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Abstract

The modern world has witnessed a rapid upsurge in the demand for high data rate transmis-
sion to support the contemporary technologies and numerous applications such as high-speed
global networking, Internet of Things (IoT), etc. across multiple domains including artificial
intelligence, machine learning, and cloud services. This demand is expected to only grow ex-
ponentially in the coming years, easing the advance of sixth-generation (6G) communications
and beyond. Nevertheless, using the electrical domain to process such high-bandwidth signals
would be challenging owing to its shortcomings like restricted bandwidth, latency problems,
high power consumption, cost, and complexity, and vulnerability to electromagnetic interfer-
ence (EMI).

Using silicon photonics, it is possible to implement optical signal processing which offers
a wider bandwidth, relatively simpler implementation, increased flexibility, low latency and
immunity to EMI and environmental radiation. Moreover, with the silicon-on-insulator (SOI)
platform in integrated silicon photonics, it is possible to make use of the popular complemen-
tary metal oxide semiconductor (CMOS) technology. Optical communication has improved
massively as a result of the combination of electronics and photonics on the silicon photon-
ics platform. However, the thermal conductance of the chip constituents leads to thermal
crosstalk which reduces the system performance, especially in densely-packed photonic inte-
grated circuits.

This thesis delves into the three fundamental aspects of high-bandwidth signal processing
using photonic integrated circuits (PICs), namely, the generation of Nyquist pulse sequences,
direct detection (DD) based orthogonal sampling, and thermal crosstalk alleviation. It begins
with the generation of sinc-shaped Nyquist pulse sequences with optical frequency combs
(OFCs) using Mach-Zehnder modulators. Analysis of practical impairments like comb ripple,
unwanted sidebands, and optical filter roll off in the process of sinc-shaped Nyquist pulse
sequence synthesis is carried out for three-line, five-line, and nine-line OFCs. This is followed
by the performance evaluation of a DD based orthogonal sampling system under the presence
of non-idealities and comparison with the conventional DD system with electronic analog to
digital converters. Finally, the thesis explains the issue of thermal crosstalk and provides
mitigation techniques to minimize the same in PICs.

All in all, this thesis lays a comprehensive and practical groundwork for developing thermally
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efficient, scalable, and metrologically precise photonic systems capable of performing high
bandwidth signal processing.
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Kurzfassung

Die moderne Welt erlebt einen rasanten Anstieg der Nachfrage nach Hochgeschwindigkeits-
übertragungen zur Unterstützung moderner Technologien und zahlreicher Anwendungen wie
globaler Hochgeschwindigkeitsnetzwerke, dem Internet der Dinge (IoT) und anderen in ver-
schiedenen Bereichen, darunter künstliche Intelligenz, maschinelles Lernen und Cloud-Dienste.
Es wird erwartet, dass dieser Bedarf in den kommenden Jahren exponentiell wächst und die
Entwicklung der sechsten Mobilfunkgeneration (6G) und darüber hinaus vorantreibt. Die Nut-
zung des elektrischen Bereichs zur Verarbeitung solch breitbandiger Signale wäre jedoch auf-
grund von Nachteilen wie eingeschränkter Bandbreite, Latenzproblemen, hohem Stromver-
brauch, hohen Kosten, Komplexität und Anfälligkeit für elektromagnetische Störungen (Elec-
tromagnetic Interference - EMI) eine Herausforderung.

Mithilfe der Siliziumphotonik ist die optische Signalverarbeitung realisierbar. Diese bietet
eine größere Bandbreite, eine vergleichsweise einfache Implementierung, erhöhte Flexibilität,
geringe Latenzzeiten und Unempfindlichkeit gegenüber elektromagnetischen Störungen und
Umwelteinstrahlung. Darüber hinaus ermöglicht die SOI-Plattform (Silicon-on-Insulator) in
der integrierten Siliziumphotonik die Nutzung der gängigen CMOS-Technologie (Complemen-
tary Metal Oxide Semiconductor). Die optische Kommunikation hat sich durch die Kombi-
nation von Elektronik und Photonik auf der Siliziumphotonik-Plattform deutlich verbessert.
Die Wärmeleitfähigkeit der Chipkomponenten führt jedoch zu thermischem Übersprechen, das
die Systemleistung insbesondere bei dicht gepackten photonischen integrierten Schaltkreisen
reduziert.

Diese Arbeit befasst sich mit drei grundlegenden Aspekten der Signalverarbeitung mit ho-
her Bandbreite mithilfe von photonisch integrierten Schaltkreises (PICs): der Erzeugung von
Nyquist-Pulssequenzen, der orthogonalen Abtastung auf Basis von Direktdetektion (DD) und
der Reduzierung von thermischem Übersprechen. Sie beginnt mit der Erzeugung von sinc-
förmigen Nyquist-Pulssequenzen mit optischen Frequenzkämmen (OFCs) unter Verwendung
von Mach-Zehnder-Modulatoren. Die Analyse praktischer Beeinträchtigungen wie Kammwel-
ligkeit, unerwünschter Seitenbänder und optischer Filterabfall bei der Synthese von sinc-
förmigen Nyquist-Pulssequenzen wird für drei-, fünf- und neunlinige OFCs durchgeführt. An-
schließend folgt die Leistungsbewertung eines auf DD basierenden orthogonalen Abtastsystems
unter Berücksichtigung von Nichtidealitäten und ein Vergleich mit dem konventionellen DD-
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System mit elektronischen Analog-Digital-Wandlern. Abschließend erläutert die Arbeit das
Problem des thermischen Übersprechens und bietet Abhilfemaßnahmen zu dessen Minimie-
rung in PICs.

Alles in allem legt diese Arbeit eine umfassende und praktische Grundlage für die Entwick-
lung thermisch effizienter, skalierbarer und metrologisch präziser photonischer Systeme, die
eine Signalverarbeitung mit hoher Bandbreite ermöglichen.
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1
Introduction

Over the last few decades, the world has witnessed a tremendous growth in data-intensive
applications, including high-speed communications, advanced sensing, and real-time

signal processing [1–3]. Even for emerging fields such as quantum computing, edge computing,
autonomous systems, and biological monitoring, there is an immense demand for faster and
more efficient signal processing technologies, owing to the colossal amount of data flowing
worldwide [4, 5]. Global internet traffic is growing at an exponential pace each year and will
continue to do so in the upcoming years [6]. Consequently, the rising demand for bandwidth-
intensive applications has put huge pressure on the current network infrastructure, especially
the physical hardware accountable for the algorithmic tasks.

The conventional electrical signal processing is vital for supporting the current infrastructure.
With the help of useful techniques like digital signal processing (DSP), Fourier Transform (FT),
Fast Fourier Transform (FFT), machine learning, etc, it is possible to have advanced operabil-
ity like error correction, quantum or homomorphic encryption, lossy data compression, data
masking which further enhances data security, efficiency, and reliability [7–9]. As a result,
the quality of signal transmission and reception is vastly improved. Nevertheless, traditional
electrical systems are limited by finite bandwidth, high power consumption, noticeable signal
deterioration over a transmission line, system latency, and susceptibility to electromagnetic
interference (EMI) [10, 11].

In this context, the optical signal processing offers a much higher bandwidth than the
traditional electrical methods [12, 13]. The data processing and data transmission occur at a
faster pace as the light waves can transport a vast quantity of information at the same time,
thus resulting in fast and effective data processing and transmission. It is also suitable for long-
haul communication, as the optical fibers can transmit signals over a long distance without any
major signal deterioration [14]. Optical devices are best suited for easy-to-carry and space-
efficient applications, as they are small-scale and low-weight [15]. Further advantages include
immunity to EMI [16], lesser power consumption, multifunctionality, better noise immunity,
and most importantly, the integration with photonic devices on photonic integrated circuits
(PIC) based on the silicon photonics technology [17].

The silicon photonics technology is also compatible with the popular, scalable, and mature
complementary metal oxide semiconductor (CMOS) fabrication process, which facilitates the
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1. Introduction

integration of electronic and optical components on the same chip [18]. Consequently, this
technology allows for the development of compact, functional, energy-efficient, and high-speed
photonic devices for numerous applications, particularly in data communication, sensing, and
signal processing. Additionally, it makes it possible to process signals at high frequencies,
even at the terahertz (THz) range [19]. A typical photonic system includes electro-optic (E/O)
converters to perform all-optical signal processing with PICs, after which the signal is converted
back into the electrical domain using opto-electric (O/E) converters [20]. A majority of such
PICs are designed on the silicon platform as it allows for CMOS compatibility, coupled with the
huge abundance and affordability [21, 22]. Further, it allows for high integration density due
to its high refractive index which is around 3.48 at 1550 nm [23], thus allowing densely-packed
photonic circuits, which are widely used for high-speed data communication applications.
One major limitation of silicon is its indirect bandgap, which accounts for its inefficiency as
a light emitter, restricting the integration of on-chip lasers and other active optical sources
[24, 25]. Moreover, the optical loss in waveguides and couplers can lead to some performance
degradation in complex circuits. Despite its challenges, silicon photonics is a highly attractive
and innovative technology considering its scalability, performance potential, and integration
capacity.

Now, for processing signals at high data and symbol rates in an optical communication
system, sinc-shaped Nyquist pulses are excellent as they are orthogonal, have rectangular
shape in the frequency domain, and comply with the Nyquist criterion of zero inter-symbol
interference (ISI), thus ensuring error-free transmission of overlapping pulses coupled with min-
imum spectral bandwidth. Moreover, sinc pulse sequences can be employed for signal process-
ing applications in analog-to-digital converters (ADC) and digital-to-analog converters (DAC).
For ADC, it helps in anti-aliasing and in modeling the ideal sampling process, thus making
the signal conversion more accurate. For DAC, such pulses help in avoiding distortion and
sustaining the signal integrity, especially at higher symbol rates. These Nyquist pulses can be
generated with a phase-locked and rectangular frequency comb which is produced by the sinu-
soidal modulation of cascaded MZMs [26]. Based on this idea, lately, many designs for Nyquist
pulse generation have been implemented [27–29]. Nonetheless, in real-world scenarios, the sys-
tem imperfections introduce non-idealities like optical sideband suppression, comb ripple, etc.
[30–32] which affects the temporal and spectral fidelity of the pulses, eventually degrading
the system performance. Now, for high-speed optical communication systems it is of utmost
importance to characterize and quantify such imperfections, especially from a system metrol-
ogy point of view [33], which provides the basis for evaluating and ensuring the precision and
reliability of the entire communication system. In this context, waveform metrology is vital,
since it helps to establish the measurement results, especially the time-domain waveforms
which can be traced to the International System of Units (SI). This traceability confirms that
each measurement has a certain uncertainty, thus ensuring precise system evaluation across
different measurement environments.

With orthogonal sampling using flat frequency combs, it is feasible to down-convert a high-
bandwidth signal into parallel low-bandwidth signals, which are then suitably processed uti-
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lizing low-bandwidth electronics [34–36]. With ideal equipments, this method can sample
the signal error-free with no aperture jitter as the down-conversion method is entirely based
on multiplying the signal with a sinc-pulse sequence in the time domain. This enhances the
quality of the sampled signal, expressed in terms of parameters like the effective number
of bits (ENOB) and signal-to-noise and distortion ratio (SINAD). Several works have used
coherent detection to convert the sampled optical signal to electrical domain [34, 35, 37].
Nevertheless, in applications like data centers and short-reach interconnects, access networks,
consumer devices, low-cost metro networks, sensor networks and distributed sensing, etc., a
DD scheme is preferred [38, 39]. When compared to the coherent detection, the DD offers a
cost-effective and simplified system, with reduced power consumption. Further, it does not
need a local oscillator (LO), optical hybrids and phase-diverse receivers, making it feasible for
applications where cost, size and energy efficiency is vital. Now, in such a DD-based opti-
cal sampling system, it is important to analyze the non-idealities to understand the system
performance bottlenecks and making design improvements. The thesis focuses on two major
sources of non-idealities, namely, the comb ripple and the roll-off factor of the optical filter
used for DD. From a system metrology perspective [33], analyzing such impairments is cru-
cial for evaluating the measurement integrity and operational reliability of high-speed optical
channels.

The final segment of the thesis delves into the analysis of thermal crosstalk for integrated
photonics systems. With the silicon photonics technology, it is possible to integrate a multitude
of electronic and photonic components on the same chip, and hence undergo high bandwidth
signal processing [18]. However, as the chip material will have a certain thermal conductance,
it will lead to thermal crosstalk [40–42]. Consequently, the performance will be hampered
for integrated devices like optical modulators, switches, photodetectors, attenuators, etc [43–
46]. Hence, it is of paramount importance to alleviate the crosstalk, especially in densely
packed photonic chips, where multiple devices are packed together very closely. The thesis
provides a thorough study on the technique of deep trenches [47–49] to mitigate thermal
crosstalk for several photonic components. Further, the study is extended to the amorphous
silicon platform [50, 51] which further alleviates the thermal crosstalk, owing to its lower
thermal conductivity as compared to crystalline silicon. With these techniques, for a complete
communication system, it results in enhanced performance, as evidenced by a reduction in the
bit error rate (BER) and improvement in the eye diagram quality.

The thesis is structured in the following manner:

Chapter 2 This chapter gives a brief introduction to the importance of metrology in com-
munication systems followed by a discussion of the methods used for optical frequency
comb (OFC) generation with sinc-pulse sequences. Considering that the sinc-pulse se-
quence is not ideal, the chapter provides an introduction to the non-idealities present in
an optical system which are the comb ripple, undesired sidebands, and the roll-off of the
optical filter. This is followed by a discussion of signal detection techniques, specifically,
direct and coherent detection. Finally, the chapter investigates thermal crosstalk and
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1. Introduction

its mitigation techniques in compact integrated photonic circuits which is essential for
processing the high bandwidth signals.

Chapter 3 This segment deals with the investigation of the non-idealities in the process of
generation of the sinc-shaped Nyquist pulses. Two major non-idealities are investigated,
in particular, the comb ripple and optical sideband suppression for three-line, five-line
and nine-line OFCs. For integrated silicon modulators, the effect of optical filter roll-off
on Nyquist pulses is analyzed experimentally for a three-line OFC.

Chapter 4 This section concentrates on the DD technique with a single photodiode for or-
thogonal optical sampling system with a three-line OFC. Two key error sources are
investigated, concretely, the comb ripple and the optical filter roll-off and the signal
deterioration is examined for sinusoidal signals and broadband signals using parameters
like the root-mean-square error (RMSE), SINAD, ENOB, Q-factor etc.

Chapter 5 This portion of the thesis addresses the issue of thermal crosstalk in compact pho-
tonic circuits for high bandwidth signal processing. Alleviation techniques for the same
are discussed emphasizing the usage of integrated doped heaters and the geometrical iso-
lation technique of deep trench for many on-chip devices like modulators, photodetectors,
switches, etc. Additional methods like usage of amorphous silicon to further mitigate
crosstalk are discussed. All in all, this chapter demonstrates effective crosstalk mitiga-
tion technique to achieve a complete optical communication system with densely packed
PICs which support high bandwidth signal processing with enhanced performance.

Chapter 6 The concluding chapter presents the summary and outlook of the research pre-
sented in the thesis. The investigation of the error sources for OFC generation and
optical sampling in a DD system is vital for the metrological analysis of an optical sys-
tem. Finally, the crosstalk mitigation techniques discussed here can be integrated into
the silicon photonics platform with densely-packed devices to have a high-performance
optical communication system capable of processing high bandwidth signals.
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2
General Principles

With the rapid increase in the requirement for high bandwidth and high data rate com-
munication, the importance of accuracy in signal generation, measurement, and de-

tection has risen tremendously. This is especially true for optical systems which have emerged
as the forefront in modern signal processing due to its inherent superior bandwidth, lower
signal degradation over a long distance [14], scalability [15], immunity to EMI [16], and a
multitude of other reasons. Therefore, it is of paramount importance to perform a system
level metrological analysis [33] of the complete system which ensures precision, traceability
and reliability of the optical communication system.

This chapter dives into the intersection of metrology and integrated photonics while focusing
on the generation and detection of optical signals with sinc-pulse sequences. Firstly, the
significance of metrology in optical communication systems is analyzed which is followed by
the generation techniques of OFCs [26–29, 34–36], the nature of the sinc-pulse sequences, and
their constraints. Then the two main signal detection schemes, namely, the coherent detection
[34, 35], and the direct detection (DD) [38, 39], are discussed and the error sources are analyzed
in DD systems. Finally, the issue of thermal crosstalk [40–42], and techniques for mitigating
the same [47–51], are discussed for compact photonic circuits.

2.1 Metrology in High-Speed Optical Signal Transmission

With the rising tendency of optical communication systems to scale towards higher data rates
and greater spectral efficiency, it is crucial to ensure the accuracy and reliability of signal
detection and transmission. In this context, metrology [33] serves as the pillar for trustable
and reproducible measurements necessary for performance evaluation and standardization of
communication systems. In optical communication systems, accurate characterization of sig-
nal sources, modulators, detectors, and complete signal path is indispensable for affirming
data integrity. Tracability, or the process of relating measurement results to internationally
accepted standards, is extremely important in the field of photonic-assisted ADCs, where
sub-picosecond timing accuracy and high signal fidelity are given tremendous importance. Ac-
cordingly, waveform metrology [52] plays a key role in enabling precise characterization and
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2. General Principles

validaton of signal properties against standard references.

Accurate waveform generation and measurement are critical for the effective operation of
high-end oscilloscopes and arbitrary waveform generators [53]. Beyond instrumentation, the
metrological evaluation of waveforms has a wide range of applications across wireless, wired,
and optical communication systems. To precisely characterize modern communication sys-
tems, it is imperative to analyze waveforms while accounting for temporally and spectrally
correlated error sources. Prior work on uncertainty estimation [54–60], and sampling oscil-
loscope calibration [61–65] has laid the foundation for establishing waveform traceability in
both photonics and high-frequency electronics industries. Within this framework, the Guide
to the Expression of Uncertainty in Measurement (GUM) [66] and its supplements are vital
in developing a basis to assess and express measurement uncertainties related to time domain
waveform measurements.

To enable a comprehensive analysis of photonic systems, it is important to undergo full
waveform metrology [67], where the entire waveform across both time and frequency domains
is designated as the primary measurement target. This methodology allows for the deriva-
tion of the conventional parametric descriptions from the full-field signal, enabling accurate
system characterization. Accordingly, in the realm of integrated silicon photonics and high-
speed optical communication, it takes into account the time domain measurements with the
high-bandwidth sampling oscilloscopes and frequency domain measurements with the vector
network analyzers, while also considering the critical effects such as the time-base corrections
[58] and bandwidth restrictions subject to the measurement setup. Consequently, to ensure an
accurate and reliable mapping between the temporal and spectral representations of the signal,
it is crucial to establish metrological traceability alongside a correlated uncertainty analysis
which can be propagated across each stage of the optical measurement chain. Hence, to realize
the first step towards the full waveform metrology, it is essential to quantify the imperfections
that arise in the generation of sinc-shaped Nyquist pulses in the optical domain.

2.2 Generation of Optical Frequency Combs

At the heart of an optical communication system lies an energy-efficient integrated optical
comb source, which is a compact and reliable alternative to the conventional oversized setups
that rely on numerous lasers in parallel and complicated non-linear mixing levels. Conse-
quently, the generation of OFCs has completely transformed the domain of optical metrology,
communications, and ultra-fast signal processing by facilitating a broadband source of phase-
coherent light with accurately defined frequency spacing. An OFC comprises of a sequence
of discrete, evenly spaced spectral lines, generally spanning tens to hundreds of nanometers
in bandwidth [68, 69]. These spectral lines act as an optical ruler in the frequency domain
delivering an unparalleled degree of precision in applications involving timing, synchronization
or spectral synthesis. Generating such OFCs can be realized by various means, each having
its own set of advantages and trade-offs in terms of stability, coherence and scalability.

The standard method for OFC generation involves mode-locked lasers (MLLs) [70, 71],
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where femtosecond pulses are obtained with active or passive mode-locking methods in a laser
cavity, resulting in a comb structure in the frequency domain stemming from the Fourier re-
lationship between the pulse trains and the spectral components. Fiber-based and solid-state
MLLs, in particular, demonstrate remarkable coherence and low phase noise, which is ideal
for metrology and optical clock applications. Recently, it was demonstrated that the quantum
dot MLLs operating at 60 GHz repetition rate with a broad optical bandwidth of 2.2 THz
can generate both amplitude-modulated and frequency-modulated combs with large band-
width and spectral coherence [72]. It has tremendous potential for dense wavelength division
multiplexing (DWDM), on-chip communications and coherent signal detection, thus acting as
a practical, scalable, and power-efficient solution for integrated OFC applications. Neverthe-
less, due to the bulky size, high power consumption, limited tunability, and limited integration
potential due to fabrication complexity, it is not suited for chip-level implementations.

To address these shortcomings, recent developments have focused on microresonator-based
Kerr frequency combs [73, 74], also called microcombs, which takes advantage of the third-order
non-linear phenomenon like four-wave mixing within high quality optical microresonators.
When such systems are driven by a continuous wave (CW) laser tuned to a specific reso-
nance, they generate a cascade of new frequencies through parametric oscillation yielding in
a comb-like spectral structure. Owing to the many-fold suitable properties of the microcombs
like compact size, easy integration, and energy efficiency, such structures are convenient for
on-chip PICs. The major platforms advancing the microcomb generation encompass silicon
nitride (Si3N4), lithium niobate (LiNbO3), and silica. These materials are broadly chosen due
to numerous key features: Si3N4 offers exceptionally low optical propagation losses, which
paves the way for high-quality resonances and effective non-linear interactions [75]. LiNbO3

is distinguished by its elaborate E/O capabilities, making it very suited for active tuning and
modulation within the integrated photonic devices [76]. Silica, which is a staple in the optical
fiber technology, provides outstanding transparency and stability, enhancing the reliability of
frequency comb generation [77]. Additionally, all the three platforms are consistent with the
widely-adapted CMOS fabrication process, allowing scalable and cost-efficient manufacturing
and seamless integration with the current semiconductor technologies, which is an essential
factor for developing practical on-chip photonic systems. Managing parameters like pump
wavelength detuning, dispersion design, and thermal stability is very essential for stabiliz-
ing the comb into preferred states such as dissipative Kerr solitons, that produce coherent,
mode-locked pulse trains and low-noise frequency spacing. Nevertheless, these compact and
power-efficient Kerr frequency combs can have certain shortcomings like sensitive operating
conditions subject to thermal effects and limited tunability in comb spacing.

Alternatively, the E/O modulation method to generate OFC [78, 79] offers many advan-
tages such as tunable comb spacing with modulation frequency adjustment, high coherence
and excellent phase noise performance, more control over individual comb lines, and reduced
sensitivity to environmental perturbations contributing to enhanced operational stability and
robustness. Here, a CW laser is modulated with a series of E/O phase and amplitude modu-
lators, usually driven by high-frequency radio frequency (RF) signals. The modulation results
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Figure 2.1: Various approaches to optical frequency comb (OFC) generation including (a) mode-locked laser
systems [80], (b) Kerr-comb generation using an integrated ring resonator, and (c) electro-optic modulation
driven by a radio-frequency (RF) source.

in a series of spectral sidebands with uniform spacing outlined by the RF signal, resulting in
a comb-like pattern in the frequency domain. Adjusting the RF drive can tune this highly
stable comb spacing which allows for fine spectral resolution and outstanding coherence across
the comb lines, making E/O-based OFCs indispensable for applications like generation of
arbitrary optical waveforms, high-resolution spectroscopy, microwave photonic technologies,
and coherent optical data transmission, all of which requires precise line-by-line control, note-
worthy stability, and high repeatability. Beyond E/O modulation, non-linear optical processes
like optical parametric oscillation (OPO) and second-harmonic generation (SHG) in non-linear
crystals [81] enable efficient wavelength conversion and spectral broadening, thus covering a
broad spectrum ranging from near-infrared (NIR) to the visible and mid-infrared (MIR) re-
gions. Collectively, E/O modulation and harmonic generation offers a multitude of advantages
while compromising power efficiency, ease of integration, or bandwidth scalability. To sum-
marize, Fig. 2.1 provides an overview of all the three major techniques employed for OFC
generation.

In modern communication systems, OFCs enable a broad spectrum of advanced technolo-
gies, including high-order modulation formats, DWDM, optical arbitrary waveform generation
(OAWG), and synthesis of coherent signals. OFCs can facilitate multi-channel data trans-
mission by producing a densely spaced array of mutually coherent spectral lines, eventually
resulting in improved spectral usage and minimal power consumption per bit. Hence, OFCs
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Figure 2.2: The frequency and time domain representations of an ideal isolated sinc-pulse with a continuous
rectangular optical spectrum of bandwidth B (a, b), and (b) a sinc-shaped Nyquist pulse sequence of bandwidth
B = ∆f ×N with corresponding frequency comb (N = 9) of spectral spacing ∆f . (c, d)

Figure 2.3: Schematic diagram of an N -line: (a) rectangular frequency comb with linearly phase-locked
components, (b) the respective time-domain pulse sequence with the defined parameters taken from [82].

are a vital tool to approach the ever-increasing demands of high-throughput and power-efficient
optical infrastructures.

2.3 Generation of Sinc-pulse Sequences

An ideal rectangular shaped frequency domain distribution translates to a sinc-shaped Nyquist
pulse that spans infinitely across the time domain. As such it offers several advantages like zero
ISI, orthogonality in the time domain with maximum spectral efficiency and enhanced signal
integrity. However, such an ideal and isolated sinc-pulse is entirely a mathematical construct
as shown in Fig. 2.2 (b) and it is not feasible to generate the same practically. Nevertheless,
a phase-stabilized and spectrally flat frequency comb with uniform spectral spacing translates
to a train of sinc-pulses in the time domain. Such sinc-pulse sequences can be expressed as
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the sum of ideal sinc pulses over an infinite time duration that are temporally offset. With
increasing repetition rates, the sequences approach towards a single sinc-pulse with the same
bandwidth and duration of the single pulse. A phase-locked and flat frequency comb and its
corresponding sinc-pulse Nyquist sequence in the time domain is shown in Fig. 2.2 (c, d).

Such sinc-shaped Nyquist pulse sequences can be produced by a variety of techniques in-
cluding filtering and shaping the spectrum of optical frequency combs produced with MLLs
[70–72], Nyquist lasers [83], and by Kerr microcombs [73, 74]. Nonetheless, the generation of
Nyquist pulses is a challenge owing to the limitation in the achievable roll-off steepness which
is constrained by the finite sharpness of the edges of the optical filter. As a result, ideally
abrupt spectral transitions are prevented, which are very important in order to generate high-
quality Nyquist pulses with minimal ISI. Also, filters with an ideal rectangular spectral shape
are unavailable generally. Other limitations are discussed briefly in Section 2.2.

To overcome these challenges, the sinc-shaped Nyquist pulses can be generated with E/O
modulators [26, 78, 79] which can be easily integrated into a photonic system. Further, the
generated Nyquist pulses are of exceptional quality with a rectangular frequency spectrum and
in certain scenarios have a bandwidth three to four times higher than the modulator band-
widths.

Considering a system with two coupled intensity modulators, where the first and second
modulators generate (2ny1 + 1) and (2ny2 + 1) spectral lines, respectively, and are phase-
locked to one another, the resulting spectrally flat and phase-locked frequency comb [26, 84]
has M = (2ny1 + 1)(2ny2 + 1) uniformly spaced frequency components. The total bandwidth
of the comb is B = N∆f , where ∆f is the frequency spacing between the adjacent comb
lines. For cascaded MZMs, the OFCs are phase-locked as long as the RF signals driving the
modulators are phase locked in the RF domain. The full width at half maximum (FWHM)
duration of the respective sinc-shaped Nyquist pulse sequence is expressed as FWHM = 0.89

N∆f ,
the pulse repetition period is given by Tr = 1

∆f , and the pulse duration which is measured
from the peak to the first zero crossing is given by τz = 1

N∆f , as illustrated in Fig. 2.3. By
exerting proper control over the number of comb lines N and the frequency spacing ∆f , the
repetition rate and pulse duration can be adjusted actively, ensuring flexible reconfiguration
of the optical Nyquist pulses for specific requirements. Additionally, by fine-tuning the phase
of the electrical signals driving the modulators, the sinc-pulse sequences can be temporally
adjusted, giving extra control over the pulse timings.

2.4 Non-idealities in Sinc-pulse Sequences

In real-world scenarios, any imperfections in the process of sinc-pulse sequence generation
can result in deterioration of the performance of the entire system. Hence, characterizing the
performance of the system with the presence of non-idealities is critical, especially for the
metrological analysis of the integrated optical sampling system as outlined as the final goal of
the optical sampling analysis within the research study Metrology for THz Communications
(Meteracom) [85]. Three major non-idealities are discussed in the thesis:
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2.4.1 Comb Ripple

In practical scenarios, comb ripple in the frequency spectrum of a sinc-pulse sequence occurs
due to a multitude of practical shortcomings. In the process of sinc-pulse sequence generation
with frequency comb filtering with an optical bandpass filter, ripples can arise from the finite
passband ripple of the filter itself. If the pulse sequence is generated with modulators, these
ripples are a consequence of suboptimal bias settings or inadequate RF drive power. For
an optimal system performance, controlling the ripple is of utmost importance as even small
discrepancies can ensue into drastic imperfections in the time-domain response, thus impacting
system performance visible in terms of parameters like BER, ENOB, SINAD, etc. This comb
ripple is given in decibels (dB) which denotes the spectral flatness of the comb and is expressed
as RdB = 20 log10

(
Amax
Amin

)
, where Amax and Amin are the maximum and minimum comb line

amplitudes.

2.4.2 Sideband Suppression Ratio (SSR)

The sideband suppression ratio (SSR) is defined by the ratio of the power of the main spec-
tral lobe (Pmain) to that of the undesired sidebands (Pside) that usually arise from improper
modulation or defective signal synthesis,and is expressed in decibels (dB) as SSR (dB) =

10 log10

(
Pmain
Pside

)
. For sinc-pulse sequence generation with OFCs produced with MZMs, SSR

is a very critical attribute as the unwanted sidebands can compromise the integrity of the
intended rectangular spectral profile. For a high-performing system, the SSR is on the higher
end, suggesting a strong suppression of the unwanted sidebands, ensuring the spectral purity
of the comb and curtailing the leakage of noise into the adjacent channels thus resulting in
an SSR ranging from 25 dB to 40 dB. On the other hand, a low SSR reveals the presence of
prominent sidebands which interfere with the nearby comb lines, resulting in spectral over-
lap causing temporal jitter and distortion of the points of zero-crossing in the time domain,
thus deteriorating the sharpness and orthogonality of the sinc pulse-sequences, consequently
dropping the SSR to less than 20 dB.

2.4.3 Optical filter roll-off

In order to eliminate the unwanted higher order sidebands in the frequency domain produced
during the process of sinc-shaped Nyquist pulse sequence generation with MLL [70–72] or Kerr
microcombs [73, 74], it is critical to use a rectangular optical filter with a very steep out-of-
band suppression. Theoretically, a perfect rectangular spectrum in the frequency domain will
have infinitely steep transitions at the edges and translate to ideal sinc pulses in the time
domain. Nevertheless, in real-world scenarios, such ideal filters do not exist and practical
filters obtained with silicon-based Bragg gratings [86], arrayed waveguide grating structures
[87], or ring resonators on silicon photonics [88] platform have a finite roll-off β. This roll-
off factor indicates the surplus bandwidth of the pulse relative to an ideal sinc pulse with β

= 0 and suggesting the presence of many higher-order sidebands in the frequency domain.
These unwanted sidebands arise as the transition from the passband to the stopband occurs
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Figure 2.4: Schematic diagrams of sinc-shaped Nyquist pulses with roll-off factors β = 0, 0.5, and 1 are
depicted in (a) the frequency domain and (b) the time domain taken from [82], where the required bandwidth
(BWreq) is defined by equation (2.2).

progressively rather than suddenly which leads to a tapered spectral edge. The time domain
expression for a single sinc-shaped Nyquist pulse with a roll-off β and established system
parameters is given by:

xsinc(t) = sinc

(
t

τz

)
·
cos

(
βπ t

τz

)
1−

(
2βt
τz

)2 (2.1)

The influence of the roll-off β in the bandwidth of the pulse and the time-domain shape is
depicted in Fig. 2.4. For ideal scenario, β = 0 and the sinc-shaped Nyquist pulse is expressed
as: xsinc(t) = sinc

(
t
τz

)
and the bandwidth required (BWreq) is just 1

τz
. However, for practical

scenarios with a finite roll-off β, the bandwidth required (BWreq) is expressed as [89]:

BWreq =
1 + β

τz
(2.2)

Hence, it is clear that optical filtering in functional applications will always have some
spectral leakage which compromises the ideal rectangular spectral shape and deteriorates the
temporal response of the pulse visualized as higher sidelobes with wider temporal spread.

2.5 Signal detection methods in optical systems

A complete optical communication system fundamentally consists of transmitter and receiver
modules as depicted in Fig. 2.5. Previous sections have discussed the generation of sinc-
shaped Nyquist pulses at the transmitter side using E/O modulators that translates the data
signals from electrical to optical domain. The optical carrier generated with the laser is mod-
ulated with the data signal originating from a DAC with E/O conversion, which performs
up-conversion on the electrical signal into optical carrier frequencies. To enable data transmis-
sion at high speeds, the electrical signals are operated with DSP techniques and the modulated
optical output is eventually guided through an optical waveguide that acts as the transmission
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Figure 2.5: Block diagram of a silicon photonic-based system for optical communication application. At the
optical transmitter side, the integrated laser source provides an optical carrier. The electrical signal (data
pattern) is up-converted to optical carrier frequencies using electrical-to-optical conversion. The transmission
medium, usually a silica-based optical fiber, is used as a transmission link between the optical transmitter
and receiver. The optical receiver down-converts the optical signal to the electrical domain, and the received
signal is analyzed by digital signal processing. The digital-to-analog converter on the transmitter side and the
analog-to-digital converter on the receiver side act as the link between electrical and optical interfaces.

channel. The primary function of the DAC is to translate the digital signals into respective
analog voltages or currents. To ensure signal integrity and avoid aliasing, the Nyquist theorem
mandates that the sampling frequency fs should be at least twice the highest signal frequency.
Hence, the output frequency of a conventional DAC extends from direct current (DC) to just
below half the sampling frequency or fs/2. Concurrently, the modulated optical signal prop-
agates through an optical waveguide which serves as the transmission medium. The type
of the optical network is determined by the length of the link and is classified as access (1
to 10 km), metro (10 to 100 km), and core network (around 100 km). For core networks,
high-speed and long-distance transmission technologies are important to support data rates
ranging up to 1 Tbit/s and meet with the constantly growing data demands. The receiver
module uses digital detection technologies for translating the signal back into the electrical
domain with O/E conversion, ADC and DSP techniques, where the ADC processes the analog
signal into digital form. Depending on the distance of the transmission link and the format
chosen for modulation, an appropriate detection technology is chosen. The coherent detection
(CD) [34, 35, 37] is usually preferred for long-haul links prioritizing the recovery of amplitude
and phase information with a LO as the phase reference. For shorter links like in data centers,
direct detection DD [38, 39] is generally adopted to get back the intensity-modulated signals.
The performance of the optical links is largely determined by the bandwidth and efficiency of
the photonic devices enabling O/E and E/O conversions.

Along with the photonic elements, the capacity of the optical transmission link is influenced
by the performance of the DAC to generate the data signal, the ADC to digitize the signal, and
the DSP techniques used. Therefore, to enhance the link performance, the components must
operate with high sampling frequencies and wide analog bandwidths. Nevertheless, traditional
electronic ADCs and DACs suffer from declined resolution at elevated sampling rates which is
measured in terms of ENOB as a consequence of multiple issues like electronic jitter, thermal
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Figure 2.6: The schematic diagram for coherent detection (CD). MZM: Mach-Zehnder modulator, CW
laser: continuous wave laser, PBC: polarisation beam combiner, PS: phase shifter, LO: local oscillator, PD:
photodetector, ADC: analog-to-digital converter, DSP: digital signal processing.

fluctuations, circuit non-linearities, etc. To overcome these challenges, photonic-assisted ADCs
and DACs are well-suited considering the faster operation, simplified architecture, reduced
power consumption and wider bandwidth of operation. But the highest achievable sampling
rate is still limited by the bandwidth of the E/O equipments utilized. A promising solution
can be integrating sinc-shaped Nyquist pulse sequences [26, 84] into such systems to allow for
a fully integrated and reconfigurable architecture capable of high-speed operation. Based on
the sampling theorem, a band-limited signal can be reconstructed with a linear combination
of temporally shifted sinc-pulses. Practically, sinc-shaped Nyquist pulse sequences, obtained
with silicon modulators, can be used for precise signal generation and detection in the optical
domain. This enables high-bandwidth conversion through optical sampling and time-domain
interleaving, while using low-bandwidth components. The two main detection techniques in
an optical communication system, namely, coherent detection CD and direct detection DD are
discussed below.

2.5.1 Coherent detection (CD)

The coherent detection (CD) allows for the complete recovery of the amplitude, phase, and
polarization information of the optical signal. Here, the incoming optical signal is combined
with a CW local oscillator (LO) laser inside a 90◦ optical hybrid to generate in-phase (I) and
quadrature (Q) components, and these are eventually detected with the balanced photodetec-
tors as depicted by the block diagram in Fig. 2.6. Complicated and higher-order modulation
schemes like binary phase shift keying (BPSK), quadrature phase shift keying (QPSK), and
higher-order quadrature amplitude modulation (QAM) can be received with this setup thus
enhancing the spectral efficiency and capacity of the optical link. Moreover, as briefly men-
tioned in the previous section, CD is indispensable for long-haul and ultra-long-haul commu-
nications owing to its sophisticated DSP techniques to alleviate impairments like chromatic
dispersion, polarization mode dispersion, and frequency offsets. As such, for high-performance
and demanding applications requiring high sensitivity like submarine cables, core networks,
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Figure 2.7: The schematic diagram for direct detection (DD) consisting of a single photodiode based on [90].

and data center interconnects, CD offers higher sensitivity, reach and capacity. With the re-
cent advancements in integrated silicon photonics technology, the coherent components can
be miniaturized and integrated into the system along with advanced DSP chips, enhancing
their usage in metro and access networks. Consequently, several of the recent works have used
the CD scheme for translating the sampled electrical signal to the optical domain [34, 35, 37].
However, for several applications like server-to-server communication links, access networks,
economical urban optical links, etc., a cost-effective, simplified, and power efficient detection
system is preferred rather than coherent receivers which are costly with complicated designs.

2.5.2 Direct detection (DD)

Direct detection (DD) is immensely useful in short-reach and cost-effective applications like
data centers, access networks, and handheld consumer devices. Unlike the CD, the DD offers a
economical and simplified system with a lower power consumption without using a LO [38, 39].
Additionally, these systems are easily integrable in compact transceivers and also in the silicon
photonics platform [18]. In this approach, the detected photocurrent is proportional to the
optical power collected at the photodiode, allowing only the amplitude information of the signal
to be retrieved as per the schematic diagram for DD shown in Fig. 2.7 [90]. Consequently, the
phase and frequency information is not preserved, and hence only relatively simple intensity-
based modulation formats like on-off keying (OOK), pulse amplitude modulation (PAM), or
some multilevel amplitude schemes can be used. In such DD-based optical sampling systems,
evaluating the imperfections is critical to identify the performance limitations and guiding
design enhancements. The thesis primarily investigates the effect of two primary impairments,
namely, comb ripple and the roll-off β of the optical filter used in DD. As emphasized in the
system metrology literature [33], understanding such non-idealities is pivotal for assessing the
measurement accuracy and ensuring reliable operation in high-speed optical communication
links.
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Figure 2.8: The schematic diagram for a simple PIC consisting of Mach-Zehnder modulator (MZM)s and
photodetectors based on [91]. GC: grating coupler, MZM: Mach-Zehnder modulator, MMI: multimode inter-
ferometer, PD: photodetector, TOPS: thermo-optic phase shifters. Here, light is coupled into the chip using
the two grating couplers and the anode and cathode of the top and bottom photodetectors are common so as
to ease the flow of differential current into the transimpedance amplifier (TIA).

2.6 Thermal Crosstalk in Integrated Photonic Circuits

The integrated silicon photonics technology enables the integration of a variety of electronic
and photonic components on the same chip, thus realizing a multitude of optical functions
like modulation, wavelength filtering, multiplexing, etc. to build a complete photonic system.
While optical fibers for long-distance communication are usually composed of silica, integrated
photonic circuits are conventionally fabricated with silicon. Silicon (Si), being transparent at
infrared wavelengths, is widely used in telecommunications, with silicon-on-insulator (SOI)
emerging as the most popular platform considering the compatibility with CMOS technology
[18, 92]. Thus, a variety of photonic functionalities can be densely integrated on a single chip
with CMOS circuitry enabling precise control over the photonic elements in the chip. In such
silicon PICs, thermo-optic phase shifters (TOPS) [93–97] are vital components which enable
dynamic optical phase control with localized heating. A simple PIC with TOPS, MZM, 2 × 2
Multi-mode interferometer (MMI), and photodetectors is shown in Fig. 2.8 [91]. Such TOPS
operate by using a micro-heater to heat the waveguide, altering the refractive index of silicon
and thus inducing a phase shift in the guided optical signal. While TOPS are CMOS compati-
ble with low insertion loss and easy fabrication, their performance is sometimes limited by high
power consumption and slow modulation speeds when compared to E/O alternatives [98, 99].
Nevertheless, the simple and scalable design of TOPS render them valuable in silicon PICs
for a multitude of applications like optical switching, filtering, sensing, advanced communica-
tions, quantum photonics, wavelength division multiplexing (WDM) systems, programmable
photonic processors, and neuromorphic computing, often implemented with structures like mi-
croring resonators, photonic mesh networks, Mach-Zehnder interferometer (MZI)s, and mod-
ulator arrays.

Now, in such PICs the components are very densely integrated where multiple devices are
packed very closely to each other. The chip materials like silicon have very high thermal
conductivity around 148 W/m·K and they tend to propagate heat laterally across the chip
elevating the risk of undesired temperature rise in the adjoining components. This heat dif-
fusion and the unavailability of active cooling mechanism at the chip level results in thermal
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crosstalk which is a huge problem in circuits where the spacing between the waveguides and
devices ranges in the nanometers to micrometers scale. On the other hand, materials with low
thermal conductivity like silicon dioxide (SiO2) (1.4 W/m·K) alleviates the lateral thermal
coupling by localizing the heat. However, due to the inability to transfer the heat effectively
across the low-conductivity materials, the heat remains trapped for an extended period result-
ing in heat retention and slower thermal response.

2.6.1 Effects of Thermal Crosstalk on System Performance

For high-bandwidth and high accuracy operations in PICs, the prevalence of thermal crosstalk
acts as a major setback which can extensively deteriorate the system performance. In photonic
chips, this affects the passive waveguides and interferometers ensuing undesired phase shifts
eventually resulting in phase errors and instability in components like MZIs [100], where it
is critical to have precise control of phase to undergo interference-based switching and mod-
ulation. Photonic resonators like microring-based modulators [101] and filters are extremely
sensitive to thermal crosstalk which changes the resonance wavelengths. Consequently, this
mismatch degrades the precision of optical filtering, elevating the insertion losses and inter-
channel crosstalk in WDM networks. In sensitive photonic applications that require high-
precision optical processing, such as Nyquist pulse shapers or ADCs, thermal crosstalk can
result in grave signal deterioration causing phase and resonance instabilities that degrade the
fidelity of signal reconstruction with higher ISI and BER. In optical switching arrays [102],
undesired thermal activation results in lowered contrast levels, elevating the probability of
routing errors. For systems applied in precision metrology and quantum photonics [103], ad-
herence to rigid thermal and phase stability is essential, and even minor thermal crosstalk can
compromise system functionality or faulty measurements. Consequently, addressing the ther-
mal crosstalk is vital in optical platforms, especially in PICs focusing on high-bandwidth and
precision operations, where the crosstalk can directly influence several performance metrics
like stability, precision and scalability.

2.6.2 Thermal Crosstalk mitigation

Due to the perilous impact of thermal crosstalk on compact PICs as discussed in the pre-
vious section, it is of utmost importance to address the issue using schemes targeting both
improvements in heater efficiency as well as innovations in thermal isolation using the de-
sign layout and material properties. Consequently, many approaches have been investigated
to alleviate the crosstalk. The integrated doped heaters [96, 104, 105] have a compact size,
are CMOS compatible, and can be integrated easily along optical waveguides owing to their
precise fabrication. Nevertheless, the high thermal conductivity of crystalline silicon results
in the lateral diffusion of heat facilitating undesired thermal effects. To enhance the thermal
isolation, oxide trenches [96, 106, 107] act as insulating barriers, while deep trench isolation
techniques [104, 105, 108, 109] help in insulating against both vertical and lateral flow of heat
with the drawback of reduced mechanical stability. Additionally, choosing amorphous silicon
with lower thermal conductivity [110] than crystalline silicon results in efficient thermal tun-
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ing at less power levels with reduced lateral heat diffusion. All in all, addressing the issue of
thermal crosstalk requires an orchestrated involvement of many different methods. Integrated
doped silicon heaters ensure precise thermal tuning, air-filled oxide and deep trench structures
prevent thermal diffusion, and amorphous silicon (a-Si) improves the thermal efficiency and
isolation even further. Realizing all of these approaches can lead to scalable, thermally stable,
and high-performing optical systems.

2.7 Conclusion

To summarize, this chapter has delved into the generation of optical frequency combs (OFCs)
with sinc-pulse sequences. As such, the role of system imperfections like comb ripple, un-
wanted sidebands, and filter roll-off are discussed in order to characterize the system for stable
performance. Signal detection methods, namely, coherent and direct detection are examined
to understand their effect on signal accuracy. Moreover, the general principles underlying the
investigations presented in this thesis have been outlined to give a foundation for the analyses
given in the following chapters. Eventually, the issue of thermal crosstalk and the respective
mitigation strategies is discussed while emphasizing the criticality of managing heat in com-
pact and densely packed PICs. Collectively, the insights elaborated here serve as the basis for
addressing the critical challenges and design strategies necessary for developing reliable and
high-performance optical communication systems for high-bandwidth signal processing.
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3
Non-idealities in Sinc-shaped Nyquist Pulse Generation

The rising global demand for data-intensive applications like high-speed communications,
sensing, and real-time signal processing can be satisfied by optical signal processing ow-

ing to its broader bandwidth, easier implementation, immunity to EMI, low power consump-
tion, and above all, seamless integration with silicon photonics-based PICs. In this context,
the optical sinc-shaped Nyquist pulses [26, 83, 111–117] comply with the Nyquist criterion by
eradicating the ISI, thus ensuring transmission of temporally overlapping data pulses without
any error. Further, these pulses conserve the spectral bandwidth and exhibit higher tolerance
to channel non-linearities and fiber dispersion [111]. Such pulses are promising candidates for
all-optical signal processing and high data rate transmission systems.

Such Nyquist pulses can be produced by several techniques discussed in the previous chapter
in section 2.3. This chapter focusses directly on the examination of the assosiated non-idealities
in the process of Nyquist pulse generation.
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3.1 Examination of non-idealities

In real-world scenarios, the presence of non-idealities in sinc-pulse sequence generation can
deteriorate the system performance. Therefore, it is necessary to characterize the performance
of the system considering the presence of non-idealities, particularly for the metrological eval-
uation of integrated optical sampling systems [85]. Three major non-idealities are discussed
in the thesis, namely, comb ripple, SSR, and optical filter roll-off which have been described
briefly in the previous chapter in Section 2.4. All simulations of non-idealities for sinc pulse
sequence generation were done with INTERCONNECT Solver of Lumerical [122], where the
required component models were taken from the library. These models were modified as per
the experimental parameters to ensure that the experimental and simulation results are con-
gruent. For investigating the comb ripple and SSR, three-line frequency combs with 5 GHz
frequency spacing were considered and the simulation outcomes were benchmarked against
the experiments [82]. For simulations with higher order frequency combs, like five-line and
nine-line combs, the frequency spacing (∆f) is considered to be 50 GHz [82]. For optical
filter roll-off analysis, experiments have been performed considering an integrated on-chip sil-
icon MZM with a repetition frequency of 8.4 GHz [118]. For all the scenarios, the RMSE is
evaluated as per [118]:

RMSE =

√√√√ 1

N

N∑
k=1

(Mk − Ik)2 (3.1)

where RMSE represents the total root-mean-square error, Mk and Ik are the kth samples of
the measured and ideal signals, and N denotes the total number of sampling points. For
the study of comb ripple and SSR, the data is computed over a single pulse repetition period,
spanning from one peak to the next with a total of 10000 sampling points (N) [82] and for roll-
off analysis the data is evaluated over 80000 sampling points (N) spanning four pulse periods
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3.1 Examination of non-idealities

Figure 3.1: Schematic diagram of the experimental configuration to generate the three-line comb [82]. EDFA:
Erbium-doped fiber amplifier, RF source: Radio Frequency source, OBPF: Optical Bandpass filter, PD: Pho-
todetector, TIA: Transimpedance Amplifier, OSA: Optical Spectrum Analyzer, Sampling Oscilloscope.

[118]. The subsequent sub-sections provide an in-depth analysis of the three key non-idealities:
comb ripple, SSR, and optical filter roll-off.

3.1.1 Impact of comb ripple

The reason behind the presence of comb ripple in frequency spectrum in the process of Nyquist
pulse generation with frequency comb filtering is discussed in the previous chapter in Section
2.4.1. Additionally, the LiNbO3 modulator has a certain amount of residual chirp along with
a restricted extinction ratio, and other electronic non-linearities which leads to amplitude
variations across the comb. These imperfections also contribute to ripple in the frequency
domain and corresponding deviations of the sinc-shaped Nyquist pulses in the time domain.
As shown in the experimental setup in Fig. 3.1, the continuous-wave (CW) laser is modulated
at 1550 nm using a 5 GHz RF signal produced with a RF generator (ANRITSU MG3692A)
and a LiNbO3 based electro-optic MZM which results in a three-line OFC. The polarization
controller (PC) aligns the input light polarization to the MZM, and the MZM is biased with
a DC source for optimal performance. The modulated output signal is amplified with an Er-
doped fiber amplifier (EDFA) and filtered with an optical band-pass filter (OBPF) centered
at 1550 nm with a bandwidth of 50 GHz to suppress the amplified spontaneous emission
noise. A 90:10 fiber coupler is then used to divert 10 % of the signal power into the optical
spectrum analyzer (OSA) (YOKOGAWA AQ3670C) for spectral analysis and the remaining
90 % of the power goes into a Finisar photodetector (PD) which is connected to an electrical
sampling oscilloscope (Agilent 86100C) to observe the signal in the time domain. In this
setup, the combs are examined in both the frequency and time domains for different positive
ripple values by modifying the bias voltage applied across the MZM. Increasing the ripple
(Rp) values causes the sinc-shaped Nyquist pulses to stray further from the ideal shape, which
reduces the zero-crossing duration τz and the FWHM in the time domain, while the repetition
rate of the pulse remains identical. At a ripple (Rp) of 0.5 dB for a three-line OFC (peak-
to-peak passband variation, with the main carrier higher than the sidebands), as shown in
Fig. 3.2 (a, b), the main lobe of the measured pulse aligns well with the ideal sinc-shaped
Nyquist pulse, with minor sidelobe discrepancies in the time domain. As the ripple increases,
destructive interference is altered, reducing the zero-crossing duration τz and broadening the
FWHM. While the main lobe remains close to the ideal shape, the sidelobe amplitude decreases
significantly, degrading the pulse quality.
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Figure 3.2: Three-line optical comb and the respective sinc-shaped Nyquist pulse sequences for different levels
of ripple: 0.5 dB (a, b), 1 dB (c, d), and 2 dB (e, f) taken from [82]. The ideal sinc-shaped Nyquist pulse train
without ripple and with a high sidelobe suppression ratio (SSR) of approximately 35 dB is shown in black.
The simulated pulses and experimental pulses corresponding to each ripple level (Rp) are depicted in orange
and green, respectively.

Now when the comb lines are increased, it results in a system more robust against ripple.
For five-line and nine-line combs with a frequency spacing of 50 GHz, the ripple analysis was
carried out in the frequency and time domains starting at Rp = 0.5 dB for visualization as
depicted in Figures 3.3 and 3.4, respectively. It is worth noting that for nine-line OFCs, the
frequency domain profile has a flatter envelope and in the time domain, the pulses follow very
closely to the ideal sinc profile. Eventually, the RMSE was calculated for three-line, five-line
and nine-line combs starting at a ripple (Rp) of 0.05 dB as shown in Fig. 3.5. With higher
comb lines, the bandwidth of the optical frequency comb increases. Further, every extra line
boosts the interference that shapes the time domain Nyquist pulse. Eventually, the influence
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Figure 3.3: Five-line optical comb and the respective sinc-shaped Nyquist pulse sequences for different levels
of ripple: 0.5 dB (a, b), 1 dB (c, d), 2 dB (e, f), and 3 dB (g, h) taken from [82]. The ideal sinc-shaped Nyquist
pulse train without ripple and with a high sidelobe suppression ratio (SSR) of approximately 35 dB is shown
in black. The simulated pulses corresponding to each ripple level (Rp) are depicted in orange.

of imperfections in individual lines reduces with more comb lines, thus improving the overall
shape of the spectrum. Consequently, the pulse has sharper zero crossings with reduced
distortion of the sidelobes, while the main lobe is closer to the ideal sinc, resulting in high
fidelity and lower RMSE. Therefore, it is observed that the nine-line comb has a better
performance than the five-line comb followed by the three-line comb. Further curtailment of
comb ripple is possible by MZM bias control with feedback circuits, improving RF linearity,
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Figure 3.4: Nine-line optical comb and the respective sinc-shaped Nyquist pulse sequences for different levels
of ripple: 0.5 dB (a, b), 1 dB (c, d), 2 dB (e, f), and 3 dB (g, h) taken from [82]. The ideal sinc-shaped Nyquist
pulse train without ripple and with a high sidelobe suppression ratio (SSR) of approximately 35 dB is shown
in black. The simulated pulses corresponding to each ripple level (Rp) are depicted in orange.

and flattening the spectrum with filters or pre-distortion to ensure flatter comb and higher-
quality Nyquist pulses.

3.1.2 Impact of Sideband Suppression ratio (SSR)

In the process of generation of sinc-pulse sequences with OFCs, undesired sidebands can com-
promise the signal integrity and reduce the spectral purity. For Nyquist pulse generation with
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Figure 3.5: Comparative analysis of the root-mean-square errors (RMSE) (in %) for three-, five-, and nine-line
combs across various ripple levels (Rp) taken from [82].

broadband sources like MLLs, additional optical filtering can reduce the undesired sidebands
and augment the SSR. Conversely, when cascaded MZMs are used for Nyquist pulse gener-
ation, the higher order sidebands are suppressed with precise bias adjustment and optimized
RF driving conditions. In any case, for better system performance, it is important to suppress
the unwanted sidebands which ensures the spectral purity of the comb and reduces the leakage
of noise into the adjacent channels. Consequently, higher SSR, as defined in Section 2.4.2,
leads to an improved system performance. For the experimental analysis, the same setup is
used as given in Fig. 3.1 where a three-line comb is generated with a CW laser at 1550 nm
with a 5 GHz RF signal modulated with a LiNbO3 based electro-optic MZM. Additionally, for
SSR examination, extra sidebands are generated at 10 GHz with a secondary sinusoidal source
which is kept in sync with the main RF source, and fed together to the MZM with a bias-T
circuit after combination with an RF power combiner. Varying the power across the secondary
sinusoidal source modifies the SSR across the three-line OFC which is analyzed in frequency
and time domain as depicted in Fig. 3.6. Under near-ideal conditios where the Nyquist pulse
train has a high sideband suppression ratio (SSR) of approximately 40 dB, the sinc-shaped
Nyquist pulses exhibit a 0.2 ns periodicity, a FWHM of 59.33 ps, and a pulse duration τz of
66.67 ps. Experimental results with 5 GHz frequency spacing depicted in Fig. 3.6 confirm
that increasing the SSR enhances the quality of the pulses by increasing the FWHM and pulse
duration τz close to the ideal values. Higher SSR diminishes the effect of the unwanted higher-
order sidebands, thus reducing the waveform distortion.

Small deviations between the experimental and simulation results can be attributed to the
non-ideal electro-optic response of the LiNbO3 based MZM. It is observed in Fig. 3.6 that for
a lower SSR of 6 dB there is a poor agreement between the generated sinc-shaped Nyquist
pulse sequences and the ideal signal. However, with 12 dB SSR, the sidelobes are significantly
suppressed and the generated pulse sequences closely resemble the ideal signal. Even with a
higher frequency spacing in the three-line comb of 200 GHz [121] as seen in Fig. 3.7, increasing
the SSR leads to more resemblance in the generated pulse sequences to the ideal pulses. Here,
the additional lines depict the higher-order sidebands which are intentionally introduced to
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Figure 3.6: Three-line optical frequency combs (OFCs) and their respective sinc-shaped Nyquist pulses for
different sideband suppression ratios (SSR): 6 dB (a, b), 9 dB (c, d), and 12 dB (e, f) taken from [82]. Additional
10 GHz lines are added to observe how the performance is limited at a lower SSR. In the frequency domain,
the simulated spectra are illustrated in blue, while the experimentally measured spectra are depicted in green.
The ideal sinc-shaped Nyquist pulse train without ripple and with a high sideband suppression ratio (SSR)
of approximately 35 dB is shown in black. The simulated pulses and experimental pulses corresponding to
various SSR levels are depicted in orange and green, respectively.

observe the effect of SSR at its limits.
The SSR for five-line and nine-line OFCs with a frequency spacing of 50 GHz and 0.02 ns

repetition period Tr is analyzed through simulations as illustrated in Fig. 3.8 and Fig. 3.9, re-
spectively. The five-line OFC was generated by modulating two sinusoidal signals with a MZM
at 50 GHz and 100 GHz, respectively. The nine-line OFC was produced with two cascaded
MZMs, with the first MZM being modulated at 50 GHz and the second MZM at 150 GHz
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Figure 3.7: Three-line optical frequency combs (OFCs) and their respective sinc-shaped Nyquist pulses for
different sideband suppression ratios (SSR): 6 dB (a, b), 12 dB (c, d), and 18 dB (e, f). In the frequency
domain, the simulated spectra are illustrated in blue, while the experimentally measured spectra are depicted
in green. The ideal sinc-shaped Nyquist pulse train without ripple and with a high sideband suppression ratio
(SSR) of approximately 40 dB is shown in black. The simulated pulses corresponding to various SSR levels are
depicted in red based on [121].

while being phase-locked to the first. The resulting sinc-shaped Nyquist pulses had FWHMs
of 3.56 ps and 1.97 ps, and pulse durations τz of 4 ps and 2.22 ps for the five-line and nine-line
combs, respectively. When the SSR is improved from 5 dB to higher values as depicted in
Fig. 3.8 and Fig. 3.9, the FWHMs and the pulse durations τz are enhanced leading to more
congruence of the simulated pulse sequences to the ideal signal. The RMSE was evaluated for
increasing SSR values in Fig. 3.10 (a, b) suggesting a better performance for a nine-line OFC
as compared to a five-line and three-line OFC; and a gradual reduction of RMSE even at 200
GHz frequency spacing for three-line combs. This occurs because as the number of comb lines

27

https://doi.org/10.7795/110.20260421B



3. Non-idealities in Sinc-shaped Nyquist Pulse Generation

Figure 3.8: Five-line optical frequency combs (OFCs) and their respective sinc-shaped Nyquist pulses for
different sideband suppression ratios (SSR): 5 dB (a, b), 10 dB (c, d), and 15 dB (e, f) taken from [82]. In
the frequency domain, the simulated spectra are illustrated in blue, while the experimentally measured spectra
are depicted in green. The ideal sinc-shaped Nyquist pulse train without ripple and with a high sideband
suppression ratio (SSR) of approximately 35 dB is shown in black. The simulated pulses corresponding to
various SSR levels are depicted in orange.

increases, the pulse width narrows down and the number of side lobes rises, contributing to a
significant reduction of RMSE at higher SSR values.

One important factor to note here is that for the case of Nyquist pulse generation with
MLLs, as the unwanted higher order sidebands are filtered out, there is a certain amount of
power penalty as a consequence of the resulting optical power loss, that is being monitored at
the input and output of the optical filter. This is clearly demonstrated through simulations in
Fig. 3.11 for three-line, five-line, and nine-line OFCs denoted by red, green, and blue colors,
respectively. Raising the SSR reduces the RMSE and improves the shape of the pulses. On
the other hand, with increasing SSR the loss in power also increases, resulting in reduced
optical power at the output. Hence, for an optimized system, the power efficiency should be
balanced with signal accuracy, ensuing in a trade-off between the RMSE and the optical power
loss. Notably, the nine-line OFC delivers the best pulse quality with the lowest RMSE at the
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Figure 3.9: Nine-line optical frequency combs (OFCs) and their respective sinc-shaped Nyquist pulses for
different sideband suppression ratios (SSR): 5 dB (a, b), 10 dB (c, d), 15 dB (e, f) and 20 dB (g, h) taken
from [82]. In the frequency domain, the simulated spectra are illustrated in blue, while the experimentally
measured spectra are depicted in green. The ideal sinc-shaped Nyquist pulse train without ripple and with
a high sideband suppression ratio (SSR) of approximately 35 dB is shown in black. The simulated pulses
corresponding to various SSR levels are depicted in orange.

cost of the largest power penalty. The optimal operating conditions for thee-line, five-line and
nine-line OFCs can be identified with Fig. 3.11. In order to have an RMSE of less than 5 %, a
three-line comb would need an SSR of around 15 dB with a power penalty of 2.5 dB. In case
the RMSE preferred is even lower, then five-line combs and nine-line combs can offer optimal
operating points. Importantly, for normal MZM based comb generation, recent experimental
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Figure 3.10: Comparative analysis of the root-mean-square errors (RMSE) (in %) for (a) three-, five-, and
nine-line combs, and (b) for three-line comb at a frequency spacing of 200 GHz across various SSR levels taken
from [82], [121].

works have demonstrated an SSR higher than 35 dB [123] and even for integrated modulators,
the SSR is higher than 20 dB [124].

3.1.3 Impact of Optical filter roll-off

To ensure high quality in the sinc-shaped Nyquist pulses produced with MLLs, the higher-
order sidebands are often filtered out with optical filters (OBPF) having a certain roll-off
β; an overview of which is provided in the previous chapter in Section 2.4.3. Such Nyquist
pulses can also be generated on an integrated platform using on-chip silicon MZMs [118] which
does not need external optical filters as the unwanted sidebands are suppressed with modified
modulator design and biasing. Nevertheless, with on-chip MZMs, we can still benchmark the
system performance for scenarios that require an optical filter.

The on-chip silicon modulator as depicted in Fig. 3.12 (a, b) was designed on BiCMOS
platform that combines advanced optical and electronic constituents on a single platform. This
chip was developed by the System and Circuit Technology Group, Heinz Nixdorf Institut,

Figure 3.11: Diagram comparing RMSE and power penalty (in dB) as a function of sideband suppression ratio
(SSR). The solid lines in red, green, and blue represent the simulated RMSE for the three-, five-, and nine-line
combs, respectively, while the corresponding dotted lines indicate the power penalty (PP). Solid circles depict
the optimum operating points for the corresponding frequency comb configuration.
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Figure 3.12: (a) Schematic block diagram of the modulator chip architecture. GC: Grating coupler. (b)
PCB design of the fabricated on-chip Mach–Zehnder Modulator (MZM). (c) AC response of the modulator in
frequency domain, showing a −3 dB bandwidth of 18 GHz. (d) DC transfer curve of the modulator based on
[118], [120].

University of Paderborn [125] and in this thesis we have used it for the experiments. This
includes multimode interferometers, grating couplers, Germanium photodiodes to check the
bias points, and bipolar transistors operating at high frequencies ranging up to 220 GHz [125–
127]. The integrated amplifier has a two-stage driver; where the first is used to provide a 50Ω

matching stage with amplification and the second is a distributed push-pull driver embedded
along the transmission line along with interleaved driver-phase-shifter units. The measured
eletro-optic response shows a 3 dB bandwidth of 18 GHz with an extinction ratio of 40 dB as
per Fig. 3.12 (c, d). The modulator achieves a low Vπ of 420 mV [125], outperforming several
designs made previously, while having a total power consumption of 1.8 W, supplied by the
dual DC voltages of 3.5 V and 5 V. Here, Vπ represents the half-wave voltage or the voltage
required to induce a phase shift of π between the two arms of the interferometer in a MZM.

The experimental analysis was performed using the setup shown in Fig. 3.1, where the
continuous wave (CW) laser is modulated at 1550.1 nm with an RF signal of 8.4 GHz produced
with an RF generator (ANRITSU MG3692A). The modulation is carried out with the on-chip
silicon MZM, where the ground-signal-signal-ground (GSSG) probe is used to provide the RF
signal across the chip. An input optical power of 12 dBm was introduced into the system,
and the total optical loss was measured to be 19 dB, accounting for 13 dB contribution from
the grating couplers and the coupling interface. To evaluate the influence of roll-off on the
Nyquist pulse quality, higher sidebands of second order were introduced at 16.8 GHz with a

second RF source, in sync to the primary RF generator. The two RF signals were combined
with a RF combiner and fed into the MZM with a bias-T. Nevertheless, as the bandwidth of
the electrical combiner was limited up to 18 GHz, the first order sidebands were confined to 8.4
GHz spacing leading to a three-line frequency comb with a bandwidth of 25.2 GHz. The on-
chip driver received an RF power of around 0 dBm, and the modulator was operated at a bias
voltage (Vbias) of 2.7 V to generate a flat three-line OFC. Then an EDFA is used to boost the
signal before passing through a Finisar Waveshaper 1000A tuned to 1550.1 nm which acts as
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Figure 3.13: (a) Frequency-domain response of the optical bandpass filter (OBPF) measured for various roll-
off factor values. (b) Measured response of the photodiode employed in the experimental setup [118].

Figure 3.14: Three-line optical frequency combs (OFCs) and their respective Nyquist pulses for roll-off factors
of 0.8 (a, b) and 0.07 (c, d). The ideal optical Nyquist pulses (i.e., β = 0) are depicted as dashed black lines
in the time domain, and the simulated pulses for β = 0.8 and β = 0.07 are depicted in red [118].

the OBPF. The filter profile for different roll-off factors β were generated using Lumerical [122]
and loaded into the OBPF. For different values of roll-off β, the frequency response of the filter
for a bandwidth of 25.2 GHz was measured as shown in Fig. 3.13 (a). The coupler was used to
direct a majority of the power into the photodetector (Finisar XPDV21×0(RA)) with a 3 dB
bandwidth of 50 GHz, which has a measured photodiode response as shown in Fig. 3.13 (b) and
is connected to the electrical sampling oscilloscope (Agilent 86100C) to observe the signal in
the time domain. The remaining power was applied into the optical spectrum analyzer (OSA)
(YOKOGAWA AQ3670C) for spectral analysis. The experimental results were compared
with the simulation results in the frequency and time domain for different roll-off values as
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Reference Type of
modulator

Number
of OFC
lines

Frequency
spacing
(GHz)

Pulse
duration

(ps)

RMSE
(%)

Effect of
roll-off β

[26] C-MZMa 9 10 11.11 0.98 (SSRd

> 27 dB)
U.A.*

[128] LiNbO3-
DP-MZMc

5 10 20 1.10 (SSRd

= 31.2 dB)
U.A.*

[129] Si-MZM 3 12 27.77 U.A.* U.A.*

[130] C-MZMa 9 5 22.22 3.68 (Rpb =
2.92 dB)

U.A.*

[131] Si-DP-
MZMc

5 10 20 3.8 (Rpb =
1.9 dB)

U.A.*

[132] Si-DP-
MZMc

5 3.2 62.50 2.8 (Rpb =
0.8 dB)

U.A.*

[82] (This
work)

LiNbO3-
MZM

3 5 66.66 0.81 (Rib =
0.5 dB)

Yes (Sim.)

[118] (This
work)

ePIC-
MZMe

3 8.4 39.68 0.7 (β =
0.07, Rib<

0.1 dB)

Yes (Exp.)

C-MZMa = Cascaded MZM, Rpb = Ripple, DP-MZMc = Dual-parallel MZM,
SSRd = Sideband Suppression Ratio, U.A.* = Unavailable, Sim. = Simulation, Exp. = Experiment.

Table 3.1: Tabulation of parameters for sinc-shaped Nyquist pulse sequence generation with a variety of
modulators.

illustrated Fig. 3.14.
For the three-line OFC having a frequency spacing of 8.4 GHz, the ideal Nyquist pulses

have a FWHM of 35.31 ps, pulse repetition period Tr of 119 ps, and a pulse duration τz of
35.31 ps. The roll-off β of the filter is changed to see the impact on the Nyquist pulses in the
time domain considering an optical filter bandwidth of 25.2 GHz. For β values close to zero,
the filter follows the rectangular shape more closely eliminating the higher order sidebands
enhancing the pulse quality in the time domain as per Fig. 3.14 (c, d). For such a three-line
OFC, the influence of the sidebands become more visible when β > 0.33. For a higher roll-off
β of the filter, the pulse quality is degraded as depicted in Fig. 3.14 (a, b). This high roll-off
β can lead to ripple in the comb spectrum that can be countered by proper modulator bias
adjustment thus enhancing carrier suppression.
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3.2 Conclusion

To summarize, this chapter provides a thorough investigation of the critical non-idealities that
impact the generation of sinc-shaped Nyquist pulses. Considering the generation of Nyquist
pulses with MLLs, the comb ripple and SSR were examined for three-line, five-line, and nine-
line combs and it was ascertained that the nine-line OFCs have the best performance with the
lowest RMSE. Additionally, for an optimized performance, a trade-off was obtained between
the RMSE and the optical power loss. Using integrated platform involving the use of on-chip
silicon MZMs as a benchmark for scenarios that need an optical filter, the effect of roll-off β

was analyzed revealing the best performance for lowest β values.
A tabulation of our works [82, 118] to analyze the effect of non-idealities along with previous

studies demonstrating Nyquist pulse generation is provided in Table 3.1. Two cascaded silicon
MZMs were employed in [26] and [130] to generate Nyquist pulses, reporting a frequency
spacing of 10 GHz and 5 GHz with an RMSE of 0.98 % and 3.68 %, respectively. Dual-
parallel LiNbO3 MZMs can support the generation of Nyquist pulses with an RMSE of 1.10
% [128]. On silicon platform, high quality Nyquist pulses can be produced with dual-parallel
MZMs [130, 131] with a minimum RMSE of 2.8 %. In our works [82, 118], the influence
of non-idealities such as comb ripple, sideband suppression, and optical filter roll-off β is
analyzed. To achieve this, the experimental setup was purposely configured to make the
impairments measurable. For LiNbO3 MZMs, our work [82] has produced high-quality Nyquist
pulse sequences with low comb ripple and high SSR. With an integrated on-chip silicon MZM,
our study [118] of optical filter roll-off β has demonstrated a minor RMSE of 0.7 %.

Therefore, for processing high-bandwidth signals at the transmitter side, generating high-
quality Nyquist pulse sequences with a low ripple and high SSR is possible with proper bias
control of the MZM. For Nyquist pulse generation with MLLs, having a lower roll-off β of
the optical filter helps in improving the quality of the pulses. In the following chapter, such
system imperfections are analyzed in detail for a direct detection (DD) based optical sampling
systems which employ a simple system with only a single photodiode at the receiver.
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Based on the findings obtained from evaluating the non-idealities in Nyquist pulse gen-
eration, it is evident that the system non-idealities should be investigated thoroughly

to transmit signals effectively at very high data rates [133–138] in the current and future
networks, including transmission up to 1 Tbps [139]. With conventional electrical methods,
processing such high bandwidth signals is quite challenging. A feasible alternative is to down-
convert [140, 141] these signals into parallel low-bandwidth signals, making them easier to
handle with the existing low bandwidth electronics. It is possible to undergo high-bandwidth
signal measurements with a multitude of sampling techniques involving electrical samplers,
like the electrical sample-and-hold circuits or the optical samplers [142–144]. Nevertheless,
with increasing bandwidths the performance deteriorates for the electronic samplers owing to
the clock jitter [145] and increased sampling errors. In order to correct these systematic er-
rors, it is necessary to perform additional signal processing, which further expands the system
complexity and energy consumption.

A viable alternative to conventional sampling involves the use of flat optical frequency
combs (OFC)s in optical modulators for orthogonal sampling thus ensuring high bandwidth
and error-free performance under ideal conditions [84, 146]. Integrated optical modulators have
demonstrated bandwidths as high as 176 GHz while keeping the thermal crosstalk [96, 105] at
a minimum. Such devices are able to perform the sampling of signals up to three times their
own bandwidth while utilizing a three-line flat OFC [130, 131]. This design inherently elimi-
nates any aperture jitter, enabling the low-jitter characteristics of the integrated oscillators to
directly translate to a remarkably higher effective number of bits (ENOB) [34, 37].

Previous research has relied on coherent detection (CD) schemes [37, 147–152] to convert
the sampled optical signals into electrical form. An overview of the coherent detection method
is provided in Section 2.5.1. A viable, cost-effective, and simpler alternative to CD is direct
detection (DD) [38, 39] which is very popular in data centers, access networks, and handheld
consumer devices. In DD systems, the hardware is much simpler with no requirement of LO
as discussed in Section 2.5.2.

Nevertheless, nonlinearities and noise remain critical sources of error in optical signal pro-
cessing, particularly in DD systems. Hence, for a comprehensive metrological assessment of
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the complete sampling system, it is necessary to compute the response of the system to such
imperfections. In this thesis, the effect of comb ripple on the performance of orthogonal sam-
pling is analyzed for a three-line OFC system [119, 153]. Additionally, in DD systems, an
optical filter having a bandwidth equal to the comb frequency spacing is essential for signal
detection with a photodiode [90, 154], which might deteriorate the signal quality. To examine
this signal degradation, the sampling quality is studied for sinusoidal [90] and broadband input
signals [154] for different roll-off factors of the optical filter. All in all, the effect of comb ripple
and optical filter roll-off β on a DD-based orthogonal sampling system is examined in terms
of error parameters like RMSE, SINAD, and ENOB [90, 119, 153, 154].
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4.1 Error parameters for the investigation of non-idealities

The effective number of bits or ENOB [156–158] acts as a key metric to express the resolution
of both ADCs and DACs. It is derived from the signal-to-noise and distortion ratio or SINAD
measured for the sampled and digitized signal and formulated as [37, 155, 158, 159]:

ENOB =
SINAD − 1.76

6.02
(4.1)

The SINAD is evaluated from the frequency domain representation of the sampled signal
which necessitates transforming the trace in the time domain into frequency domain with a
Fast Fourier Transform or FFT. Thereafter, the ratio of the desired signal component to
all the other spectral components, taking into account the noise and distortion, is evaluated.
As specified by the Institute of Electrical and Electronics Engineers (IEEE) standards to
characterize the ADC, the input signal utilized for testing or the signal-to-be-sampled should
be a sine wave [160]. Additionally, the SINAD can be computed in the time domain with the
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RMSE of the sampled time-domain data as compared to the fitted sine wave, and expressed
as [34]:

SINAD =
A√

2 · RMSU
=

1√
2 · 2 · RMSE

(4.2)

Here, A represents the signal amplitude of the reference waveform, RMSU denotes the un-
normalized root-mean-square noise and distortion in the time domain, and RMSE stands for
the normalized root-mean-square error. As the normalization is performed taking into consid-
eration the difference between the maximum and minimum values of the signal, the factor 2
appears in front of the RMSE. The method for RMSE evaluation is illustrated in Section 3.1.

4.2 Direct detection concept and orthogonal sampling

A brief overview of the direct detection (DD) system is provided in Section 2.5.2. An ar-
chitectural representation of a three-branch DD optical sampling system is illustrated here
in Fig. 4.1 (a). At the transmitter side, the system has a CW laser which acts as the op-
tical source and it is modulated with the input electrical signal using the modulation block.
The modulated optical signal is then transmitted over a length (L) of the optical fiber and
then divided into three branches with a power splitter. Each branch undergoes optical sam-
pling utilizing sinusoidal RF signals that are phase shifted by 0◦, 120◦, and 240◦, respectively
[34, 37, 84, 90]. These phase offsets allow for orthogonal sampling across the three branches,
ensuring precise reconstruction of the original signal. Orthogonal sampling is implemented by
using phase-shifted RF signals such that every branch captures complementary components of
the input signal. The 120◦ phase separation ensures linear independence of the samples, ensur-
ing precise reconstruction of the original signal with reduced electronic bandwidth. Thereafter
each of the sampled signals is passed through an optical filter (OF) followed by its consequent
detection with a photodetector (PD). This OF restricts the spectral width of the signal before
detection, thus decreasing noise and mitigating the effects of aliasing. For coherent detection
(CD), such additional optical filter is not important as the system has build-in selectivity and
can capture amplitude and phase directly. Under ideal circumstances, the optical filter should
exhibit a rectangular spectrum. Nonetheless, practical implementations typically use raised
cosine filters with a certain roll-off β, the frequency domain of which is shown in Fig. 4.1 (b)
for different roll-off values: β = 0, 0.5, and 1 [82, 90].

A comprehensive theoretical framework for high bandwidth signal detection with low
bandwidth electronics via orthogonal sampling without additional optical filtering using co-
herent detection (CD) systems has been presented by our working group in [34]. For computing
the key performance parameters like ENOB, SINAD, a sinusoidal input signal with frequency
fi can be taken into consideration. This signal is then convoluted with a N -line OFC charac-
terized by ∆f frequency spacing and an overall bandwidth B = 3∆f , where N is the number
of comb lines taken as three for the simplest scenario. With a CD scheme, the down-converted
signal after multiplication can be directly detected with electronics operating at a reduced
bandwidth of B

2N . In contrast, DD-based systems use a single photodiode with an optical
filter with a bandwidth Bf = B

N = ∆f before the photodiode as illustrated in Fig. 4.2 (a)
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Figure 4.1: (a) Structural representation of a DD system considering a three-branch sampling system. (b)
Raised cosine filter (OF) characteristics for various roll-off values (β) based on [90].

[119, 153]. With this scenario, the comb ripple analysis is performed considering an ideal
rectangular optical filter with fi = 12 GHz and ∆f = 16 GHz. For the optical filter roll-off β

analysis the convolution illustration is shown in Fig. 4.2 (b), considering an input frequency fi

of 12 GHz and a ∆f of 10 GHz with the optical filter having a bandwidth of Bf = (1+ β)∆f

[90]. As depicted in the Figures 4.2 (a) and (b), the convolution operation demonstrates the
interaction of the input spectrum with the frequency response of the filter. In each case, the
colored box in the rightmost figure represents the signal that is filtered by the optical filter
after convolution, thereby showcasing the effect of different roll-off values on the transmitted
signal constituents in the frequency domain.

Figure 4.2: (a) Convolution illustration of the signal to be sampled having a frequency fi with a 3-line
frequency comb incorporating a spacing of ∆f based on [119], [153]. Here, a rectangular optical filter is
assumed. (b) The sinusoidal signal to be sampled having a frequency fi (left) is convoluted with a 3-line
frequency comb incorporating a spacing of ∆f (middle), and the outcome is shown at the right. The grey
box (bottom right) depicts an optical filter having a roll-off of 0.2 and a bandwidth of 1.2∆f . It is important
to observe that for the single branch, fi is greater than ∆f . Therefore, all three branches are necessary for
complete sampling of the signal content [90].
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Figure 4.3: Experimental setup illustrating orthogonal sampling of the generated sinusoidal signal using the
Mach-Zehnder Modulator (MZM1), where the filter/waveshaper (OF) with a roll-off β has a bandwidth of
(1+ β)∆f where ∆f represents the frequency spacing of the comb lines produced by the MZM2 based on [90].
For the comb ripple analysis, a rectangular filter is considered with β as 0 and a bandwidth of ∆f [119], [153].

4.3 Comb Ripple Analysis

4.3.1 Experimental Results

The experimental configuration for orthogonal sampling is depicted in Fig. 4.3 and it serves
as the proof of concept for DD-based systems [119], [153]. For producing the signal to be
sampled, the CW laser is externally modulated at 1550.116 nm with a 12 GHz RF signal given
by an arbitrary waveform generator (AWG) (Tektronix AWG700001A) and a LiNbO3-based
MZM1 (Optilabs IMC-1550-20-PM). Subsequently, the EDFA1 (LiComm OFA-TCH) is used
to amplify the modulated optical signal followed by OBPF1 in order to suppress the amplified
spontaneous emission (ASE) noise. The orthogonal sampling is performed by modulating the
resulting signal using MZM2 (Thorlabs LNA6213) with a 16 GHz RF signal. To carry out
complete orthogonal sampling, the RF signal is phase shifted to 0◦, 120◦, and 240◦, respectively,
followed by filtering with the optical filter (OF, Finisar WaveShaper 1000s) which is tuned to
have a passband of ∆f = 16GHz. The 90:10 fiber coupler splits 90 % of the signal to be
detected by the photodetector (PD, Thorlabs DX50AF) in the time domain with a sampling
oscilloscope; and the remaining 10 % of the signal is detected in the frequency domain with
an OSA. For each of the three digitally acquired phases-shifted signals, post-processing is
performed to reconstruct the high frequency waveform. The frequency domain information for
an OSA with ∆f = 16GHz with a comb ripple of 0.1 dB is depicted in Fig. 4.4 (a) and the
reconstructed 12 GHz signal (blue) from the sampling points of the red, gray, and orange sinc
pulse sequences is plotted in Fig. 4.4 (b) [119], [153]. The signal is reconstructed by a linear
combination of the orthogonally sampled signals from each branch and the phase-induced
orthogonality results in accurate recovery of the original waveform. These results affirm that
orthogonal sampling can be used to reconstruct waveforms with less distortion provided the
ripple is very low.

4.3.2 Simulation Results

Simulations were executed with [161] to evaluate the effect of comb ripple on the quality of
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Figure 4.4: (a) The optical frequency comb having three lines spaced by 16 GHz produced with MZM-2 for
optical sampling, displaying a positive ripple of 0.1 dB. (b) Depiction of the reconstructed sine wave in blue
acquired from the sampling points of the gray, red, and orange sinc pulse sequences based on [119], [153].

Figure 4.5: The waveform response at the ADC outputs corresponding to three different phase occurrences,
i.e., 0◦, 120◦, and 240◦ and the comparison in time domain between the final 12 GHz reconstructed signal and
the input signal for zero jitter based on [153] (a, b) and a system ADC jitter of 100 fs based on [119] (c, d). In
both scenarios, the black dotted envelopes depict the sampling instances.

the signal. Considering an ADC jitter of zero and a positive ripple of 0.1 dB and an input
sinusoidal signal with a frequency of 12 GHz, the reconstructed waveforms for three different
phase shifts of 0◦, 120◦, and 240◦ after the ADC and the final reconstructed signal are depicted
in Fig. 4.5 (a, b), respectively [153]. Additionally, for practical systems with 100 fs ADC jitter
with 0.5 dB of positive ripple and same frequency of sinusoidal signal, the reconstructed
waveforms and the final reconstructed result are illustrated in Fig. 4.5 (c, d), respectively
[119]. For assessing the effect of comb ripple, simulations were done across a range of ripple
values for both zero ADC jitter and 100 fs ADC jitter while considering an optical filter (OF)
with a rectangular frequency response. For the case of zero ADC jitter, a perfectly flat comb
with 0 dB ripple would result in an RMSE of zero and infinite ENOB and SINAD. Therefore,
the RMSE, SINAD, and ENOB are evaluated starting at a positive jitter of 0.05 dB [153] as
per Fig. 4.6 (a, b, c). For an ADC jitter of 100 fs, the respective RMSE, SINAD, and ENOB
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Figure 4.6: Comparison of the RMSE (a), SINAD (b) and ENOB (c) for different positive ripple values (in
dB) for the zero jitter scenario based on [153]. For 100 fs ADC jitter, the RMSE, SINAD, ENOB is depicted
in (d), (e), and (f) respectively for positive and negative values of jitter based on [119]. In every scenario, it is
evaluated with sinusoidal input signals having frequencies of 12GHz and 22 GHz.

Figure 4.7: (a) Frequency domain of the three-line optical frequency comb having a spacing of 10 GHz produced
by the MZM2 and the corresponding reconstructed sine wave signal (b) generated from the sampling points of
the sinc pulse sequences based on [90]. Here, the optical filter has a roll-off factor β = 1.

is computed for both positive and negative jitter values as illustrated in Fig. 4.6 (d, e, f) [119].
From these scenarios, it is ascertained that increasing the value of ripple in either directions has
a negative impact on the sampled signal quality for a DD-based orthogonal sampling system
with the negative ripple causing more RMSE than positive. This can be attributed to the
higher attenuation of the essential spectral components for negative ripple ensuing in higher
signal distortion.

4.4 Optical filter roll-off analysis

4.4.1 Experimental Results

In order to perform orthogonal sampling at a certain roll-off β of the optical filter (OF), the
setup is depicted in Fig. 4.3 [90, 119, 153]. The method and the components are previously
discussed in Section 4.3.1 with certain changes in the parameters like frequency and bandwidth.
The MZM1 is modulated with a sinusoidal signal of frequency 12 GHz generated by the AWG
and the frequency comb produced by MZM2 has a line spacing of ∆f = 10GHz. The
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Figure 4.8: (a) The reconstructed down-converted waveform from the sampling points at the ADC output
having an RF source phase of 0◦. (b) The ADC output waveforms associated to RF phase instances of 0◦, 120◦,
and 240◦, respectively. (c) Comparative analysis of the final reconstructed waveform and the input 12GHz
input signal based on [90]. In every scenario, an optical filter (OF) with a roll-off factor of β = 0.8 is used and
the ADC jitter is 100 fs.

Figure 4.9: Evaluation of the (a) RMSE, (b) SINAD, and (c) ENOB across input frequencies of 11 GHz,
12 GHz, 13 GHz, and 14GHz, over a range of roll-off values β from 0 to 1, based on [90]. In every scenario, the
jitter of the electronic ADC is taken as 100 fs. The experimental results with an input frequency of 12 GHz
are denoted with an asterisk (*).

modulated signal at each of the three phases i.e. 0◦, 120◦, and 240◦ of the RF source is passed
through the programmable optical filter (OF, Finisar WaveShaper 1000s) with a roll-off β = 1
after which it is detected with the photodetector (PD, Thorlabs DX50AF) in the time domain
with a sampling oscilloscope. The final signal reconstruction is evaluated considering all the
three phases via offline signal processing. The three-line OFC used for optical sampling with
a frequency spacing of ∆f = 10GHz is illustrated in Fig. 4.7 (a), and the reconstructed 12
GHz signal (blue) from the sampling points of the respective sinc pulse sequences is depicted
in Fig. 4.7 (b) and the RMSE is measured to be 3.2 %.

4.4.2 Simulation Results

Using Optisystem [161], the system performance is evaluated across a range of input fre-
quencies, namely, 11 GHz, 12 GHz, 13 GHz, and 14 GHz considering the three-line OFC of
∆f = 10GHz and an ADC jitter of 100 fs. The simulations are performed in a system-level
environment, where the required component models were taken from the library and the pa-
rameters were adjusted as per our requirements. With the input frequency as 12 GHz and
the optical filter roll-off β as 0.8, the output of the ADC is evaluated for a phase of 0◦ as per
Fig. 4.8 (a). Considering all the three RF phases of 0◦, 120◦, and 240◦, the ADC outputs are
depicted in Fig. 4.8 (b). A complete signal reconstruction, along with a comparison with the
original waveform, is illustrated in Fig. 4.8 (c) and the RMSE is calculated to be 1.92%. The
error parameters like RMSE, SINAD, and ENOB are evaluated with the expressions listed
previously in (3.1), (4.2), and (4.1) for the optical filter roll-off β ranging from 0 to 1 as de-
picted in Fig. 4.9 (a), (b), and (c), respectively [90]. The results indicate that for a fixed input
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Figure 4.10: (a) Schematic diagram of orthogonal sampling of a broadband signal with a three-line frequency
comb. PRBS generator: pseudorandom binary sequence generator, MZM: Mach-Zehnder modulator, RF
source: Radio Frequency source, PD: Photodetector. (b) Evaluation of Q-factor across different ADC jitter
values for the conventional detection i.e. direct detection (DD) with an ADC and our orthogonal sampling
method. Eye diagram depiction for (c) our method and (d) the DD method with an electronic ADC. (e) Output
waveform comparison the conventional detection i.e. direct detection (DD) with an ADC and our orthogonal
sampling method considering an ADC jitter of 2500 fs and a roll-off β = 0. (f) Measurement of Q-factor across
different ADC jitter values for the conventional detection i.e. direct detection (DD) with an ADC and our
orthogonal sampling method over a range of roll-off values β from 0 to 1, based on [154].

frequency, the RMSE remains nearly unchanged up to a specific threshold in the optical filter
roll-off β beyond which it begins to increase significantly. In parallel, both the SINAD and
ENOB showcase a sharp decline after this threshold β. This behavior can be attributed to the
frequency domain response of the optical filter previously illustrated in Fig. 4.2 (b), where the
convoluted signal in the frequency domain is distorted after the filter has reached a certain
roll-off β value.

4.4.3 Broadband input simulation setup and results

The simulated orthogonal sampling system with three-line OFC for a DD system for a broad-
band signal as input is illustrated in Fig. 4.10 (a) [154]. The input signal is produced with a
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pseudo-random bit sequence (PRBS) generator at 24 Gbits/s via the first Mach-Zehnder mod-
ulator (MZM1). The sampling is performed at each of the three branches with an RF signal
operating at phase offsets of 0◦, 120◦, and 240◦, respectively, with the second Mach-Zehnder
modulator (MZM2). The RF source at MZM2 operates at a frequency of 8 GHz ensuring a
frequency spacing of ∆f = 8GHz for the generated OFC. Thereafter, the down-converted
signals are passed through an optical filter (OF) with a roll-off β and subsequently detected
with a photodetector (PD). After acquiring the signal from the three branches, the complete
signal is reconstructed with offline signal processing. This method improves the bandwidth by
a factor of 1.5 when compared to the conventional DD systems with electronic ADCs owing to
the down-conversion, and a better quality of sampling in terms of the quality factor (Q-factor),
particularly for greater values of ADC jitter as shown in Fig. 4.10 (b) considering the optical
filter roll-off β to be zero. For an ADC jitter of 2.5 ps, the enhancement in the eye diagram
is evident in Fig. 4.10 (c, d) where the orthogonal sampling method shows a Q-factor of 23.42
while the conventional DD systems with electronic ADCs has a Q-factor of 11.16. For the
same ADC jitter, a time domain comparison of the sampled and the reference signal for both
the techniques is given in Fig. 4.10 (e). As depicted in Fig. 4.10 (f), increasing the optical filter
roll-off β from 0 to 1 reduces the Q-factor for orthogonal sampling method. Nevertheless, even
for an ADC jitter of 1.5 ps, the orthogonal sampling method outperforms the conventional DD
method up to an optical filter roll-off β of 0.1. For a higher ADC jitter of 4 ps, the orthogonal
sampling method ensures a superior performance even for an optical filter roll-off β of 1.

4.5 Conclusion

In this chapter, a comprehensive analysis of non-idealities in a direct detection (DD) sys-
tem with a three-line OFC based orthogonal sampling was performed while emphasizing two
practical impairments, namely, comb ripple and optical filter roll-off β. This investigation
provides simulation analysis and proof-of-concept experimental validation to ensure a detailed
understanding of the effect of each of these impairments on signal integrity and overall per-
formance of the optical system in a high-speed photonic sampling environment. Based on
the examination, it is demonstrated that the orthogonal sampling with DD ensures effective
down-conversion and signal reconstruction with reduced electronic bandwidth requirements.

For comb ripple analysis, it was observed that even minor deviations in the comb flatness
could notably impact the fidelity of the reconstructed signal. This is particularly noticeable for
systems with ADC jitters where the signal degradation for positive and negative comb ripple
is reflected in terms of increased RMSE and reduced SINAD and ENOB. The robustness of
the orthogonal sampling system to ripple is reduced, particularly when the ripple increases
beyond 0.5 dB.

The impact of optical filter roll-off β on the performance of a DD based orthogonal sampling
system with sinusoidal input was ascertained revealing that the signal degradation remains
quite low until a certain threshold, beyond which there is a rapid deterioration of performance.
For broadband input signals, it was established that the orthogonal sampling consistently out-
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performed the conventional DD systems with electronic ADCs across different ADC jitter
values and roll-off β of the optical filter, while having a bandwidth enhancement of 1.5 owing
to the down-conversion. The advantage in performance was clearly evident in terms of the
quality factor and eye diagrams of the sampled signals at the output.

All in all, this chapter establishes that while orthogonal sampling in DD systems is funda-
mentally advantageous for sampling high bandwidth signals with low bandwidth electronics,
its performance is critically impacted by practical imperfections in the system components.
For practical ADC jitters, the analysis of comb ripple and optical filter roll-off β collectively
inform the trade-off in the design and tolerance viable for real-world deployment. The insights
gained through the identification of acceptable bounds for the non-idealities contribute to-
wards the design of next-generation high-speed, energy-efficient optical receivers using direct
detection together with photonic integration. Nonetheless, in such PICs used for high band-
width signal processing, a large amount of photonic components are placed very closely to one
another resulting in the issue of thermal crosstalk, which hampers the overall performance
of the optical system. The following chapter presents a comprehensive overview of thermal
crosstalk and discusses design techniques to mitigate the same to achieve a crosstalk-alleviated
integrated photonic platform capable of performing high bandwidth signal processing.
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Mitigation of Thermal Crosstalk in Integrated Photonic Systems

With the help of the silicon photonics technology [18], it is feasible to have a com-
pact and efficient realization of an assortment of electronic and photonic components

on the same chip, and therefore undergo diverse optical functionalities like modulation, mul-
tiplexing, and wavelength filtering on the same chip. Among the wide range of platforms
available, silicon-on-insulator (SOI) has surfaced as the most extensively implemented owing
to its compatibility with the industry-standard CMOS fabrication process [18, 162] and the
optical transparency of silicon in the infrared range. Consequently, these positive aspects en-
able streamlined integration of photonic components with electronic control circuits paving the
way for applications in domains like telecommunications, optical interconnects, neuromorphic
processing, and sensing.

Within these PICs, TOPS [163, 164] are pivotal for the above mentioned applications. The
principle of operation involves the use of the thermo-optic effect [165], where the temperature
modulation via a resistive micro-heater enables a refractive index change which ensures phase
control of the guided optical signal. Typically, such heaters or PN junctions are integrated
into complicated architectures like MZIs [166, 167], MZMs [162, 168, 169], or even ring res-
onators [170–173]. Nonetheless, the thermal conduction in the chip substrate triggers thermal
crosstalk, which can critically impair the performance of phase shifters, modulators, attenua-
tors [174, 175], and other integrated photonic components.

Over the past decades, a plenty of strategies have emerged to alleviate thermal crosstalk
in PICs. Compact designs involving thin-film heaters with an air-filled trench to reduce ther-
mal coupling were discussed in [176]. But the implementation in CMOS platforms is still
a demanding task as it needs external heat absorbers. A p++ doped silicon heater adapt-
able to CMOS platforms was engineered in [177], yielding lowered crosstalk at the expense
of higher power consumption and footprint. The technique of time-multiplexed row-column
addressing [178] was studied as well, but it is bounded by electrical design constraints. Micro-
disk resonator structures with built-in heater-modulators were reported in [179] for crosstalk
analysis. Silicon Oxynitride (SiON) waveguides with metal heaters and the transform coor-
dinate method (TCM) for modeling ring resonators were explored in [180]. The technique of
thermal eigenmode decomposition (TED), which successfully neutralizes the phase coupling
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in microring resonator (MRR) and MZI based configurations, was investigated in [42, 181],
depicting optimal performance when the phase coupling matrix (T) is ascertained and mea-
sured via integrated heaters. A concise overview of thermal crosstalk in passive photonic phase
shifters is provided in [182], dealing mainly with passive components. A multitude of designs
concerning low-crosstalk TOPS [183] were worked upon by our group at TU Braunschweig
previously in [96].

This chapter expands on [96], and explores the thermal crosstalk and phase variation in dif-
ferent waveguide structures with metal and doped silicon heaters [105]. For effective thermal
crosstalk mitigation, the deep trench designs have been thoroughly investigated for a multi-
tude of photonic structures in PICs like different types of modulators [184–187], multi quan-
tum well (MQW) lasers [188], avalanche photodetectors (APD) [189, 190] and uni-traveling
carrier (UTC) photodetectors [191], switching networks [96, 192], etc. The study is further ex-
tended into the amorphous silicon platform which further suppresses the crosstalk [193], since
it has a lower thermal conductivity as compared to crystalline silicon. Using these techniques,
for a complete optical communication system using PICs [24, 120, 194–197], it can process
high bandwidth signals with enhanced performance.
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5.1 Integrated heaters

Integrated heaters play a vital role in designing thermal phase shifters for PICs. In the SOI
platform, two common heater configurations are used, namely, positioning the metal heater
over the waveguide on the SiO2 layer [96, 105, 198–200], and doped silicon heaters positioned
adjoining the waveguide [96, 105, 200, 201]. A thorough summary of the integrated heater
designs is given in [24, 202]. In this chapter, both of the heater types are examined to appraise
the thermal crosstalk and phase performance considering rib and strip waveguides, respectively.

The phase shift brought about in the heated waveguide is governed by the temperature and
thermo-optic coefficients of the silicon core and the silica cladding, and can be formulated as
[96, 200]:

∆ϕ =
2πL∆T

λ0
· dneff

dT
(5.1)

dneff

dT
=

dneff

dnSi
· dnSi

dT
+

dneff

dnSiO2

· dnSiO2

dT
(5.2)

In the expressions 5.1 and 5.2, neff represents the mode’s effective refractive index, L

denotes the length of the integrated heater, and λ0 stands for the free-space wavelength. The
temperature derivatives dnSi

dT and dnSiO2
dT indicate the thermo-optic coefficients for silicon (Si)

and silicon dioxide (SiO2), which are around 1.8 × 10−4K−1 and 1 × 10−5K−1, respectively.
Considering λ0 = 1550 nm and T = 300K, ∆T which is the change in temperature, can be
calculated for a phase shift of π as:

∆T (π) =
λ0

2L

(
dneff

dT

)−1

(5.3)

In integrated phase shifters, the phase shift scales linearly with the rise in temperature above
the ambient. Nonetheless, heat conduction within the chip material can ensue in thermal
crosstalk in the adjacent structures. It is observed from 5.3 that increasing the heater length
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Figure 5.1: Structures of (a) rib and (b) strip waveguides having a titanium heater (Ti htr) with wg-p as
the primary waveguide and wg-s as the secondary waveguide where the crosstalk is evaluated. The associated
temperature distributions for a waveguide separation of s = 15µm and heater power of 211 mW are depicted
in (c) and (d) for the rib and strip waveguides, respectively based on [105]. The x- and y-axes employ different
scales, and dimensions are labeled in µm. The color bar represents the temperature in Kelvin (K), ranging
from 300 K (blue) to a maximum of 478 K (red) in (c) and 487 K (red) in (d).

L lowers ∆T , eventually reducing the lateral thermal crosstalk. On the other hand, a longer
heater results in a higher propagation loss with a larger device footprint. Consequently, the
heat source is positioned closer to the waveguide so as to enhance the thermal efficiency of the
heater while maintaining a small gap (g) between the waveguides to prevent the optical losses
from the metal layer [199]. Achieving a compact integrated heater with low thermal crosstalk
is still a challenge which continues to attract research interest.

5.1.1 Integrated Titanium heater with strip and rib waveguides

The geometry of the rib and strip waveguides together with the integrated heaters are simulated
with Lumerical [122], and depicted in Fig. 5.1 (a, b) [105]. Silicon dioxide (SiO2) is used as
the material for the buried oxide (BOX) as well as for the cladding layers. Standard SOI
dimensions are implemented along the x and y-axes, respectively considering the wavelength
λ = 1550 nm. The Titanium (Ti) heater is 5µm wide and 0.1µm thick and is placed on top
of the primary waveguide (wg-p). The phase crosstalk is quantitatively defined as the ratio
between the phase shift experienced by the secondary waveguide (wg-s) to the phase shift
of the primary waveguide (wg-p). The temperature distribution profiles and the variation of
phase with respect to the power as depicted in Fig. 5.1 (c, d) and Fig. 5.2 (a) are simulated
with the HEAT and MODE solvers of Lumerical [122] which provides a rigorous numerical
assessment of both thermal distribution profile and optical mode propagation, respectively.
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Figure 5.2: (a) Phase response with respect to the power applied across the Ti heater in the primary waveguide
(wg-p) for rib and strip waveguides with a Ti heater. (b) Comparison of phase crosstalk at the secondary
waveguide (wg-s) for strip and rib waveguides. (c) Phase crosstalk analysis by changing the slab widths based
on [105]. For this scenario, a power of 211 mW is applied across the heater. The length of the waveguide is
taken as 300 µm for every scenario.

Figure 5.3: Structures of (a) rib and (b) strip waveguides with an N++ doped silicon heater, where wg-p
and wg-s denote the primary and secondary waveguides for crosstalk evaluation. Temperature distributions
for s = 15µm and 211 mW heater power are shown in (c) and (d) for rib and strip waveguides, respectively,
based on [105]. The axes use different scales, with dimensions in µm. The color scale represents temperature
(K), from 300 K (blue) to 428 K in (c) and 438 K in (d).

The HEAT solver provides accurate modeling with the finite-element method and the MODE
solver uses the finite-difference eigenmode (FDE) method to find out the optical modes and
effective indices. To estimate the dependence of the phase crosstalk on the inter-waveguide
spacing as shown in Fig. 5.2 (b), the center-to-center separation between the waveguides was
shifted from 2µm to 15µm.

The illustrated temperature distribution profiles affirm the diffusion of heat from the heater
into both the primary (wg-p) and the secondary waveguides (wg-s) which alters the local
refractive index via the thermo-optic coefficient of the material, and hence modifies the phase
of the signal in both waveguides (wg-p and wg-s). While the shift in the phase is intentional
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Figure 5.4: (a) Phase response with respect to the power applied across the N++ doped silicon heater in the
primary waveguide (wg-p) for rib and strip waveguides with a Ti heater. (b) Comparison of phase crosstalk
at the secondary waveguide (wg-s) for strip and rib waveguides. (c) Phase crosstalk analysis by changing the
slab widths based on [105]. For this scenario, a power of 211 mW is applied across the heater. The length of
the waveguide is taken as 300 µm for every scenario.

in the primary waveguide (wg-p), it ensues in undesired thermal crosstalk in wg-s (secondary
waveguide). As per Fig. 5.2 (a), for ensuring a phase shift of π, the rib waveguide structure
demands for 0.042 W of power, while the strip waveguide needs 0.029 W to get the same
response. Thus, the strip waveguides are more sensitive to fluctuations in temperature and
hence more efficient in terms of power usage. For the strip waveguide designs, the silicon
slabs which spreads the heat laterally, are not present thus ensuring in higher efficiency. As
a consequence of the relatively high thermal conductivity of silicon (55W/m·K) as compared
to that of SiO2 (1.38W/m·K) [182], the thermal isolation is compromised with slabs. Hence,
curtailing the slab width, as is implemented in the strip waveguide configuration, enhances
the thermal isolation as depicted in Fig. 5.2 (c).

5.1.2 Integrated doped Silicon heater with strip and rib waveguides

As compared to the metal heaters, the doped silicon heaters showcase a better performance
in terms of the thermal isolation and lowered phase crosstalk [96, 105]. For the simulations,
an N++ doped Si heater with a doping concentration of 1 × 1020 cm−3 is used. This heater
is aligned in-plane with the primary and secondary waveguides while being 5µm wide and
0.09µm thick, which are usual design parameters [182]. In order to suppress the optical loss
from free-carrier absorption, the heater is placed at a gap g of 2.5µm from the primary waveg-
uide (wg-p). The simulation settings, including the parameters for the rib and strip waveguides
and solver configurations are adapted according to Section 5.1.1. The geometry of the N++

doped Si heater with the rib and strip waveguides and the respective temperature distribu-
tion profiles are depicted in Fig. 5.3. The center-to-center separation between the waveguides
was shifted from 2µm to 15µm to evaluate the phase crosstalk for rib and strip waveguide
configurations. As with metal heaters, for attaining a π phase shift, the rib waveguides need
a power of 0.091 W while the strip waveguides need only 0.080 W of power as illustrated in
Fig. 5.4 (a). Subsequently, the strip waveguide configuration results in a mildly lower phase
crosstalk as per Fig. 5.4 (b). The effect of slab width in rib waveguides for phase crosstalk
was evaluated for N++ doped Si heaters as shown in Fig. 5.4 (c) and it was ascertained that
an increased slab width leads to deteriorated crosstalk performance. This occurs primarily be-
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Figure 5.5: Phase crosstalk at the secondary waveguide (wg-s) for rib and strip waveguides considering both
the Ti heater and the N++ doped silicon heater. For every scenario, a power of 211mW is applied across the
heater and the length of the waveguide is taken as 300 µm based on [105].

cause of silicon incorporating a larger thermal conductivity then the encircling SiO2 cladding.
Consequently, the secondary waveguide (wg-s) receives more heat and becomes more prone to
thermal crosstalk from nearby heater elements.

5.1.3 Performance analysis

A comparative evaluation of the phase crosstalk for Ti heaters and N++ doped Si heater is
exhibited in Fig. 5.5 demonstrating that the strip waveguides provide improved thermal isola-
tion and superior power efficiency than the rib waveguides [105]. Nevertheless, this advantage
is offset by a larger insertion loss of around 3 dB/cm [203]. For N++ doped Si heater, both
rib and strip waveguide structures exhibit a notably lower phase crosstalk than the metallic
counterparts. This refinement can be credited to the localized heating for the doped heaters
as compared to the metal heaters, which heats up a broader region encompassing the neigh-
boring structures. Subsequently, the doped heaters are more suited for applications limited by
thermal crosstalk, given that the corresponding power consumption is well within the tolerable
limits.

5.1.4 Metal vias, routing, and heater power consumption

In standard PICs, the metal contacts or vias are used for delivering electrical power to drive
the heating elements. For the simulations, the ambient temperature is kept at 300 K and
a convection of 10 W/m2·K is assumed between the oxide cladding and the ambient air.
The structural comparison of doped heaters for with and without Aluminum (Al) contacts is
depicted in Fig. 5.6 (a) and (b) respectively. Most of the applied electrical power is dissipated
as heat within the doped heater and at the contact resistances. With the supply of electrical
power, the doped heater acts as the heat-generating element and the heat produced diffuses
into the adjacent waveguides, the cladding, and the neighboring components. As illustrated
in Fig. 5.6 (c), a N++ doped Si heater without metal contacts can realize a temperature of
428 K at 150 mW of applied electrical power. But when the metal contacts are introduced,
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Figure 5.6: Rib waveguide configuration with N++ doped silicon heaters: (a) without metal contacts and
(b) with aluminum (Al) vias and a contact pad. Temperature profiles at 150mW are shown in (c) and (d) for
the respective cases, while (e) shows the temperature distribution with metal interfacing at 211 mW, based on
[105]. The color scale in (c), (d), (e) represents temperature in Kelvin (K), ranging from 300 K (blue) to 428
K (red).

the doped heater can realize a temperature of 401 K, only, for the same power input [105] as
shown in Fig. 5.6 (d). This can be attributed to the resistance and heat dissipation in the
metal contacts and the vias which act as both resistive elements and thermal sinks. To achieve
a temperature of 428 K with metal contacts at the doped heater, an input power of 211 mW
is necessary as per Fig. 5.6 (e) [105]. Thus, the presence of metal contacts corresponds to
an electrical power increase by around 40 % to attain the same thermal performance as is
obtained in the absence of metal heaters. This increase in power requirement is applicable for
metal heater structures as well. Nonetheless, the power loss can be minimized by strategic
designs [200].

To evaluate the thermal leverage of metal routings on the top layer, thorough simulations
were performed to assess the power dissipation in electrical routíngs and wire bondings on
a standard SOI platform [105]. The N++ doped Si heater was modeled with the respective
dimensions and is located nearby a silicon waveguide with a thickness of 0.22µm. The top
metal routing is represented by the aluminum (Al) layer which is placed above the waveguide.
To separate the silicon substrate from the waveguide a buried oxide layer (BOX) is used.
The geometrical parameters for the design follow the standard SOI platform as per Section
5.1.2. The cross-sectional layout of the doped heater design with Al routing on top is depicted
in Fig. 5.7 (a). Although many of the SOI foundries provide multi-layer stacks for complex
photonic circuits, the model discussed here provides a simplification of the stack including
only the top metal, waveguide, and the silicon substrate.

For the preliminary step, all resistances including those across the interconnects, gold bond
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Figure 5.7: (a) Structure of the N++ doped silicon heater featuring top layer aluminum (Al) routing. (b)
Equivalent electrical resistance modeling of the N++ doped silicon heater incorporating Al interconnects and
gold wire bonds for PCB wire bonding. (c) Heat distribution profile generated by 5 mW power dissipation at
the Al routing. The color scale in represents temperature in Kelvin (K), ranging from 300 K (blue) to 303 K
(red). Plots of (d) resistance and (e) reactance versus frequency for the Al electrical routing and the gold wire
bond, respectively based on [105].

wire, and heater structures, were retrieved to gauge the heat discharge across the top layer
interconnects and the printed circuit board (PCB) wire bonding. The electrical model which is
depicted in Fig. 5.7 (b) takes into account only the resistive losses excluding contributions that
are capacitative (C) or inductive (L) considering low-frequency operation. For evaluating the
worst-case scenario, An Al interconnect of length 5 mm corresponding to the typical maximum
interconnect length in a PIC, and a gold wire bonding of 10mm length and 20µm diameter
used for PCB packaging were considered. In practical scenarios, the usual PIC interconnects
have much lower undesired resistance and inductance [204] and smaller bond wires [205] re-
sulting in better performance.

The resistances of the electrical routing (Rrouting) and the gold bond wire (Rbond) are de-
termined with simulations using the Advanced System design (ADS) software [206] as per
Fig. 5.7 (d, e). The Rrouting and Rbond are taken to be 4Ω and 1Ω, respectively, considering
the operation of the TOPS electrical excitation at low frequencies in the kHz range. Full-wave
electromagnetic simulations were using the Finite Element Method (FEM) solver of ADS to
evaluate the overall resistance RT of the doped heater assembly. The different components
like metal vias, doped silicon heater, buried oxide, and silicon substrate were considered in
the 3D SOI model with every layer having its own parameters including conductivity, per-
mittivity, etc. A frequency sweep was performed at frequencies ranging from 1 kHz to 200
MHz to evaluate the impedance response after applying differential ports at the metal pads.
Eventually, the real part of the impedance at lower frequency provided the information for the
effective DC resistance. The overall resistance RT of the doped heater assembly is formulated
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Figure 5.8: Structure of the rib waveguide having a N++ doped silicon heater with wg-p as the primary
waveguide and wg-s as the secondary waveguide for (a) no trench and (b) deep trench configuration. Heat
distribution profiles are depicted for (c) no trench and (d) deep trench configuration considering a waveguide
separation of s = 5µm and a heater power of 211 mW based on [105]. The color scale in (c) and (d) represents
temperature in Kelvin (K), ranging from 300 K (blue) to 428 K (red).

as: RT = 2(Rvia+RC)+Rheater, where Rvia represents the via resistance, RC denotes the con-
tact resistance from the silicide region at the junction of the metal via and the doped heater,
and Rheater indicates the resistance of the doped heater. Given that Rvia ≪ RC or Rheater, the
total resistance has been calculated roughly to be RT ≈ 2RC+Rheater and the total resistance
RT of the heater assembly is 930 Ω. In practical designs, the RT can change up to an order
of magnitude depending upon the process variations in doping, heater geometry, etc. [202].
As per the resistance values evaluated from Fig. 5.7 (b), the electrical routing expends a total
power of 5 mW when the doped heater assembly is operating at 211 mW. This indicates that
around 2 % of the total power is lost in the top layer electrical routing, which is relatively
small but important nonetheless for thermal management and overall efficiency.

To evaluate the thermal impact of the Al routing on the adjacent silicon waveguides, a power
of 5 mW was applied to the Al layer, accounting for the worst-case scenario. The resulting
temperature distribution profile is illustrated in Fig. 5.7 (c), indicating that the Al intercon-
nect reaches a temperature of 303 K, whereas the Si layer experiences a temperature or around
301.5 K which is 1.5 K above the ambient temperature. Hence, the electrical routings and wire
bondings have a marginal contribution to thermal crosstalk in the whole system. Nevertheless,
the inclusion of multi-level metal interconnects in future designs might enable a modest tem-
perature increase, potentially necessitating additional thermal management considerations.
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Figure 5.9: Phase crosstalk evaluation for N++ doped silicon heater configuration with rib waveguides working
at a power of 211 mW for no trench, oxide trench [96], and deep trench scenarios depicted in brown, black, and
green. respectively based on [105].

5.2 Thermal crosstalk mitigation techniques

To allow for high bandwidth signal processing with high performance in dense PICs, it is
essential to mitigate the thermal crosstalk in such designs. A brief overview of the thermal
crosstalk alleviation methods has been given in Section 2.6.2. Using integrated doped heaters
which are CMOS compatible, it is possible to lower the crosstalk up to a certain extent as
shown in the previous section. Previously, we have demonstrated the air-filled oxide trench
designs [96, 175] to suppress the crosstalk to a large extent. To ensure further minimization
of thermal crosstalk, two design techniques, namely, deep trench isolation technique [105] and
amorphous silicon (a-Si) [193] are discussed in this thesis.

5.2.1 Deep trench design

Introducing an air-filled deep trench between the rib waveguides, as illustrated in Fig. 5.8
(b) can improve the crosstalk alleviation [105]. This CMOS compatible trench begins at
2µm below the surface of the silicon substrate and extends vertically to the top layer with
a lateral distance of 2µm from the primary waveguide (wg-p). As the trench is filled with
air that possesses a minimal thermal conductivity of 0.026W/m·K, it serves as an effective
thermal insulator which suppresses the heat diffusion from the primary waveguide (wg-p) into
the secondary waveguide (wg-s). A comparison of the doped heater geometry for no trench
and deep trench scenarios together with the respective temperature distribution profiles is
given in Fig. 5.8, illustrating that the secondary waveguide (wg-2) maintains a near-ambient
temperature of 300 K with a deep trench regardless of the power applied across the doped
heater. As depicted in Fig. 5.9, it can be ascertained that the deep trench results in minimal
phase crosstalk over a wide range of separation s between the two rib waveguides (wg-p and wg-
s). Additionally, the deep trench offers thermal isolation which confines the heat effectively
within the primary waveguide (wg-p), enabling the desired phase shift with low electrical
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Figure 5.10: (a) Basic thermal RC model of the N++ doped silicon heater configuration with rib waveguides
using the parameters listed in Table 5.1. Transient analysis depicting temperature as a function of time with
the doped heater and the primary waveguide (wg-p) showing the heating time constant (τh) and the cooling
time constant (τc) for no trench (a, b) and deep trench (c,d) configurations respectively. In every scenario, a
step input of 211mW is given at the N++ doped silicon heater based on [105].

power.
While deep trenches boost the thermal isolation, they can potentially alter the thermal time

constant and the switching speed of the system. To quantify this, a detailed thermal transient
analysis is conducted with a thermal RC network model as depicted in Fig. 5.10 (a) including
the doped heater, silicon slab, and the two waveguides (wg-p and wg-s). This analysis is
performed with the HEAT solver in Lumerical [122]. Here, the silicon substrate acts as the
thermal equivalent of an electrical ground, enabling the primary path for heat removal. The
parameters R and C indicate the thermal resistance and heat-storing capacity, respectively,
of the corresponding component. The doped heater is activated with an external electrical
power HS and the resulting heat mainly goes into the primary waveguide (wg-p) through the
silicon slab RSi and the cladding region indicated as RB or RC. The majority of the heat
flux goes through the silicon slab as silicon has a substantially higher thermal conductivity as
opposed to silicon dioxide (SiO2), thus establishing it the main channel for thermal conduction.
According to the thermal RC model, approximate expressions for the heating (τh) and cooling
(τc) time constants can be extracted in terms of thermal resistance and capacitance. For no
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Substance
Depth
[µm]

Density
[kg/m3]

Heat
capacity
[J/kg·K]

Thermal
conductivity

[W/m·K]

Electrical
conductivity

[S/m]

Si (substrate) ≫ 10 2330 711 148 4.3× 10−4

Si (wg) 0.22 2330 711 90 4.3× 10−4

Si (slab) 0.09 2330 711 55 4.3× 10−4

N++ doped Si 0.09 2330 711 25 1.0× 105

SiO2 – 2203 709 1.38 1× 10−11

Air ≫ 10 1.177 1006 0.026 1× 10−12

Table 5.1: Material parameters used for thermal simulations based on [182].

trench the expressions are given as: τh ≈ RSiCwg-p; τc ≈ 0.45RBCwg-p where RSi and RB de-
note the thermal resistance of the silicon and the clad layer, respectively. The parameter Cwg-p

indicates the heat-storing capacitance of the primary waveguide (wg-p). As RSi < RB, the
cooling time constant is greater than the heating time constant implying that the cooling pro-
cess will take longer than the heating. Consequently, the electrical driving frequency f of the
doped heater is constrained by the slower cooling time constant τc. The corresponding time
constants for the deep trench design as evaluated as: τDh ≈ RSiCwg-p; τDc ≈ 0.5RBCwg-p. As
RSi < RB, even with deep trench designs, the cooling time constant τDc remains higher than
the heating time constant τDh. As a consequence, the input frequency f of the doped heater is
limited by the cooling time constant τDc . While the heating time-constant is approximately
the same with and without the deep trench (τDh ≈ τh), the cooling process is marginally ex-
tended with the deep trench. This happens due to the poor thermal conductivity of air as
opposed to silicon dioxide (SiO2), ensuing in a marginal reduction in the allowed modulation
frequency.

The thermal response at the primary waveguide (wg-p) was evaluated after applying a step
electrical input power at the doped heater presenting heating time constants of τh = 55µs
and τDh = 58µs for no trench and deep trench designs, as illustrated in Fig. 5.10 (b) and (d),
respectively. To estimate the cooling behavior, the input power was sustained for 400µs for
ensuring steady-state conditions, followed by a sudden shutdown. As depicted in Fig. 5.10 (c)
and (e) the cooling time for the deep trench (τDc = 105µs) is higher than that of no trench (τc
= 91µs) confirming that the cooling persistently slower than the heating which is consistent
with the theory. The 3 dB input frequency was estimated to be around 11 kHz and 9.5 kHz for
no trench and deep trench designs suggesting a reduced switching speed for the deep trench.
Nonetheless, the heating efficiency at the primary waveguide (wg-p) and thermal crosstalk
at the secondary waveguide (wg-s) are noticeably improved due to heat localization at the
primary waveguide (wg-p) for the deep trench design.

60

https://doi.org/10.7795/110.20260421B



5.2 Thermal crosstalk mitigation techniques

Figure 5.11: The cross-section profile of a thermally tuned primary waveguide (wg-p) and a PN phase shifter
(PN PS) considering (a) no trench and (b) deep trench configurations. Heat distribution profiles for wg-p and
PN phase shifter separation of 5µm and heater power of 211 mW are depicted for (c) without trench and (d)
deep trench configuration based on [105]. The color scale in (c) and (d) represents temperature in Kelvin (K),
ranging from 300 K (blue) to 428 K (red).

Crosstalk evaluation in PIC designs

A comprehensive evaluation of thermal crosstalk for the deep trench design is carried out for a
multitude of photonic devices typically used in PICs like modulators, switches, photodetectors,
etc. in the following sub-section. These findings are essential for ensuring scalable and compact
PICs, where alleviating thermal crosstalk is of critical importance.

A. Integrated PN junction phase shifter

The CMOS compatible integrated PN phase shifters [207, 208] are used in silicon photonics for
a multitude of applications like tunable filters, wavelength-selective switches, photonic neural
networks, etc . The thermal crosstalk performance of a deep trench based PN phase shifter is
evaluated with the geometry for no trench and deep trench depicted in Fig. 5.11 (a) and (b),
respectively [105]. In the modified design (Fig. 5.11 (b)), the thermally tuned waveguide and
the PN phase shifter are spaced by 5µm and a reverse bias voltage was used across the Anode
(A) and Cathode (K) of the Al electrodes for biasing the phase shifter. In the phase shifter,
the n++ and p++ regions are having a doping concentration of 1× 1020 cm−3 and the p+ and
n+ wells are doped with a concentration of 2 × 1017 cm−3 and 4 × 1017 cm−3, respectively.
From the temperature distribution profiles in Fig. 5.11 (c) and (d), it can be observed that
the deep trench substantially lessens the heat transfer to the PN region, hence alleviating the
thermal crosstalk. Consequently, for the deep trench design, the phase is unaffected by the
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Figure 5.12: The normalized phase ratio comparison for no trench, oxide trench [96], and deep trench scenarios.
Here, the normalized phase ratio is evaluated by dividing the phase shift in the PN phase shifter by the phase
shift in the main waveguide (wg-p) at the highest heater power based on [105].

reverse bias voltage independent of the power given across the neighboring doped heater as per
Fig. 5.12. Thus, the modified configuration with deep trench ensures a more robust thermal
shielding mechanism, elevating the reliability and scalability of PICs.

B. MZM driven with a PIN diode

The thermal crosstalk behavior of a MZM based on a PIN diode structure [209, 210] is examined
for no trench and deep trench isolation as is illustrated by the geometries in Fig. 5.13 (b) and
(c), respectively [105]. The top view of one arm of the modulator is demonstrated in Fig. 5.13
(a) and it depicts the modulator geometries in Fig. 5.13 (b) and (c). The MZM arm and the
primary waveguide (wg-p) are spaced by 5µm and for analyzing the crosstalk, a forward bias
voltage ranging from 0.5 to 1.2 V is applied across the anode (A) and cathode (K) contacts of
the PIN junction. In the PIN diode, the doping concentration for the n++ and p++ regions is
5×1020 cm−3 and they provide the forward bias voltage V . The n+ type and p+ type dopants
on either side of the intrinsic (i) region have a doping concentration of 2 × 1018 cm−3 on
either side of the intrinsic (i) region that constitutes the silicon waveguide core. The thermal
and optical simulations were conducted with the CHARGE, HEAT and MODE solvers of
Lumerical [122]. For the PIN junction, the diffusion of the charge carriers and the charge
profile is simulated with the CHARGE solver, the temperature profile is evaluated with the
HEAT solver, and the MODE solver can evaluate the resulting changes in the refractive index
and the transmission characteristics.

For the MZMs, the charge is pumped from the p and n doped regions into the intrinsic (i)
waveguide resulting in the modulation of the refractive index. As illustrated in Fig. 5.13 (d) and
(e), with a deep trench the thermal stress on the MZM is noticeably reduced. In conventional
designs, elevated heater temperatures ensue in thermal crosstalk, which amplifies the charge
diffusion into the intrinsic region for a defined bias voltage V eventually deteriorating the
modulator performance. Within a PIN diode, the diffusion of the charge carriers is heavily

62

https://doi.org/10.7795/110.20260421B



5.2 Thermal crosstalk mitigation techniques

Figure 5.13: (a) Top view of the primary waveguide (wg-p) and Mach–Zehnder modulator (MZM). Cross-
sections of the PIN diode and thermally tuned waveguide for (b) no trench and (c) deep trench cases. Heat
distributions at 211mW are shown in (d) and (e) for the respective configurations, based on [105]. The color
scale in (d) and (e) indicates temperature (K), from 300 K (blue) to 428 K (red).

impacted by the temperature for a defined forward bias voltage V [211]. As can be seen
from Fig. 5.14 (a) and (b), the deep trench configuration allows for a minimum of twofold
curtailment of charge carrier accumulation within the intrinsic (i) region.

Additionally, the refractive index showcases a linear response to the applied forward bias
voltage starting from around 0.75 V as demonstrated in Fig. 5.15 (a) for deep trench as opposed

to the non-linear response for no trench. This is a consequence of the elevated charge carrier
diffusion, both electrons and holes, from the p+ and n+ regions into the intrinsic waveguide
core with increased temperatures. As the temperature escalates, there is a boost in the amount
of carriers in the intrinsic region, resulting in a non-linear shift in the effective refractive index.
With a deep trench, this effect is mitigated by thermal isolation of the waveguide, ensuring
that the refractive index is modified only by the applied voltage. This is especially useful for
densely packed PICs with plenty of heaters, where the non-linearity can result in noticeable
signal deterioration along with undesired higher-order sidebands in the modulated signals.
Furthermore, the DC transfer curve in Fig. 5.15 (b) illustrates that the MZM needs a reduced
Vπ (voltage to achieve a phase shift of pi) for the deep trench scenario thus affirming its
superior performance and minimal thermal interference.
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Figure 5.14: Charge distribution profile across the intrinsic region (i) of a PIN diode-based Mach–Zehnder
modulator (MZM) for (a) no trench and (b) deep trench scenarios for a heater power of 211 mW and an applied
bias voltage (Vbias) of 0 V based on [105]. The color scale represents the charge concentration in cm−3 on a
logarithmic scale, ranging from 5× 106 (blue) to 3× 1011 (red).

Figure 5.15: The variation of (a) the refractive index and (b) the optical transmission with respect to the
bias voltage (V) for the no trench and deep trench configurations considering power of 211 mW applied across
the N++ doped silicon heater based on [105].

C. Travelling Wave MZM

High-speed PN junction-based travelling-wave MZMs [212, 213] are key elements in silicon (Si)
photonic transceivers for optical communication, ensuring high-speed and efficient modulation
by harnessing a longer electrical–optical interaction region ensuing in a broader bandwidth.
These structures are critical in PIC designs owing to their enhanced performance as opposed
to conventional MZMs.

The top view of the MZM arm is depicted in Fig. 5.16 (a), and the cross-sectional configu-
ration together with the doped heater and the thermally tuned waveguide (wg) is illustrated
for no trench and deep trench configurations in Fig. 5.16 (b) and (c), respectively [184, 185].
For simulating the worst-case thermal interaction, the heater is located in close proximity to
both the MZM arm and the waveguide (wg). The dimensions for the N++ doped Si heater, Si
waveguide (wg) is same as discussed in Section 5.1.2 with the gap g between the doped heater
and the MZM arm as 2.5µm to curtail the free-carrier absorption. The doping profile for the
modulator includes the n++ and p++ regions at 1×1020 cm−3, the n+ region at 1×1018 cm−3,
and the the p+ region at 3×1017 cm−3. As seen in the zoomed view in Fig. 5.16 (c), the active
core of the MZM has n+ and p+ regions with widths of 100 nm and 400 nm, respectively,
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Figure 5.16: Cross-section profile of the TW-MZM arm and the thermally tuned waveguide (wg) for (a) no
trench and (b) deep trench scenarios. Heat distribution profiles for a heater power of 250 mW are depicted
for (c) no trench and (d) deep trench configuration based on [184]. The color scale in (d) and (e) represents
temperature in Kelvin (K), ranging from 300 K (blue) to 498 K (yellow).

Figure 5.17: Charge distribution profile across the active region of the TW-MZM for (a) no trench and (b)
deep trench scenarios considering a heater power of 250 mW and an applied bias voltage (Vbias) of 1.5V based
on [184]. The color scale represents the charge concentration in cm−3 on a logarithmic scale, ranging from
0.0031 (blue) to 1.01× 1020 (yellow).
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Figure 5.18: (a) Simulation setup for the bandwidth measurement of the TW-MZM and (b) the corresponding
bandwidth for no trench and deep trench scenario based on [184]. The length of the TW-MZM is 500µm.

with the air-filled deep trench acting as the thermal barrier. Simulations were carried out with
Lumerical’s [122] CHARGE, MODE and HEAT solvers indicating that the MZM core reaches
a temperature greater than 340 K in the absence of trench as opposed to with the deep trench
where the MZM remains at the ambient temperature of 300 K as illustrated in Fig. 5.16 (d)
and (e), respectively, affirming the thermal insulation by the deep trench. Here, the CHARGE
and MODE solver was used to obtain the charge distribution profile across the TW-MZM and
evaluate the optical properties while the HEAT solver was used to obtain the temperature
profile of the entire SOI configuration.

The charge profile distribution in the MZM core considering a reverse bias voltage (Vbias)
of 1.5 V is illustrated in Fig. 5.17 (a), and it is ascertained that a temperature rise causes a
considerable diffusion of n+ and p+ charge carriers in the MZM. Consequently, the modulator
efficiency is compromised and the small-signal bandwidth is restricted. With a deep trench,
this problem is resolved by thermal isolation which ensues in a lower charge carrier concentra-
tion in the active core as shown in Fig. 5.17 (b).

For simulating the electro-optic (E/O) bandwidth and BER performance of the MZM, the
INTERCONNECT module of Lumerical [122] was used. The model parameters for the waveg-
uide, optical modulator and the traveling wave electrode which constitute an entire modulator
circuit is obtained from the CHARGE, MODE, and HEAT solvers and then imported into the
INTERCONNECT solver for system level analysis. The simulation setup and the correspond-
ing bandwidth performance is illustrated in Fig. 5.18 (a) and (b), respectively. With a deep
trench, the bandwidth elevates to 22.91 GHz as opposed to 13.39 GHz without a trench, thus
resulting in a 71 % bandwidth enhancement without any pre-compensation or pre-emphasis
techniques [184]. This improvement is attributed to the trench structure suppressing the ther-
mal diffusion of charge carriers into the active MZM core, thereby scaling down the junction
capacitance and resistance which in turn lowers the RC time constant and enhances the small-
signal bandwidth. The simulation setup for eye diagram and BER analysis is depicted in
Fig. 5.19 (a) where the modulator performance is gauged at different data rates with an OOK
modulation scheme with a 2× 10−1 PRBS sequence (representing a random data pattern), as
visualized in Fig. 5.19 (b) - (e). For a lower data rate of 20 Gbps, the MZM has nearly identical
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Figure 5.19: (a) Simulation setup for the eye-diagram and BER analysis of the TW-MZM [185]. Eye diagram
analysis for no trench and deep trench scenarios at 20 Gbps (b, c) and 50 Gbps (d, e) respectively based on
[184].

Figure 5.20: (a) Plot of BER with respect to the received optical power at the photodetector (PD) for no
trench and deep trench scenarios at 50 Gbps based on [185].

eye diagrams with the same range for the BER. But as the data rate increases to 50 Gbps, the
eye opening and the BER indicate noticeable divergence, with the deep trench model having a
superior signal integrity. This is also confirmed by the plot of the BER vs the received optical
power at the photodetector shown in Fig. 5.20 indicating a low BER of 3.54×10−6 for the deep
trench model which is much lower than the forward error correction (FEC) limits as opposed
to a BER of 1.23× 10−3 without a trench for a received power of -2.45 dBm [185].

D. Silicon ring modulator

The silicon ring modulators [214] in PICs provide a smaller footprint and higher energy ef-
ficiency compared to the conventional MZM designs, making them advantageous for use in
frequency comb generators, digital links, microwave photonic links (MPLs), etc.
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Figure 5.21: (a) Overhead view of the silicon (Si) ring modulator together with a doped heater, thermally
tuned primary waveguide (wg-p), and deep trench structure, where the p–n junction region is marked in pink.
Sectional view of the Si ring modulator, doped heater, and thermally tuned waveguide and the respective heat
distribution profile for (b, d) no trench and (c, e) deep trench design based on [187]. For the temperature
profiles a power of 280 mW is applied across the heater. The color scale represents temperature in Kelvin (K),
ranging from 300 K (blue) to 498 K (red) in (d) and 580 K in (e).

The top view of the modulator is illustrated in Fig. 5.21 (a) and the cross-sectional layout
is given in Fig. 5.21 (b), (c) for no trench and deep trench designs, respectively [187], with the
2µm wide deep trench etched at 7.5µm below the Si substrate. The N++ doped Si heater
and the design layouts are identical to the one in Section 5.1.2. The heater is placed in very
close proximity to the modulator and at a distance of 2.5µm from the waveguide (wg). The
thermally-tuned waveguide (wg-p), the ring, and the coupling waveguide have cross-sectional
proportions of 220 nm × 450 nm [215]. The ring has a radius of 7.5µm with a distance of 210
nm from the adjacent bus waveguide. Inside the ring waveguide, the n+ and p+ regions are
equally wide at 225 nm. The n++, p++, n+, and p+ regions are having a doping concentration
of 1 × 1020 cm−3, 1 × 1020 cm−3, 1 × 1018 cm−3, and 3 × 1018 cm−3, respectively. With 280
mW of power applied across the doped heater, the temperature in the Si waveguide is 350
K as per Fig. 5.21 (d). In contrast, the temperature remains at 300 K for the deep trench
(Fig. 5.21 (e)) owing to the thermal shielding of the ring modulator. The charge concentra-
tion profile in the PN phase shifter is examined for different reverse bias voltages as depicted
in Fig. 5.22 indicating that with increasing voltages, the charge concentration moves to the
left. For traditional designs, the temperature elevation results in a considerable diffusion of

68

https://doi.org/10.7795/110.20260421B



5.2 Thermal crosstalk mitigation techniques

Figure 5.22: Charge distribution profiles of the n-type charge carriers of the PN phase shifter as shown in
Fig. 5.21a in pink for the no trench (a, c, e) and deep trench (b, d, f) layouts considering reverse bias voltages
of −1V (a, b), −3V (c, d), and −5V (e, f) supplied to the ring modulator with a heater power of 280 mW
based on [187]. Here, the dashed lines represents the boundary of the n+ and p+ doped regions and the color
bar represents the n-type charge concentration in cm−3 on a logarithmic scale ranging from 1.24 (blue) to
1× 1020 (red).

Figure 5.23: Variation of the (a) real part of the effective index (Re(∆neff)) and (b) imaginary part (loss) in
dB/cm corresponding to the reverse bias voltage applied across the silicon ring modulator, for without trench
and deep trench scenarios. Transmission spectra of the ring modulator at (c) a wide range of wavelength and
(d) a narrower range of wavelength for the ideal case, no trench, and deep trench layouts consídering reverse
bias voltages of −1V and −5V based on [187]. In every scenario, a power of 280mW is supplied across the
doped heater.

n+ and p+ charge carriers into the PN junction deteriorating the modulator performance in
terms of bandwidth and transmission characteristics, especially for compact PICs. However,
modeling the deep trench thermally isolates the modulator with a significantly lower charge
concentration.
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Figure 5.24: (a) Structural layout of the AlGaInAs/InP-based MQW laser and (b) depicts a magnified view of
the MQW active region. (c) Sectional view depicting the laser together with the doped heater and waveguide.
(d) Simulated optical mode distribution of the MQW laser based on [188].

As a consequence of silicon’s large thermo-optic coefficient of 1.8× 10−4 K−1 , a noticeable
phase shift is caused in the PN phase shifter, modifying the effective refractive index ∆neff

as well as the loss as demonstrated by the plots in Fig. 5.23 (a) and (b). Due to the thermal
isolation provided by the deep trench, both ∆neff and loss are lower than the conventional
modulator designs. In Fig. 5.23 (c) and (d), the transmission spectrum of the ring modulator
is assessed at reverse biases of -1 V and -5 V with an free spectral range (FSR) of 5 nm which
is defined as the wavelength spacing between two consecutive resonance modes of the ring
resonator. From the magnified view in Fig. 5.23 (d), it is ascertained that a deep trench assisted
modulator ensures a sharp and deep resonance which closely resemble the ideal resonance.

E. Multi-Quantum Well (MQW) laser

While the silicon photonics platform does not support a native laser source, narrow linewidth
and CW lasers [216] have the potential to be co-integrated via heterogeneous bonding like
wafer bonding or III-V/IV bonding [217–219]. As such, the integrated laser sources can gen-
erate unwanted heat in the PICs and are susceptible to thermal interference from neighboring
elements. AlGaInAs/InP MQW lasers, however, offers reliable operation even at higher tem-
peratures [220].

For gauging the thermal interaction effects in PICs, the 1.3µm AlGaInAs/InP-based MQW
laser is simulated on a SOI platform as depicted in Fig. 5.24 (a), (b), and (c) [188]. For
evaluating the harshest thermal conditions, the doped heater is meticulously located between
the laser and a nearby waveguide (Fig. 5.24 (c)). Nonetheless, this preliminary investigation
excludes self-heating, which is likely to further deteriorate the performance. The doped Si
heater, waveguide (wg), and the trench model with the corresponding parameters is adapted
from Section 5.2.1. Using the MODE solver of Lumerical [122] which uses the FDE method,
the optical mode profile considering the fundamental Transverse Electric mode is evaluated
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Figure 5.25: (a) Plot of the MQW laser gain (cm−1) as a function of frequency in THz for high (4.60 ×
1024 m−3) and low (1.16× 1024 m−3) carrier densities. Evaluation of (b) peak gain (cm−1) and (c) differential
gain (1× 10−15 cm2) as a function of carrier density (1× 1024 m−3) based on [188]. For every scenario, the no
trench and deep trench configurations are evaluated.

and its effective index and group index is determined. The mode profile confirms that the
optical modes are restricted within the active region of the MQW laser as per Fig. 5.24 (d)
which is necessary in order to have a high optical gain and stable laser operation.

When a power of 320 mW is applied across the heater, the effective temperature in the
MQW laser core is 350 K, which alters its gain characteristics negatively. Nevertheless, incor-
porating a deep trench thermally isolates the laser and the active region stays at an ambient
temperature of 300 K thus enhancing the laser performance in terms of gain under high carrier
density, as is visualized in Fig. 5.25 (a). For an elevated carrier density of 4.60 × 1024m−3,
the peak gain reaches 3562 cm−1, suggesting an improvement of 20 % in the peak gain as per
Fig. 5.25 (b). Additionally, the differential gain, which is defined as the rate at which the
optical gain varies with the carrier density, is also enhanced for lower charge carrier densities
(Fig. 5.25 (c)). All in all, the deep trench successfully alleviates the thermal crosstalk in MQW
lasers [188].

F. Avalanche photodetector (APD)

Silicon-Germanium (Si-Ge) APDs featuring a thin multiplication region [221, 222] are optimal
for high-speed and energy-efficient optical receivers owing to their multi-fold advantages in
PICs like suppressed dark current, lower operating voltage, and higher bandwidth. The thin
multiplication region ensures lower noise along with faster transit time making CMOS com-
patible and compact Si-Ge APDs perfect for next-generation optical communication systems
applications.

The geometry of the heater, 100µm long Si-Ge APD, and the waveguide (wg) on the SOI
platform with the deep trench and a magnified view of the Si-Ge APD is illustrated in Fig. 5.26
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Figure 5.26: (a) Sectional view of the Si-Ge APD with the doped Si heater, thermally tuned waveguide and
a deep trench. (b) Magnified perspective of the Si-Ge APD depicting the Si, Ge layers and Al electrodes based
on [190]. For both the subfigures the x-axis is compressed for clarity.

Figure 5.27: (a) Three-dimensional illustration of the Si-Ge APD with the doped Si heater, thermally tuned
waveguide and a deep trench. (b) Optical mode distribution measured at 5µm away from the Si-Ge front edge
based on [189].

(a) and (b), respectively [190]. A three dimensional view of this geometry and the optical mode
profile is given in Fig. 5.27 (a) and (b), respectively, affirming that the optical modes are con-
tained in the Si and Ge layers in the APD [189]. To model the worst-case thermal crosstalk
scenario, the N++ doped Si heater is located centrally amid the thermally tuned waveguide

(wg) and the Si-Ge APD. The SOI design parameters, doped heater and waveguide (wg)
features, and the deep trench dimensions are adapted from Section 5.2.1. As can be seen from
the magnified view (Fig. 5.26 (b)), the APD has a multi-layered structure starting with the
bottom Si layer with a width of 8.8µm and a thickness of 0.15µm followed by a top Si layer
with 4.4µm width and 0.22µm thickness. This is followed by the 0.35µm thick Ge layer and
Al electrodes. The APD Si layers form the multiplication region and the Si doping profiles
have vertically aligned n+, i, and p− Si wells with doping concentrations of 1 × 1020 cm−3,
1×1015 cm−3, and 1×1017 cm−3, respectively. The p+ and p++ wells in Ge have doping levels
of 1× 1018 cm−3 and 1× 1020 cm−3, respectively and they start at the bottom of the Ge layer
extending through a thickness of 0.35µm and 0.37µm, respectively [223]. The distribution of
the p-type charge carriers considering the bottom and top Si layers of the APD is depicted
in Fig. 5.28 (a) and (b) considering no trench and deep trench models, respectively. When
the trench is not included in the design, the Si layer in the APD heats up to 400 K under
3 V of reverse bias and 290 mW power across the heater. Consequently, the diffusion of p+
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Figure 5.28: P-type charge carrier profile for (a) no trench and (b) deep trench scenarios at the top and
bottom Si layers of the APD considering a heater power of 290 mW and a reverse bias of 3 V. The color bar
at the top depicts the p-type charge concentration in cm−3 on a logarithmic scale ranging from 0.48 (blue) to
7.91× 1013 (red). (c) Photo current and dark curent as a function of voltage for the Si-Ge APD for no trench
and deep trench designs for a heater power of 290 mW based on [190].

charge carriers across the top and bottom Si APD layers substantially deteriorates the device
performance when the bandwidth and overall performance metrics are gauged. Nonetheless,
with a deep trench integrated design, the APD is thermally decoupled from the doped heater,
reducing charge diffusion (Fig. 5.28 (b)) and enhancing the device performance.

For investigating the photocurrent and dark current in the APD, the reverse bias voltage
across the Al electrodes is varied until 12 V as depicted in Fig. 5.28 (c). In the absence of
trench, the heightened charge carrier concentration ensues in high amounts of photocurrent
and dark current practically indistinguishable for any given voltage. With the deep trench,
however, the dark current and photocurrent are lower and distinct owing to the thermal
shielding, with breakdown voltage observed at 10.02 V. With the simulation setup in Fig. 5.29
(a), the performance of the Si-Ge APD is gauged in terms of eye diagram at 40 Gbps utilizing
OOK modulation and a PRBS sequence of 210−1 with a multiplication factor (M) of 5. With
the deep trench the APD demonstrates a higher BER and enhanced extinction ratio (ER) of
6.1× 10−8 and 15.86 dB as opposed to 1.96× 10−4 and 3.92 dB for no trench [190].

G. Uni-travelling carrier photodiode

While the ultrafast photodetectors [225] are critical for advanced implementations like high-
speed optical interconnects and fiber-optic links, they are still restricted by the slower hole
mobility as compared to the electrons, allowing for an asymmetrical and delayed response. As
the holes move at a lower speed compared to the electrons, the photocurrent produced has a
temporal drag as the response of the leading edge is much faster than the trailing edge which
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Figure 5.29: (a) Simulation confíguration for the eye diagram analysis consisting of CW laser, polarization
controller (PC), Mach-Zehnder Modulator (MZM), Arbitrary Waveform Generator (AWG) with non-return-to-
zero (NRZ) encoding, Erbium-doped fiber amplifier (EDFA), a 40 GHz Low pass filter (LPF), Si-Ge APD and
Sampling Oscilloscope (SO). Eye diagrams of the avalanche photodetector operating for on-off keying (OOK)
modulation at 40 Gbps for (b) no trench and (c) deep trench based on [190].

Figure 5.30: (a) Schematic representation the InP/InGaAs UTC photodetector [224] and (b) the three dimen-
sional representation of the photodetector along with the Titanium heater and the deep trench design based
on [191].

eventually leads to pulse broadening and compromises the modulation speed of the photode-
tector. For UTC photodetectors [226–229], electrons alone act as the active carriers, ensuing in
reduced transit times and improved photoresponse. They can exhibit bandwidths ranging up
to 100 GHz in III-V waveguide configurations, and 155 GHz for integrated silicon nitride (SiN)
platforms. Additionally, the UTC photodetectors are promising for photomixing applications,
ensuring high-purity THz signal generation for next-generation THz wireless communication.
Nevertheless, when integrated in a PIC, the thermal crosstalk is a key challenge and needs to
be mitigated.

The Indium Phosphide / Indium Gallium Arsenide (InP/InGaAs) UTC photodiode design
[191, 227] comprises of a 700 nm thick not-intentionally-doped (n.i.d.) Indium Phosphide
(InP) collector layer, an Indium Gallium Arsenide (InGaAs) and InP bonding layer of 250 nm
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Figure 5.31: Spatial distribution of the n-type charge carriers in the 700 nm thick InP, n.i.d. collector layer
shown in Fig. 5.30a for (a) no trench and (b) deep trench configurations where the color scale indicates the
charge concentration in cm−3 on a logarithmic scale ranging from 1.39× 1015 (blue) to 5.25× 1018 (red). (c)
Current–voltage and (d) capacitance–frequency characterization of the UTC photodetector. In every scenario,
the heater power applied is 250 mW based on [191].

and 100 nm thickness, respectively as described in Fig. 5.30 (a). To evaluate the most severe
thermal condition, a Ti heater with dimensions discussed in Section 5.1.1 is located adjacent to
the UTC photodetector. For crosstalk alleviation, an air-filled deep trench having proportions
described in Section 5.2.1 was positioned amid the heater and the UTC photodetector, the
three-dimensional view of which is illustrated in Fig. 5.30 (b). This causes the UTC to be
thermally isolated and remain at the ambient temperature of 300 K even at a heater power
of 250 mW. The CHARGE solver of Lumerical [122] was used to determine the charge carrier
concentration, model the dark current, and extract the capacitance of the photodetector. The
design exhibits a reduced charge diffusion and decreased charge carrier concentration in the
InP collector layer (Fig. 5.31 (b)) as opposed to the no trench design (Fig. 5.31 (a)). The dark
current is reduced to approximately 2.5 pA for 0.5 V of reverse bias as per the current-voltage
plot in Fig. 5.31 (c). Further, a minor drop in the capacitance is observed (Fig. 5.31 (d)),
affirming that the deep trench assisted design outperforms its conventional counterpart [191].

H. Silicon micro-ring switches

In advanced optical communication systems, Si micro-ring resonators [230, 231] are pivotal
elements especially for optical switching and sensing applications, owing to their CMOS com-
patibility and easy incorporation into PICs. Additionally, silicon’s high refractive index con-
trast eases the realization of dense, efficient, and scalable switching architectures [232] with
ring resonator arrays.

For evaluating the thermal crosstalk performance, a segment of the 4 × 4 silicon photonic
switching network [232] with the schematic diagram depicted in Fig. 5.32 (a) is simulated. A
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Figure 5.32: (a) Schematic diagram of the 4×4 optical routing network from [232]. Here, a part of the switch
consisting of RC and RD as indicated inside the red box depicts the simulated section. (b) Three-dimensional
model of the highlighted section consisting of the ring resonators (one is activated) and the deep trench to
prevent unintentional thermal leakage into the adjacent ring. Heat distribution profiles of the silicon micro-ring
resonators for (c) no trench and (d) deep trench scenario where the magnified views at the bottom left indicate
the thermal impact on adjoining ring based on [192]. The color scale in (c), (d) represents temperature in
Kelvin (K), ranging from 300 K (blue) to 433 K (yellow).

Figure 5.33: Simulated transmission response for ideal, no trench and deep trench scenarios depicted in blue,
green and red respectively based on [192]. Here, the magnified view of the highlighted portion indicates the
shift in the wavelengths for the three different scenarios.

three-dimensional model of the highlighted section in red (Fig. 5.32 (a)) is demonstrated in
Fig. 5.32 (b) [192]. Here, the linear waveguides are 160µm long, 0.45µm thick, and 0.25µm
wide [233]. The rings RC and RD have a radius of 9.55µm while being 0.45µm thick, and at
a distance of 0.185µm from the bus waveguide. The ring is tuned with the Ti heater located
0.8µm above the ring. For crosstalk mitigation, two air-filled deep trenches are introduced
around the rings RC and RD, each being 0.65µm wide and beginning at 3µm depth in the Si
substrate. The trenches curve around one-eighth of the ring circumference along the bus waveg-
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Figure 5.34: Cross-sectional geometry and heat distribution profiles of the amorphous Si waveguides (wg-1
and wg-2) with an N++ doped Si heater, for (a, c) no trench and (b, d) deep trench configuration based on
[193]. The deep trench is 2 µm wide and starts at a depth of 2 µm from the silicon substrate. The color scale
in (c), (d) represents temperature in Kelvin (K), ranging from 300 K (blue) to 444 K (yellow).

uide intersection as per the white region in Fig. 5.32 (b). The HEAT and INTERCONNECT
solvers of Lumerical [122] are used to evaluate the temperature profile of the thermal switch
and the system-level switching analysis, respectively. The temperature distribution profiles for
no trench and deep trench models are depicted in Fig. 5.32 (c) and (d), respectively. When the
ring RD is heated to 382 K with the Ti heater, the adjacent ring RC reaches 304.5 K without
a trench. Deep trench model corresponds to effective thermal insulation and the temperature
drops to 301.5 K. The spectral response of the micro-ring resonator was plotted in Fig. 5.33
for no trench and deep trench models. Under ideal circumstances with no unwanted thermal
effects, the inactive ring remains at 300 K. From the magnified view, it is ascertained that for
the no trench model, there is a wavelength shift of ∆λ1 = 0.24 nm equating to a frequency
deviation of 29.92 GHz, while for the deep trench configuration, the wavelength shift is nar-
rowed down to ∆λ2 = 0.12 nm equating to a frequency deviation of 14.95 GHz. Thus, the
deep trench minimizes crosstalk ensuring only half the resonance shift with improved network
switching [192].

5.2.2 Amorphous Silicon platform

Beyond structural design, the thermal crosstalk in PICs is greatly influenced by the choice of
materials in the device construction. Section 5.1.2 demonstrates the superiority of N++ doped
heaters in suppressing the thermal crosstalk as compared to Ti heaters considering thermally
tuned crystalline silicon (c-Si) rib waveguides. Nevertheless, it is possible to fabricate PICs
compatible with CMOS technology with hydrogenated amorphous silicon (a-Si) [234] using
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Figure 5.35: (a) Phase crosstalk measured across the secondary waveguide (wg-2) as a function of the sepa-
ration d between the two waveguides (wg-1 and wg-2) in µm for the no trench scenario. (b) Phase crosstalk
versus slab width w in µm for the no trench scenario. (c) Phase crosstalk measured across the secondary
waveguide (wg-2) as a function of the separation d between the two waveguides (wg-1 and wg-2) in µm for the
deep trench scenario based on [193]. In each case, amorphous silicon (a-Si, red) and crystalline silicon (c-Si,
blue) are compared.

chemical vapor deposition [235]. Considering the significantly lower thermal conductivity of
a-Si around 1.8W/(m·K) as opposed to 90W/(m·K) for c-Si, a-Si can be viable for use in
compact PICs where thermal crosstalk poses a key challenge.

The integrated N++ doped Si heater design with two waveguides (wg-p and wg-s) based on c-
Si is previously demonstrated in Section 5.1.2. In this simulated design as depicted in Fig. 5.34
(a, b), a-Si is used as the material for the slab region and for the waveguides (wg- and wg-2).
To further alleviate the thermal crosstalk, an air-filled deep trench with parameters previously
discussed in Section 5.2.1 is implemented between the two waveguides as per Fig. 5.34 (b)
[193]. The temperature distribution profile for the no trench and deep trench designs was
simulated using the HEAT solver of Lumerical [122] and it is provided in Fig. 5.34 (c) and
(d), respectively, clearly depicting the thermal isolation provided by the deep trench where the
wg-2 remains at the ambient temperature of 300 K at a power of 250 mW across the integrated
N++ doped Si heater. The phase crosstalk, which is the ratio of the phase shifts in wg-2 and
wg-1, is determined for different waveguide spacings d and slab widths w as per Fig. 5.35 (a,
b, c). It is evident from Fig. 5.35 (a, b) that with a-Si, the design has a lower phase crosstalk
as compared to c-Si. Further, with deep trench, both a-Si and c-Si show extremely low values
of phase crosstalk (Fig. 5.35 (c)), confirming the usefulness of trench assisted a-Si designs.

5.3 Conclusion

To summarize, this chapter provides a thorough simulation analysis of thermal crosstalk miti-
gation techniques for several devices suitable for integration into CMOS compatible PICs. To
start with, it was realized that the strip waveguide outperforms the rib waveguides ensuring
enhanced phase and thermal stability. With integrated N++ doped Si heater, the thermal
characteristics are superior with lower phase crosstalk as opposed to the conventional metal
heaters. With metal contacts, the overall power requirement increases in PICs, however, the
influence on thermal crosstalk is marginal. A notable improvement in crosstalk mitigation is
observed for deep trench designs with a minor increase in the cooling time-constant. Such
designs have shown performance improvement for a variety of devices like PN phase shifters,
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Reference Number Heater
type

Air
trench

External
heat sink

CMOS
ready

Thermal
Crosstalk

PIC
tested

[176] Thin film Yes Yes No Moderate Passive
(MZIa,
MMIb)

[177] P++

Doped
Silicon

No No Yes Low Passive
(MZIa,
MMIb)

[180] Metal
heater

No No Yes Low Passive
(ring)

[42, 181] Metal
heater

No No Yes Low Active and
Passive
(ring,
MZIa)

[182] N++

Doped
Silicon

Yes No Yes Low Passive
(MZIa)

[96] N++

Doped
Silicon

Yes No Yes Low Active and
Passive
(ring, PN
PSc, at-
tenuator)

[105], this work N++

Doped
Silicon

Yes (Deep
trench)

No Yes Very low Active and
Passive
(modula-
tor, PN
PSc)

MZIa = Mach-Zehnder interferometer, MMIb = Multi-mode interferometer, PN PSc = PN phase shifter.

Table 5.2: Thermal crosstalk comparison for proposed designs with different types of heaters

modulators, switching networks, etc. Further alleviation of thermal crosstalk is observed with
the amorphous silicon platform with a much lower thermal conductivity as compared to crys-
talline silicon.

A comparison of our work [105] with the previous studies on thermal crosstalk is offered in
Table 5.2. The heater design shown in [176] was developed with thin-film integration. Nev-
ertheless, the heater was not compliant with CMOS technology providing mediocre crosstalk
alleviation and the design was validated only for passive components in the PICs. The studies
demonstrated in [177] and [180] evaluated crosstalk behavior across multiple passive photonic
elements like MZIs, MMIs, and micro-ring resonators. The designs followed CMOS fabrica-
tion standards, ensuring easy integration into the industry-standard photonic manufacturing
workflows with scalable PICs. The works shown in [42, 181] illustrate metal heaters capable
of thermally tuning integrated photonic devices, taking into account both passive and active
components like micro-ring resonators and MZIs. Despite being CMOS compatible, they
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lacked supplementary thermal isolation mechanisms such as air-filled trenches or auxiliary heat
sinks. Consequently, the devices exhibited a low, but not negligible thermal crosstalk. The
study reported in [182] and our previous work [96] have explored doped Si heaters integrated
with thermal isolation structures based on air-filled trenches. While [182] examines a passive
MZI, [96] extends the usage of the heaters to both active and passive components like ring
resonators, phase shifters based on PN junctions, and integrated optical attenuators. Both of
these designs have allowed for significantly low thermal crosstalk. The work in this chapter
[105] simulates deep trench designs that can provide very effective thermal isolation, thus
effectively reducing thermal crosstalk to extremely low values in both passive devices and
active devices like PN phase shifters, modulators [184, 185, 187], avalanche [189, 190] and
uni-travel carrier photodetectors [191], etc.

To sum it all up, combating thermal crosstalk is a multi-dimensional challenge entailing
integrated doped heaters for control, structural obstructions like air-filled oxide and deep
trenches for isolation, and material selections like a-Si for enhanced thermal management.
Combining these methods together allow for robust, scalable, and thermally efficient photonic
systems with PICs capable of performing high bandwidth signal processing.
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6
Summary and future work

This thesis delves into the generation, detection, and fidelity challenges concerning high
bandwidth signal processing in PICs. Uniting conceptual frameworks with simulations

and experimental validations, the thesis emphasizes on the key non-idealities and thus en-
hances the design and reliability of crosstalk-free optical communication systems that can be
efficiently scaled into the PICs.

The investigation began with the generation of high-quality Nyquist pulse sequences through
the direct synthesis of a rectangular optical frequency comb locked in phase generated by sinu-
soidally driven MZMs. Nevertheless, system non-idealities like comb ripple, inadequate optical
suppression of sidebands, and roll-off in the optical bandpass filters for DD systems can limit
the overall system performance and restrict the temporal and spectral fidelity of the pulses.
These imperfections were analyzed experimentally for three-line OFCs and through simulations
across three-line, five-line and nine-line OFCs, and the quality of the pulses were quantified
in terms of the RMSE. The comb ripple and SSR analysis revealed that the nine-line OFCs
have enhanced performance with the lowest RMSE. With cascaded MZMs, a higher number
of comb lines can be produced, but the flatness deteriorates owing to the non-linearity of the
modulator and the limited RF bandwidth. Such Nyquist pulse sequences have been generated
on an integrated platform with on-chip silicon MZMs as well with different roll-off β values of
the optical filter indicating the best performance with an RMSE of 0.7 % for lowest β values.

The following chapter discussed the DD method with a single photodiode as a viable low-
complexity alternative to coherent detection for short-reach and cost-effective applications.
Two practical impairments, namely the comb ripple and optical filter roll-off β were inves-
tigated though simulations and proof-of-concept experimental validation for a DD based or-
thogonal sampling system with three-line OFCs. For systems with a considerable ADC jitter,
both positive and negative comb ripple contribute to a larger RMSE and lower SINAD and
ENOB. When the ripple surpasses 0.5 dB, there is a noticeable reduction in the robustness of
the orthogonal sampling system. Varying the optical filter roll-off β for the system revealed
that the signal quality remains stable until a critical threshold, after which it declines sharply.
For broadband signals, the orthogonal sampling consistently exhibited superior performance
over conventional DD systems with electronic ADCs across different jitter levels and roll-off
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values, ensuring a 1.5 times improvement of bandwidth due to down-conversion, and better
Q-factors and eye diagrams at the output for higher ADC jitters.

Lastly, the critical issue of thermal crosstalk was analyzed across multiple devices suitable
for integration into the CMOS compatible PICs. Thorough simulations reveal the crosstalk
reduction with integrated N++ doped Si heater as compared to the conventional metal heaters.
With air-filled deep trenches, the thermal crosstalk reduces to extremely low values as experi-
enced in multiple devices in PICs like modulators, ring resonators, avalanche photodetectors,
etc. As compared to the no trench designs or oxide trench designs, it offers significantly
reduced thermal coupling, resulting in improved thermal isolation and stability. Further re-
duction in crosstalk has been demonstrated with amorphous silicon, owing to its significantly
lower thermal conductivity relative to crystalline silicon.

In essence, this thesis provides a comprehensive overview of the practical constraints in
high-bandwidth optical systems, from production of Nyquist pulses with phase locked OFCs
to their application in DD based orthogonal sampling. Additionally, with the methods men-
tioned to curtail thermal crosstalk in PICs, it is possible to have robust, scalable, and thermally
optimized photonic systems for high bandwidth signal processing using PICs.

Future work

To build upon the methodologies and results in this thesis, future investigations can pursue
the following ideas:

Experimental Validation of system performance with non-idealities in mm-wave regime: For
the next phase of research, experimental evaluation of the system performance under non-
idealities like ripple, SSR, and optical filter roll-off β can be performed for three-line and
five-line OFCs at higher frequency spacing between the comb lines, where several effects
like bandwidth characteristics, phase coherence, etc. can be thoroughly analyzed. This
allows for a comprehensive performance characterization in the millimeter-wave (mm-
wave) range and facilitate system assessments customized for high-accuracy metrology
applications.

Sampling analysis for accurate metrological systems: Waveform metrology methods can
be adopted to have a deeper understanding of the Nyquist pulse based sampling as op-
posed to the conventional electrical sampling. This encompasses extracting the system’s
transfer function along with its associated measurement uncertainty, which is formulated
as a covariance matrix which takes into account the correlation between all measurement
points, and facilitating metrology-based error correction. Furthermore, performance
metrics like the jitter, ENOB, linearity, and effective bandwidth can be derived together
with the uncertainty estimates, ensuring a quantitative performance comparison as op-
posed to the other state-of-the-art sampling approaches.

Performance evaluation of DD based orthogonal sampling with nine-line OFCs: To extend
the experimental work done in this thesis, the approach of using orthogonal sampling for
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DD systems can be extended to nine-line OFCs along with broadband communication
signals as input, allowing for improved temporal resolution and enhanced spectral shap-
ing. This scheme can be adopted within PICs optimal for cost-sensitive and scalable
applications including data centers and sensor networks.

Integrated PICs with air-filled deep trench model: To realize experimental validation of
the benefits of the deep trench design, full photonic subsystems including elements like
modulators, filters, and photodetectors can be integrated into deep trench assisted PICs.
This will enable practical realization of a complete link demonstrating crosstalk-free high-
bandwidth signal processing under real-world conditions.
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List of Acronyms

DSP digital signal processing

FT Fourier Transform

FFT Fast Fourier Transform

EMI electromagnetic interference

PIC photonic integrated circuits

CMOS complementary metal oxide semiconductor

E/O electro-optic

O/E opto-electric

MZI Mach-Zehnder interferometer

ADC analog-to-digital converters

DAC digital-to-analog converters

OFC optical frequency comb

E/O electro-optic

O/E opto-electric

ISI inter-symbol interference

GUM Guide to the Expression of Uncertainty in Measurement

FDE finite-difference eigenmode

FEC forward error correction

ENOB effective number of bits

SINAD signal-to-noise and distortion ratio

LO local oscillator

RMSE root-mean-square error

SINAD signal-to-noise and distortion ratio

ENOB effective number of bits

MLLs mode-locked lasers

CW continuous-wave

OPO optical parametric oscillation

SHG second-harmonic generation

NIR near-infrared
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List of Acronyms

MIR mid-infrared

DWDM dense wavelength division multiplexing

OAWG optical arbitrary waveform generation

TOPS thermo-optic phase shifters

BOX buried oxide layer

PC polarization controller

OBPF optical band-pass filter

IEEE Institute of Electrical and Electronics Engineers

TOPS thermo-optic phase shifters

MMI Multi-mode interferometer

TIA transimpedance amplifier

MQW multi quantum well

APD avalanche photodetectors

UTC uni-traveling carrier

CW continuous wave

WDM wavelength division multiplexing

DWDM dense wavelength division multiplexing

SOI silicon-on-insulator

CMOS complementary metal oxide semiconductor

RF radio frequency

MZM Mach-Zehnder modulator

DC direct current

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

PRBS pseudo-random bit sequence

ADC analog-to-digital converters

DAC digital-to-analog converters

SSR sideband suppression ratio

ER extinction ratio

EDFA Er-doped fiber amplifier

ASE amplified spontaneous emission

OSA optical spectrum analyzer
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LO local oscillator

CD coherent detection

AWG arbitrary waveform generator

BER bit error rate

FEC forward error correction

PCB printed circuit board

PC polarization controller

EMI electromagnetic interference

DD direct detection

ENOB effective number of bits

SINAD signal-to-noise and distortion ratio
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