. Note
that this step corresponds to the aggregation, but has been carried out beforehand for experimental simplicity.
Next, an I-Q modulator (Mod) modulates the carriers with the same data signal generated by an AWG. To
decorrelate the data content, a dispersion module (D) introduces a delay between the two channels. The vector
summation of the two channels is accomplished by MZM-2. A RFG generates the RF frequency inputs to
both MZMs and an RF PS is used for the phase manipulation. Please note that the locking between the
RF frequencies in the transmitter and aggregation unit was incorporated only to save the number of required
RF sources. The RF in the transmitter and that in the aggregation unit can be completely free running. A
heterodyne optical coherent receiver with external LO has been used to receive the aggregated signal. EDFAs,
together with BPFs to suppress the out of band spontaneous emission noise, have been used to amplify the
optical signals if needed.

To verify the feasibility of the proposed aggregation method, proof-of-concept experiments
were carried out. In this section the experimental details are discussed first, then the results
are presented.

6.3.1 Experiment

The experimental arrangement is illustrated in Fig. 6.3. In absence of a comb source, two
ancillary carriers were generated from one primary carrier via electro-optic modulation. The
output from a LD emitting at 193.4THz was modulated by MZM-1 (Optilab-IM1550-20a) in
carrier suppression with an RF input of 18GHz to generate two sidebands 36GHz apart. The
primary carrier at 193.4THz was suppressed by 20 dB by adjusting the MZM-1 bias to the
minimum transmission point. A waveshaper (WS, Finisar-1000s) was used as a programmable
filter to have different weights for the vector addition. Only the power in the two ancillary
carriers were independently adjusted by the WS without any phase adjustment. This step
corresponds to the aggregation stage, but has been implemented after the comb line generation,
for the sake of experimental simplicity.
A DP-MZM modulated the carriers with the desired lower spectral efficiency modulation
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formats. The same data was modulated over both channels. Therefore, to decorrelate them,
relative symbol delays were applied between the two channels using a Teraxion dispersion-
compensating fiber module (D). The dispersion induced by the module can be tuned with
a resolution of ±10 ps/nm. The dispersion module changes the relative phase between the
two channels as well along with the intended delay. However, since the relative phase for
the aggregation is adjusted with the RF signal driving MZM-2, this had no effect on the
experiment. It was assured that the delay corresponds to multiples of the symbol duration.
The aggregation of the two channels or their coherent superposition were carried out by

MZM-2, which is driven with the same 18GHz RF as MZM-1. In the experiment, it has
been performed here to save the need for a second RF source. For the method, however, we
do not expect that the two RF signals have to be absolutely locked in frequency or phase.
The frequency for the superposition, as well as the phase for aggregation, can be completely
controlled by the frequency generator for MZM-2 as shown in Eq. 6.5. As depicted in Fig. 6.2,
the upper sideband from the lower carrier is superimposed with the lower sideband from the
carrier with the higher frequency at the frequency position of the laser output at 193.4THz.
The spectrum as measured by an OSA is shown in Fig. 6.4. As the two superposing spectra are
from two different sidebands, there is a relative phase relationship between them. A tunable
RF PS is used to achieve this phase tuning between the two overlapping spectra. Since the
RF phase alters the phase of the optical waves in opposite directions, as shown in Sec. 6.2,
any phase relationship between the optical channels can be adjusted to generate the required
vector sum.A EDFA along with a 3 nm BPF were used to amplify the signals and suppress the
out-of-band amplified spontaneous emission noise.
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Figure 6.4: Experimental optical spectrum of the output signal after MZM-2. The ancillary channels were
modulated with a 10GBd QPSK signal. Hence, the aggregated signal in the middle was of 10GBd 16-QAM
modulation format.

For the demodulation of the aggregated optical channel, an optical coherent detector was
used with another laser source as the LO. For the sake of experimental simplicity, the required
bandpass filtering of the aggregated optical channel was alternatively done in the electrical
domain via lowpass filtering after demodulation. A coherent modulation analyzer (Tektronix-
OM1106) performed the required DSP of the recorded waveforms in a real-time oscilloscope
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(Tektronix DPO73304) for the visualization of symbol constellations and the measurement of
other performance metrics like Q-factor and EVM. The bit-to-bit mapping of the signals was
confirmed as the bit error rate testing was carried out in terms of the expected pattern. Also,
the delay due to dispersion was considered as the latency between the two channels for the
bit-to-bit mapping.

6.3.2 Results

The experiments were carried out for two types of signal formats. The first one is standard
lower-order NRZ modulation format signals like BPSK or QPSK. The second one is Nyquist
BPSK or QPSK, where symbols were modulated on sinc-shaped Nyquist pulse sequences
[15, 16, 74]. Thus, the spectrum of each channel is confined in a rectangular bandwidth (zero
roll-off factor), enabling the transmission with the maximum possible symbol rate [74].

Aggregation of standard signal formats

In the first experiments, the aggregation of two 10GBd BPSK channels to one 10GBd PAM-4
or one 10GBd QPSK channel and two 10GBd QPSK channels to one 10GBd 16-QAM has been
demonstrated experimentally. The dispersion module induced a dispersion of -270 ps/nm for
delaying the two parent channels with respect to each other corresponding to a delay between
the channels caused by about 18 km of standard SMF. Fig. 6.5 depicts the symbol constellation
diagrams for the output 10GBd QPSK (in Fig. 6.5(a)) and 10GBd PAM-4 (in Fig. 6.5(b))
signals. For Fig. 6.5(a) the amplitude of both input channels has to be equal (α = 1) with the
carrier phase difference of φ = 90◦. Correspondingly, for a PAM-4 modulation as in Fig. 6.5(b)
α = 0.5 and φ = 0◦. The measured average error vector magnitudes and Q-factors are listed
as well.

Figure 6.5: Symbol constellations arising from the aggregation of two 10GBd BPSK signals to 10GBd QPSK
(a) and 10GBd PAM-4 (b) signals. The measured Q-factors and average EVMs are presented as well. A
back to back measurement of one of the parent BPSK channels resulted in, Q-factor= 19.9933± 0.24689 and
EVMavg= 12.7211± 0.5277.

The result for two 10GBd QPSK channels aggregated to form a 16-QAM signal is depicted
in Fig. 6.6(a). the measured eye diagram of the in-phase (I) component of the aggregated
signal has been shown in Fig. 6.6(b). The slight deformation in the eye diagram is a result
of the delay between the two channels before aggregation by the dispersion unit, which does
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not correspond to multiples of the symbol duration. Fig. 6.4 shows the corresponding optical
spectrum after MZM-2.

Figure 6.6: (a) Generated 10GBd 16-QAM symbol constellation from the aggregation of two 10GBd QPSK
channels. A back to back measurement of one of the parent QPSK channels resulted in, Q-factor= 20.366 ±
0.19685 and EVMavg= 12.88±0.1646. (b) The measured eye diagram of the corresponding in-phase component.
Measured performance metrics are presented.

Aggregation of Nyquist channels

Figure 6.7: Symbol constellation of the generated (a) 5GBd Nyquist QPSK, (b) 8GBd Nyquist-QPSK, (c)
5GBd Nyquist PAM-4, and (d) 8GBd Nyquist PAM-4 signals aggregated from two Nyquist BPSK signals of
corresponding symbol rates. The Q-factor and EVMavg of one of the parent Nyquist BPSK channels at 8GBd
were found to be 22.1279± 0.3654 and 9.43± 0.1493 respectively for a back to back measurement.

Since they have rectangular spectra, sinc-shaped Nyquist signals offer the possibility to
transmit data with the maximum possible symbol rate in a given bandwidth and they enable
wavelength division multiplexing without any guard-band between the channels [26]. However,
sinc-shaped Nyquist pulses are unlimited in the time domain and thus just a mathematical
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construct. Thus, usually complex digital [219] or optical [72] signal processing is required for
the generation and detection of the signals. Recently a new method for Nyquist WDM based
on sinc-pulse sequences generated, modulated, and multiplexed by a single modulator and
demultiplexed by another single modulator, which drastically reduces the requirements for
digital signal processing has been proposed [15, 74]. Here the same method has been followed
to generate signals to be aggregated which are modulated on sinc-sequences with two zero
crossings. The experiments were performed using 5 and 8GBd BPSK and QPSK signals as
parent channels. The induced dispersion required for the decorrelation of 5 and 8GBd Nyquist
signals were -520 ps/nm and -440 ps/nm respectively, corresponding to SMF lengths of 30 and
25 km, respectively.

Figure 6.8: Symbol constellation and performance metrics of generated (a) 5GBd Nyquist QAM-16 and
(b) 8GBd Nyquist QAM-16 signals aggregated from two corresponding Nyquist QPSK signals. Back to
back measurement of one of the parent Nyquist QPSK channels resulted in, Q-factor= 19.130 ± 0.24599
and EVMavg= 13.12 ± 0.2447. (c) The measured eye diagram of the in-phase component of the resultant
8GBd Nyquist 16-QAM signal.

The symbol constellations and measured performance metrics for the aggregated Nyquist
QPSK and PAM-4 data signals from two Nyquist BPSK parent channels with symbol rates of
5 and 8GBd are presented in Fig. 6.7.
Fig. 6.8(a) and 6.8(b) present the symbol constellation along with the corresponding per-

formance metrics for Nyquist 16-QAM signals aggregated from two Nyquist QPSK parent
channels with 5GBd and 8GBd symbol rates. The eye diagram of the in-phase component of
the output 8GBd Nyquist 16-QAM signal is shown in Fig. 6.8(c). The characteristic return to
zero nature due to the Nyquist pulse sequence related to the three-line, flat and phase locked
comb is evident from the eye diagram.

6.4 Conclusions

Most of the real-world applications of channel aggregation and modulation format conversion
require reconfigurability and scalability in terms of data rates, bandwidth, and dynamic range.
For the presented technique all three criteria depend on the used modulator and RF source.
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In contrast to all other aggregation methods presented so far, no optical nonlinearity, special
photonic components or pump laser sources are required. Integrated modulators offer broad
operational wavelength ranges with a very high bandwidth (≥ 100GHz) and energy efficiency
in many commercially important material platforms like LiNbO3, silicon, and InP [99–101,
183, 383]. Therefore, an integration of the method is straightforward on silicon or other
material platforms. Although the presented theory and proof-of-concept experiment refer to
an MZM, a phase modulator will be sufficient to achieve similar functionality. By cascading the
aggregation stages, any number of channels with the aggregated symbol rate can be aggregated
to one single or any smaller number of channels with the same symbol rate.
The experimental results show the feasibility of achieving Nyquist orthogonal time-division

multiplexing of aggregated higher modulation format channels, to achieve higher spectral
efficiency [26, 74, 219].
In conclusion, a linear optical signal processing method to aggregate lower bit rate data

channels to fewer higher bit rate channels has been proposed and experimentally demonstrated.
The presented concept can be included in a transmitter to replace high-quality electronics with
lower quality one or in a central network node to aggregate several data streams from ONUs
with low spectral efficiency to fewer data streams with higher spectral efficiency. The presented
channel aggregation relies only on electro-optic modulators to manipulate the optical phase
by controlling the electrical phase driving the modulators, in order to accomplish a phase-
coherent vector summation of the optical carriers. No optical nonlinearity, pump laser, or
special electronics and photonics are needed. Thus, an integration of the method into any
material platform is possible. In the first proof-of-concept experiments, aggregation of 10GBd
NRZ and 8GBd Nyquist signals of lower modulation formats (e.g. BPSK, QPSK) to spectrally
efficient higher-order modulation formats (e.g. QPSK, PAM-4, QAM-16) have been shown
while conserving the symbol rates.
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Integrated systems based on OFCs are inevitable in this era of growing capacity demand with
minimum cost imperative. This thesis has presented phase-locked OFC generation using sili-
con photonic modulators along with its system-level demonstrations in two application areas -
optical high bandwidth signal processing and optical communication. Flexible Nyquist pulse
generation with repetition rates up to 30GHz and pulse bandwidths up to 90GHz have been
presented using integrated silicon photonic modulators of various kinds. Compared to already
reported silicon MZM-based comb generators, the measured pulses are of excellent quality
(RMSE=0.699% for 20GHz spaced 3-line comb). Two silicon photonic MZMs based on an
electronic photonic co-integrated platform, and a slow-light MZM were explored for this pur-
pose. Flexible comb generation with different line numbers and different bandwidths has been
shown. Nyquist pulses are used in time-division multiplexing transmission, simultaneously
achieving ultra-high data rate and spectral efficiency. Their applications can also be extended
to realize high bandwidth data converters and signal characterization devices. Many of these
applications exploit the orthogonality of the pulses. Thus, maintaining the quality of these
pulses is crucial. Thorough investigations were conducted to quantify various nonidealities
associated with the modulator-based Nyquist pulse synthesis.

Afterward, this thesis extended the high-quality Nyquist pulse generation technique to real-
ize all-optical high-bandwidth signal measurements. In the chapter 4, a source-free all-optical
Nyquist pulse sampling, based on the convolution of the signal spectrum with a rectangu-
lar phase-locked OFC, has been demonstrated in an electronic-photonic, co-integrated silicon
chip. The method offers flexible and precise control over the sampling pulse repetition rate,
width, and duty cycle directly in the electrical domain. Thus, the device can be easily adapted
to the signal to sample, and no optical delay line is necessary. With a 12GHz RF input, a
sampling rate of 36GS/s has been achieved. By a parallelization, straightforward with silicon
photonics, the method has the potential to attain real-time sampling rates of three and up to
four times the E/O bandwidths of the integrated components. As silicon photonics enables
the co-integration of all key components of a signal converter based on this technique, the
presented method can lead to small footprint, low electrical power, fully-integrated, precise,
electrically-tunable, photonic high-speed ADCs and DACs. The same sampling technique has
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been extended to demonstrate a new optical time-magnification method that neither requires
any dispersion nor nonlinearities to measure fast isolated optical events. The proof-of-concept
experiments were carried out with an integrated silicon nitride MRR with a very highQ−factor
of ∼ 106. The MRR creates temporal replicas of the isolated waveform that are later sampled
by Nyquist pulses. This method produces a sampled and stretched version of the input wave-
form that can be later detected with low bandwidth. With 40GHz modulators, the sampling
of signals with an optical bandwidth of up to 100GHz has been demonstrated with an effective
compressed sampling rate of around 112GS/s. The achieved stretching factor was up to 108.
Additionally, for fast frequency-domain characterization of broad bandwidth optical signals,
a high-resolution integrated-photonic OSA is presented comprised of two consecutive filter
devices. The proposed compact device can be realized on a single electronic and photonic co-
integrated platform with low-power consumption. The first proof-of-concept demonstrations,
employing two discrete chips, showed spectral measurements with 128MHz resolution. This
high-resolution spectrometer can be useful for a wide variety of applications, including fast
and accurate monitoring of optical networks.

Chapter 5 and Chapter 6 deals with applications related to optical communication. An inte-
grated modulator-based transceiver concept has been demonstrated, which is entirely agnostic
to the signals to be transmitted and allows data transmission with the maximum possible
symbol rate (1 symbol/s/Hz). The transceiver can be implemented with N parallelized optical
sampling branches, or in only a single suitable modulator, the signals of N different electrical
inputs, which can be QAM digital or analog ones, are optically sampled with sinc-sequences
and time-division multiplexed to build a OTDM channel with a rectangular bandwidth. These
OTDM channels can be further multiplexed to form multi-wavelength WDM superchannels
without any guard band. No optical delay lines, filters, phase-shifters, or broadband digi-
tal signal processing is required. All the parameters can be controlled electronically at low
bandwidth. Under electronic infrastructure constraints in the laboratory, the initial exper-
iments with silicon photonic modulator achieved 48GBd symbol rate. However, as already
presented in Chapter 3, Nyquist pulse generation up to 90GHz bandwidth was possible. This
can enable a 90GBd signal agnostic Nyquist transceiver that can transmit any band-limited
signal waveform — analog or digital. Moreover, a linear optical signal processing method
has been proposed and experimentally demonstrated to aggregate lower bit rate data chan-
nels to fewer higher bit rate channels. Electro-optic modulators are utilized to manipulate the
optical phase by controlling the electrical phase to accomplish a phase-coherent vector summa-
tion. The proof-of-concept experiments have shown aggregation of 10GBd NRZ and 8GBd
Nyquist signals of lower modulation formats to spectrally efficient higher-order modulation
formats (e.g., QPSK, PAM-4, 16-QAM) while conserving the symbol rates and the reducing
the bandwidth.
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The results presented in this thesis indicate that, for all the proposed concepts, integration into
silicon photonics or any other equivalent platform is straightforward, enabling cost-effective
mass production. Significant work, however, is required in terms of system modeling, designing,
performing tape-outs, and optimization of the architectures to facilitate better integration of
the systems-on-chip.
As future endeavors, the following research ideas are suggested:

Nyquist Pulse Generation Techniques: Enhancement of the frequency combs to achieve higher
bandwidth and timing stability levels would be beneficial for many applications. This
would make the integrated pulse source extremely useful for applications in THz signal
processing and for various ultrafast applications that require a simple, tunable source
for very short Nyquist pulses. Numerous silicon modulators can be cascaded within a
small footprint. Moreover, the with on chip low noise tunable RF sources [384–386] such
high bandwidth high stability OFC can be practically achieved. For instance, if many
slow-light modulators can be cascaded, it will offer a compact comb generation with
a very small dimension. However, considerable improvements are necessary in terms
of modulator bandwidth and comb stability. To improve the bandwidth, an electronic
driving mechanism can be incorporated along with the slow light effect. To improve the
comb stability, an immediate measure will be to incorporate thermal phase shifters in ad-
dition to the electrical ones. Moreover, Nyquist pulse generation from MRR-modulators
should also be investigated. MRR-modulators can be potentially implemented to realize
a Nyquist PAM-4 transceiver, where only intensity modulation is required. This would
lead to compact, high-capacity transceivers for data center applications. The timing
stability can be improved with the use of highly stable microwave sources [255, 256]. If
one implements integrated mode-locked lasers on a chip, then it can be used as a stable
reference for optolectronic phase locking [387, 388]. Then any microwave source locked to
it, can be of ultra-low phase noise. These sources can be utilized for generating tunable
OFCs and Nyquist pulses with very high timing stability.

Analysis of the Pulse Impairements and Nonidealities: This thesis explored the nonidealities
associated with the OFC and Nyquist pulse generation. Essentially, these nonidealities
will affect any system that uses those pulses. A recently published article has presented
an analysis of the effect of jitter, relative intensity noise, and harmonic distortions on
the ENoB of the Nyquist DAC [251]. However, for a DAC, the effect of uneven comb
power and modulator nonlinearities is still unexplored or not yet reported. Likewise,
the demonstrated transceiver will also be affected by nonidealities associated with the
Nyquist pulses, and hence the same analyses can be carried out.

Wideband Signal Characterization The time-stretching technique can be incorporated with
spectral slicing [263, 297]. The on-chip WDM filter used for realizing the integrated
OSA can be implemented for this purpose [340]. However, much effort is needed to
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establish the signal processing mechanism, to achieve such a broadband signal charac-
terization system where both the amplitude and phase information can be retrieved.
Performance of the integrated OSA needs to be optimized with an efficient algorithm
for thermal stabilization and compensation of irregular ring or filter response. How-
ever, these goals have also been recognized by the German Research Foundation (DFG).
Our group together with the Bar-Ilan university will investigate them further under the
project “Measurement of ultra-high bandwidth signals with integrated systems (grant No.:
454954953)”.

The Agnostic Transceiver This thesis has presented the first proof-of-concept demonstration
and on-chip implementation of the most important functionalities. Many aspects are
still unexplored. For example, up to 50 km SMF transmission of optical data have been
demonstrated in a laboratory environment. Demonstration outside the lab and for a
long fiber length demand further exploration. Correspondingly, the effect of dispersion
and other nonlinear optical effects has not yet been analyzed in detail for long haul
transmission. Moreover, a clock-recovery mechanism for the proposed receiver will be of
significant interest. The aggregation concept along with the sinc-multiplexing, can be a
potent solution to capacity crunch while using low-resolution electronics. The effect of
input RF phase noise to the modulator for aggregation needs to be addressed. Again, the
German Research Foundation (DFG) has acknowledged the efforts by granting another
project named “The Agnostic Sampling Transceiver (AgSaTrans)” under the grant No.
491066027.

On-Chip Implementation: In this thesis, the concept and experimental demonstration of the
sampling technique have been presented. As discussed before, sampling is the first step
to realizing signal converters which are the bottleneck of optical transceivers. More-
over, the proposed signal agnostic Nyquist transceiver also relies on sampling. Further
enhancement in the system-level integration of Nyquist pulse multiplexing structures
would be a great addition to this work. Effort for realizing such structures as a DAC
and a PAM-4 transceiver is already undergoing under various projects. The aggregation
technique also can be implemented on a chip. It uses all the components that are po-
tentially accessible through the process design kit library of the foundries. In that case,
many such aggregation stages can be cascaded. Finally, the integrated OSA has been
demonstrated with two discrete on-chip filters. When it is fully integrated as a system,
it can be a potent tool with probable commercial interests.
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Appendix A

A.1 Transfer Functions of Elementary Electro-Optic Modulators

In this thesis, the E/O modulators have been extensively used for comb generation and as
optical transmitter. In Chapter. 2, the transfer functions of various modulators have been
used to discuss E/O comb generation. In this appendix, these transfer functions have been
derived from the first principle.
Depending on the device configuration and system requirements, an external modulator can

perform intensity modulation and optical phase modulation, as well as complex optical field
modulation, which is the combination of amplitude and phase modulation. E/O modulators
rely on the E/O effect, which is a phenomenon that modifies the refractive index of a material
by applying a static electrical field. The modification in the refractive index implies a phase
change of the electromagnetic field propagating inside the material. Several phenomena can
be defined as an E/O effect, but the most famous ones are the Pockels effect and the Kerr
effect. The Pockels effect shows that the refractive index of a material can linearly change
with the electrical field applied. The Pockels effect is also known as the linear E/O effect and
can appear only in non-centrosymmetric materials, since it is a second-order nonlinear process.
The second E/O effect is the Kerr effect, which is a 3rd-order nonlinear process. It shows a
change in the refractive index of a material proportionally to the square of the electrical field.
This effect can appear in any material, and since it is a 3rd-order nonlinear effect, it is much
weaker than the Pockels effect.

A.1.1 Phase Modulator

Figure A.1: Schematic drawing of a transverse E/O PM based on LiNb03 crystal. The double-headed arrows
show the direction of polarization of the optical beam.

The E/O PM is the simplest external modulator. For simplicity and without considering
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specific electrode design configurations, we can assume that the waveguide is sandwiched
between two electrodes as shown in Fig.A.1. Waveguide based E/O modulators are usually
used with optical fiber pigtails, requiring low bias voltage. Waveguides on a LiNbO3 substrate
are created by the diffusion of other materials, such as titanium, along a stripe near the
surface, which increases the local refractive index. The LiNbO3 single crystal has a trigonal
lattice structure with nonzero elements r13, r22, r33, and r51 in the E/O tensor matrix. Let us
denote no and ne as the linear refractive indices of the birefringence crystal in the ordinary (x-
and y- axes), and the extraordinary (z-axis) directions. The optical signal has to be linearly
polarized with the state of polarization aligned with the z-axis of the LiNbO3 crystal to achieve
the highest modulation efficiency as r33 is much higher than r13. When electric field exists
only along the z-axis, the index modulation induced by the electric field can be expressed as
[389],

δne ≈ −
1

2
n3
er33Ez (A.1)

For a beam of light polarized along the z-axis, the phase-shift of the output optical beam is
given by,
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(
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The half-wave voltage that provides a phase modulation index of π in this case is given by,

Vπ =
λ

n3
er33

d

L
. (A.3)

The constant k = π/Vπ is named the modulation index.

The half-wave voltage can be made smaller by choosing a smaller gap d between the elec-
trodes, and a longer interaction length L. In practice, the gap between the electrodes is limited
by the beam size and the problem of diffraction. Moreover, lower value of d will inevitably
increase the parasitic capacitance and thus reducing the modulation speed. Another speed
limitation is due to the device transit time, τd = L/vp, where vp = c/n is the propagation
speed in the waveguide of refractive index n. Another limitation on the modulation speed is
the RC time-constant. The capacitance between the electrodes is proportional to the electrode
length and inversely proportional separation between them (C ∝ L/d). Therefore, in high-
speed E/O modulators, traveling-wave electrodes are usually used, where the RF modulating
signal propagates along the electrodes in the same direction as the optical signal. This results
in a phase matching between the RF and the optical signal and thus eliminates the transit
time induced speed limitation.

Let us consider, the electric field corresponding to optical input of angular frequency ωc to the
PM is Ein(t) = E0e

iωct, and the input RF signal to the modulator is v(t) = Vdc+Vm sin(ωmt).

If we neglect the constant phase difference induced by the waveguide propagation, the phase
shift due to the applied voltage is,

∆φ = k (Vdc + Vm sin (ωmt)) . (A.4)
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Hence, the output optical electric field can be written as,

Eout(t) = Ein(t)ei∆φ

= E0e
iβdcei(ωct+βm sin(ωmt))

= E0e
iωcteiβdc

∞∑
n=−∞

Jn(βm)einωmt

(A.5)

We have denoted the DC and alternating current (AC) modulation indices as, βdc = kVdc and
βm = kVm. We have also used the famous Jacobi-Anger expansions:

eiz cos θ =
∞∑

n=−∞
inJn(z)einθ ;

eiz sin θ =

∞∑
n=−∞

Jn(z)einθ,

(A.6)

where, Jn(βm) are the Bessel function of the first kind for n ∈ Z (see Fig. 2.5(a) for the first
five).

A.1.2 Mach-Zehnder Modulator

Although, phase modulation can be useful in some optical systems, intensity modulation is
more popular. The E/O effect used for optical phase modulators discussed above can also be
used to make optical intensity modulators. A very popular external intensity modulator is
made by planar waveguide circuits designed in a Mach-Zehnder interferometer configuration.
This is graphically depicted in Fig.A.2. In this configuration, the input optical signal is
equally split into two interferometer arms and then recombined at the output. Through
interference between the two arms, the phase modulation is converted to intensity modulation
by introducing differential phase between the two arms. This type of intensity modulator is
known as the Mach Zehnder Modulator (MZM).
If the phase delays of the two arms are φ1 and φ2, respectively, the output optical field is,

Eout =
Ein
2

(
eiφ1 + eiφ2

)
= Ein cos

(
δφ

2

)
eiφc/2. (A.7)

Here, the common-mode and differential phase delays are expressed as, φc = φ1 + φ2 and
δφ = φ1 − φ2 respectively. The input and output optical power is related as,

Pout = |Eout|2 = Pin cos2
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2

)
, with Pin = |Ein|2
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(A.8)

Here, we have considered u(t) as the driving signal to the single-drive balanced MZM (see
Fig.A.2(a)). Fig. A.2(c) illustrates the relationship between the input electrical voltage wave-
form and the corresponding output optical signal waveform. If u(t) = Vdc + Vm sin(ωmt+ θ)
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then the DC voltage determines the initial phase. The DC bias is an important operational
parameter because it determines the E/O conversion efficiency. If the input voltage signal is
bipolar, the modulator is usually biased as the quadrature point, defined as Vdc = ±Vπ/2.
Thus, at the quadrature point, the output optical power is,

Pout =
Pin
2

[
1± sin

(
πVm sin(ωmt+ θ)

Vπ

)]
=
Pin
2
± Pin

2
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n=1

J2n−1(
πVm
Vπ

) sin
(
(2n− 1) · (ωmt+ θ)

)] (A.9)

Evidently, the transfer function is nonlinear (see Fig.A.2). It is not a significant con-
cern for binary digital modulation, where the electrical voltage switches between −Vπ/2 and
+Vπ/2. However, for analog modulation, the nonlinear characteristic of the modulator trans-
fer function may introduce signal waveform distortion. From the output power expression
expanded in a Bessel series (Eq.A.9), we can see that on the right-hand-side, the first term
is the average output power (Pin/2), the second term is the result of linear modulation
(PinJ1(πVm/Vπ) sin(ωmt)), and the third, fourth or higher terms are high-order harmonics
caused by the nonlinear transfer function of the modulator. Because of the antisymmetric
power transfer function when biased at the quadrature point, there are only odd-harmonics
at frequencies of 3ωm, 5ωm, and so on. To minimize these higher harmonics, the amplitude
of the modulating voltage signal has to be very small, such that Vm � Vπ/2, and therefore
J1(πVm/Vπ) is much higher than J3(πVm/Vπ) and J5(πVm/Vπ).

Figure A.2: Schematic drawing of a E/O (a) single-drive, (b) dual-drive MZM.

Dual-Drive MZM:

Let us consider, as depicted in Fig.A.2(b), the MZM is driven with two sinusoidal RF signals,

v1(t) = V1 + Vm sin(ωmt+ θ)

v2(t) = V2 + Vm sin
(
ωmt+ θ′

)
.

(A.10)

This is known as so called dual-drive MZM. If the MZM is perfectly balanced then the
output optical signal is written as,

Eout =
Ein
2
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ei
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Vπ + ei

πv2(t)
Vπ

)
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If to avoid the chirp, we consider a differential driving condition such that, v2(t) = −v1(t) =

−u(t)/2. This driving condition is famously known as the push-pull mode. Then the output
optical field is expressed as,

Eout = Ein cos

(
π

2Vπ
u(t)

)
= Ein cos

(
π

2Vπ
(Vdc + Vm sin(ωmt+ θ))

)
= Ein

[
cos

(
kVdc

2

)
cos

(
kVm

2
sin(ωmt+ θ)

)
− sin

(
kVdc

2

)
sin

(
kVm

2
sin(ωmt+ θ)

)]
= Ein

[
cos

(
kVdc

2

)
J0

(
kVm

2

)

+ 2 cos

(
kVdc

2

) ∞∑
n=1

(−1)nJ2n

(
kVm

2

)
cos
(

2n · (ωmt+ θ)
)

− 2 sin

(
kVdc

2

) ∞∑
n=1

J2n−1

(
kVm

2

)
sin
(

(2n− 1) · (ωmt+ θ)
)]
.

(A.12)

Amplitude and phase modulation by MZM:

The MZM modulator can be used as an amplitude modulator if the DC operating point is set
to nVπ with n ∈ Z. This is evident from the field transfer function, as shown in Fig. 2.7(a). If
the input voltage to a MZM swings between ±2Vπ then a phase skip of π occurs every time
the input, crosses the minimum transmission point. Thus, a phase modulation occurs.
For a dual-drive MZM as expressed in Eq.A.12, let us consider,

Vdc = Vπ ⇒
kVdc

2
=
π

2
(A.13)

Then the output is,

Eout = −2Ein

∞∑
n=1

J2n−1

(
kVm

2

)
sin
(

(2n− 1) · (ωmt+ θ)
)
. (A.14)

Thus it is clear that, the carrier term is missing. This is so-called carrier suppressed modula-
tion.
It is worth noting that we have used the following set of identities for the above derivations,

cos(a+ b) = cos a cos b− sin a sin b; (A.15)

cos(z sin θ) = J0(z) + 2

∞∑
n=1

(−1)nJ2n(z) cos(2nθ); (A.16)

sin(z sin θ) = 2
∞∑
n=1

J2n−1(z) sin
(
(2n− 1)θ

)
. (A.17)
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Appendix B

Analytical Model of a Microring Resonator

In this appendix, a brief description and theoretical background for optical microring resonator
(MRR) will be presented. The MRR has been used in this thesis to demonstrate the time-
magnifier as well as the integrated optical spectrum analyzer.

Microring resonators are composed of one or two sets of coupled waveguides. Thus, before
deriving the transfer functions microring resonators, coupling of waveguides is discussed.

Coupled Waveguide

When two optical waveguides are adjacent to each other, light can be guided in both waveg-
uides. The light in one waveguide is eventually transferred to the adjacent waveguide, which
couples it back to the first. The coupling mechanism is based on the evanescent wave. This is
the tail of the wave outside the waveguide core.

The phase relationship between the wave in the first waveguide and the part coupled to the
second waveguide can be described by the transfer matrix approach.

Coupler Transfer Matrix

It is common to envision the coupling mechanism in a transfer matrix approach. A detailed
description of this can be found in the text book Ref.[389]. The transfer matrix for a 2 × 2

Figure B.1: (a) A 2 × 2 coupler. (b) Schematic of an add-drop microring resonator with average radius R,
input coupling coefficient κ1 and output coupling coefficient κ2. (c) An all-pass MRR.
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coupler system as shown in Fig. B.1(a) can be expressed including the phase factor as,E1
out

E2
out

 =

 τ −iκ

−iκ τ


E1

in

E2
in

 (B.1)

Here, τ is the self-coupling coefficient and κ is the cross-coupling coefficient. Thus, τ2 and κ2

are the power splitting ratios of the coupler. For simplicity, it is assumed that the coupling
junctions are lossless, so that τ2 + κ2 = 1.

B.1 Transfer Functions of the Microring Resonator

The MRR can consist of one or two bus waveguides coupled to a ring cavity. An add-drop MRR
is a four-port optical device which consists of a microring evanescently coupled to input and
output waveguides, as shown in Fig. B.1(b). An all-pass MRR consists of one bus waveguide
which is coupled to the ring cavity as shown in Fig. B.1(c). The transfer function of the
all-pass configuration can be derived as the special case of the add-drop configuration. In an
add-drop MRR the four ports are labeled as input, through, add, and drop. An optical signal
applied to the input port with frequency coinciding to a microring resonance will be dropped
at the drop port. If the frequency of the input signal is off-resonance, the light will instead be
through to the through port. The device can thus be used as an add-drop filter in a WDM
system.
considering an add-drop MRR of radius R, the electric field amplitudes at various ports will

be related via the following equations:Et
E1

 =

 τ1 −iκ1

−iκ1 τ1


Ein
E4

 ;

E3

Ed

 =

 τ2 −iκ2

−iκ2 τ2


E2

Ea

 . (B.2)

This simplifies to the following set of equations,

Et = τ1Ein − iκ1E4 (B.3)

E1 = −iκ1Ein + τ1E4 (B.4)

E3 = τ2E2 − iκ2Ea (B.5)

Ed = −iκ2E2 + τ2Ea. (B.6)

Further, assuming no add-port signal (Ea = 0), Eq. B.5 and B.6 becomes,

E3 = τ2E2 (B.7)

Ed = −iκ2E2. (B.8)

E1, E2 and E3, E4 are related by the propagation through the waveguide of length πR.
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B.1 Transfer Functions of the Microring Resonator

Thus, if we have a waveguide with a complex propagation constant ηeff = βeff − iαeff , with
βeff related to the effective index of the waveguide and α is the attenuation constant (including
bending loss, absorption, and scattering), then the roundtrip loss and the roundtrip phase in
the ring is given by art = e−2πRαeff and φrt = 2πRβeff .
Thus, considering propagation,

E2 = E1e
−iηeffπR = E1e

αeffπRe−iβeffπR = E1
√
arte

−iφrt
2 . (B.9)

Similarly, to get E4, using Eq. B.7 and B.9,

E4 = E3
√
arte

−iφrt
2 = τ2E2

√
arte

−iφrt
2 = τ2E1arte

−iφrt (B.10)

Now, using the above equation in Eq. B.4,

E1 = −iκ1Ein + τ1τ2E1arte
−iφrt

⇒ E1 =
−iκ1Ein

1− τ1τ2arte−iφrt

(B.11)

Similar expressions for E2, E3, and E4 can also be derived in terms of Ein.

B.1.1 Transfer Function of the add-drop MRR

To determine the transfer function at the drop port of the ring, we substitute Eq. B.9 in Eq.
B.8. Then using Eq. B.11,

tdrop =
Ed
Ein

= − κ1κ2
√
arte

−iφrt
2

1− τ1τ2arte−iφrt
(B.12)

Similarly, substituting Eq. B.10 into Eq. B.3 and using Eq. B.11,

Et = τ1 − iκ1D = τ1Ein −
κ2

1τ2Einarte
−iφrt

1− τ1τ2arte−iφrt
Ein

=
τ1 − τ2

1 τ2arte
−iφrt − κ2

1τ2Einarte
−iφrt

1− τ1τ2arte−iφrt
Ein

=
τ1 − τ2arte

−iφrt

1− τ1τ2arte−iφrt
Ein

(B.13)

The through port transfer function is obtained as,

tthrough =
Et
Ein

=
τ1 − τ2arte

−iφrt

1− τ1τ2arte−iφrt
(B.14)

The power spectral responses at the drop port and through port can be obtained by taking
the absolute square of Eq. B.12 and B.14. Assuming the coupling coefficients are real, lossless
and without phase term,

Tdrop =

∣∣∣∣ EdEin
∣∣∣∣2 =

κ2
1κ

2
2art

1 + τ2
1 τ

2
2 a

2
rt − 2τ1τ2art cosφrt

(B.15)
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Tthrough =

∣∣∣∣ EtEin

∣∣∣∣2 =
τ2

1 + τ2
2 a

2
rt − 2τ1τ2art cosφrt

1 + τ2
1 τ

2
2 a

2
rt − 2τ1τ2art cosφrt

. (B.16)

Thus, it is clear that the is through port transmission is minimum, and the drop port
transmission is maximum at the resonant frequencies fm, where the round-trip phase φrt =

2mπ with m ∈ Z. Equivalently, at resonance, the wavelength of light fits a whole number of
times inside the optical length of the ring:

λm =
2πneffR

m
m = 1, 2, 3, ... (B.17)

The resonance spectrum of a microring resonator thus consists of a comb of resonance peaks
occurring at discrete wavelengths λm.

Indeed, the drop port and through port transfer functions of an add-drop MRR are formally
identical to those of a Fabry-Perot resonator with mirror reflectivities τ1 and τ2. However, in
case of an MRR the transmitted signal at the through port is physically isolated from the input
signal instead of being reflected back into the input port. Moreover, just like the Fabry-Perot
resonator, the drop port power spectral response function can be written in the form of an
Airy function as,

Tdrop(φrt) =
Tmaxdrop

1 +M sin2(φrt/2)
(B.18)

with,

M =
4τ1τ2art

(1− τ1τ2art)2
; Tmaxdrop =

κ2
1κ

2
2art

(1− τ1τ2art)2
. (B.19)

The through port power spectral response function becomes,

Tthrough(φrt) =
Tminthrough +M sin2(φrt/2)

1 +M sin2(φrt/2)
(B.20)

with,

Tminthrough =

(
τ1 − τ2art
1− τ1τ2art

)2

(B.21)

In presence of loss, the peak drop port transmission is always less than unity. The difference
between the peak power transmission and unity in logarithmic scale, is called the insertion
loss of the device.

Nevertheless, complete extinction at the through port can still be achieved in the presence of
loss by a suitable choice of the coupling coefficients. If one substitutes τ1 = artτ2 in Eq. B.16
then the result is zero transmission at the through port. this is known as the critical coupling
condition. Under critical coupling, the coupled power is equal to the power loss in the ring.
Transfer functions of a critically coupled MRR is shown in Fig. B.2(a). When the coupled
power into the ring is more than the combined effect of out coupling and cavity loss, then it
is called over-coupling. In this case, τ1 < artτ2. This situation is shown in Fig. B.2(b). The
reverse case is known as under-coupling when the coupled power into the ring is less than the
overall loss. This situation is shown in Fig. B.2(c). This concept is very useful for designing
application specific ring resonators.
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B.2 Figures of Merit

(a) (b) (c)

Figure B.2: Transfer functions of an add-drop MRR of radius R = 100 µm, neff = 1.7 (typical value for
Si3N4), and art = 0.85 at (a) critical coupling (τ1 = artτ2), (b) over-coupling τ2 = 0.95, τ1 = 0.75 < artτ2, and
(c) under-coupling τ2 = 0.95, τ1 = 0.85 > artτ2.

B.1.2 Transfer Function of the All-Pass MRR

In the all-pass configuration, there is only one bus waveguide (See Fig. B.1(c)). The through
port transfer function of the all-pass MRR is obtained from Eq. B.14 by setting τ2 = 1 and
τ = τ1,

tthrough =
Et
Ein

=
τ − arte−iφrt
1− τarte−iφrt

(B.22)

Tthrough =

∣∣∣∣ EtEin

∣∣∣∣2 =
τ2 + a2

rt − 2τart cosφrt
1 + τ2a2

rt − 2τart cosφrt
. (B.23)

In particular, with τ = art, tthrough = 0, implying that total extinction of the output signal
is achieved at resonance. This is the critically coupled condition. Physically, the input light
destructively interferes with the light coupled out from the microring, resulting in zero power
being transmitted at the output port. All the input power in this case is dissipated through
the various loss mechanisms in the microring. For other values of τ and art, the input power
is only partially dissipated, and the remaining power is transmitted to the output port.

B.2 Figures of Merit

B.2.1 Free Spectral Range (FSR)

The spacing between two consecutive resonances is called the FSR of the resonator. With
neff as the effective refractive index of the waveguide and φrt = 2πRβeff = L(2π/λ)neff as
the round trip phase in the ring,

dφrt
dλ

=

(
dneff
dλ

− neff
λ

)
2π

λ
L = −ng

2π

λ2
L. (B.24)

Where, the group index of the waveguide is defined as Eq. 2.15. For a wavelength change
corresponding to the FSR, the roundtrip phase change is 2π. Thus, the FSR in wavelength
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and frequency is given as:

∆λFSR =
2π
dφrt
dλ

= − λ2

ngL
(B.25)

∆fFSR = − c

λ2
∆λFSR =

c

ngL
= T−1

rt . (B.26)

Trt is the roundtrip time in the ring.

B.2.2 Resonance Linewidth or Full Width at Half Maximum (FWHM)

The resonance linewidth (∆fBW ) is defined as the full-width at half-maximum of the resonance.
This the so-called 3 dB bandwidth. Using the drop port power trasfer function in Eq. B.15,
at FWHM,

Tdrop(φ) =
1

2
Tmaxdrop , (B.27)

where φ = (2πδfFWHM)Trt
2 .

Simplifying, we get

κ2
1κ

2
2art

1 + τ2
1 τ

2
2 a

2
rt − 2τ1τ2art cosφ

=
1

2

(
κ2

1κ
2
2art

1 + τ2
1 τ

2
2 a

2
rt − 2τ1τ2art

)
⇒1 + τ2

1 τ
2
2 a

2
rt − 4τ1τ2art + 2τ1τ2art cosφ = 0

(B.28)

For φ→ 0, using Euler’s formula, cosφ = 1− φ2

2 . Then,

φ2 =
(1− τ1τ2art)

2

τ1τ2art

⇒ φ =
1− τ1τ2art√
τ1τ2art

(B.29)

Thus,

δfFWHM = 2
φ

2πTrt
=

vg
πL

1− τ1τ2art√
τ1τ2art

, (B.30)

and

δλFWHM =
λ2
m

πngL

1− τ1τ2art√
τ1τ2art

(B.31)

B.2.3 Finesse

We can also determine the finesse of the add-drop MRR by dividing the FSR of the microring
in by the 3 dB resonance linewidth or FWHM for a specific wavelength.

F =
FSR

FWHM
=

∆λFSR

δλFWHM
= π

√
τ1τ2art

1− τ1τ2art
. (B.32)

The physical meaning of the finesse can be deduced by noting that the cavity lifetime of the
microring is inversely proportional to the bandwidth.
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B.2.4 Q−factor

The quality factor of a resonator is a measure of the sharpness of the resonance. The Q−factor
is defined as 2π times the ratio of the time-averaged energy stored to the energy loss per cycle
[390].

Q = 2π
Average stored energy

Power loss×Optical period
= ωm

Average stored energy

Power loss
(B.33)

For classical oscillators of the Lorentzian resonance shape,

Q =
λm

δλFWHM
(B.34)

However, this provides a good estimate of the Q− factor for low loss and weakly coupled
microring resonators (art ≈ 1, τ1 =

√
1− κ2

1 ≈ 1, τ2 =
√

1− κ2
2 ≈ 1). Thus, for an add-drop

MRR the loaded Q− factor is,

Q =
πngL

λm

√
τ1τ2art

1− τ1τ2art
. (B.35)

B.2.5 Physical Significance of the Figures of Merit

For low-loss rings, the loaded Q−factor is dominated by external couplings to the bus waveg-
uides. we can approximate the Q−factor for low loss (art = 1) and weak symmetrical coupling
(τ = τ1 = τ2 ≈ 1) as,

Q ≈ πngL

λm

τ

1− τ2
≈ πngL

λmκ2
(B.36)

The above equation implies that the loaded Q−factor increases with the microring circum-
ference L and is inversely proportional to the power coupling coefficient κ and the resonant
wavelength λm.
There is also a relationship between the finesse and the Q−factor given as,

F =
λmQ
ngL

≈ Q
m
. (B.37)

wavepackets in the ring waveguide travel at group velocity while it decays due to waveguide
loss and out coupling to the bus. The photon lifetime τph is defined as the time needed for the
intensity (∝ the number of photons) to decay by a factor of 1/e. The cavity photon lifetime of
the microring is inversely proportional to the FWHM δωFWHM. This results in the following
equation:

τph =
TrtF
2π

(B.38)

Hence, finesse corresponds to the number of round-trips a light wave makes around the micror-
ing before the stored energy decays to e−1 of the initial value due to the total loss and external
coupling. Alternatively, it gives the cavity lifetime in terms of the number of round-trips.
There are m periods of waveforms per round-trip for the mth resonant mode. Hence, it can be
concluded from Eq. B.37 that the Q−factor gives the cavity lifetime in terms of the number
of periods of oscillations. Thus, the finesse and Q represent metrics for the intensity buildup
and effective interaction time, respectively, in an MRR. This insight has implications for the
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design of a ring modulator.
For a lossless (art = 1) and symmetrically coupled (κ1 = κ2) add-drop microring resonator,

at the resonant frequencies, all the input power is transmitted to the drop port and complete
extinction is achieved at the through port.
The signals (E1, E2, E3, and E4) are approximately equal to E1 if the microring loss

and coupling coefficients are small (art ≈ 1, τ1 =
√

1− κ2
1 ≈ 1, τ2 =

√
1− κ2

2 ≈ 1). For
these resonators, the field amplitude can be assumed to be uniformly distributed around the
microring. However, for strongly coupled or high-loss microring resonators, the field amplitude
distribution will generally be nonuniform.
We note from Eq. B.11 that the field amplitude enhancement inside the microring |E1| is

maximum at the resonant frequencies fm, where the round-trip phase φrt = 2mπ. In other
words, the signal in the ring interferes constructively with the input signal, and the amplitude
builds up. Therefore, the intensity in the ring can be significantly higher than that in the bus
waveguides.
We can define the field enhancement, as the ratio of the peak field amplitude inside the

microring at resonance to the input field amplitude, as,

E =

∣∣∣∣ E1

Ein

∣∣∣∣
fm

=
κ1

1− τ1τ2art
(B.39)

If the microring is symmetrically coupled (κ1 = κ2) and has low loss (art ≈ 1), then
|E1/Ein|fm ≈ κ−1, that is, the field in the ring is inversely proportional to the field coupling
coefficient.
Thus, by choosing a small coupling coefficient (κ ≈ 0.01), one can amplify the field circu-

lating in the microring by orders of magnitude with respect to the input light wave. This
resonance field enhancement has been widely exploited to reduce the power requirement in
nonlinear optics applications of microring resonators, such as OFC generation by Kerr effect.
For a symmetrically coupled ring with low loss, the finesse is related to the field enhancement

in the microring by F = πE2. Therefore, the finesse and Q also represent metrics for the
intensity enhancement in a ring resonator.
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List of Acronyms

OFC optical frequency comb

E/O electro-optic

O/E opto-electric

CW continuous wave

WDM wavelength division multiplexing

TDM time division multiplexing

SDM space division multiplexing

OTDM orthogonal time division multiplexing

OFDM orthogonal frequency division multiplexing

MLL mode-locked laser

FWM four wave mixing

SPM self-phase modulation

XPM cross-phase modulation

PA parametric amplification

XGM cross-gain modulation

NLS Nonlinear Shrödinger

HNLF highly nonlinear fiber

SOA semiconductor optical amplifier

SOI silicon-on-insulator

TPA two photon absorption

NFOM nonlinear figure of merit

CMOS complementary metal oxide semiconductor

RF radio frequency

MZM Mach-Zehnder modulator

PM phase modulator

DD-MZM dual-drive MZM

DP-MZM dual-parallel MZM

DC direct current

AC alternating current
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List of Acronyms

QAM quadrature amplitude modulation

BPSK binary phase shift keying

QPSK quadrature phase shift keying

PAM pulse amplitude modulation

OOK on-off keying

MRR microring resonator

FSR free spectral range

FWHM full width at half maximum

ISI intersymbol-interference

RC raised-cosine

Tx transmitter

Rx receiver

PRBS pseudo-random bit sequence

ADC analog-to-digital converter

DAC digital-to-analog converter

NRZ non return to zero

DSP digital signal processing

SSR sideband suppression ratio

RMSE root-mean-square error

ER extinction ratio

PS phase-shifter

EDFA Er-doped fiber amplifier

ASE amplified spontaneous emission

BPF band-pass filter

OSA optical spectrum analyzer

RFG radio frequency generator

SNR signal-to-noise ratio

OSNR optical signal-to-noise ratio

FROG frequency-resolved optical gating

PLL phase-locked loop

PAPR peak-to-average power ratio

NOLM nonlinear optical loop mirror

LO local oscillator

CD coherent detector

AWG arbitrary waveform generator

SMF single mode fiber

EVM error vector magnitude

BER bit error rate
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FEC forward error correction

PDK process design kit

PCB printed circuit board

PC polarization controller

LD laser diode

ENoB effective number of bits

GSSG ground-signal-signal-ground

VOA variable optical attenuator

ONU optical network unit
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