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Abstract

Today’s world is becoming increasingly automated and interconnected with billions of smart
devices coming online, leading to a steep rise in energy consumption from small microelec-
tronics. This coincides with an urgent push to transform global energy production to green
energies, causing disruptions and energy shortages, and making the case for efficient energy
use ever more pressing. Two major areas where high growth is expected are the fields of
wireless communication and radar sensors. Millimeter-wave frequency bands are planned for
fifth-generation (5G) and sixth-generation (6G) cellular communication standards, as well
as automotive frequency-modulated continuous wave (FMCW) radar systems for driving
assistance and automation. Fast silicon-based technologies enable these advances by operating
at high maximum frequencies, such as the silicon-germanium (SiGe) heterojunction bipolar
transistor (HBT) technologies. However, even the fastest transistors suffer from low and
energy expensive gains at millimeter-wave frequencies.

Rather than incremental improvements in circuit efficiency using conventional approaches, a
disruptive revolution for green microelectronics could be enabled by exploring the low-power
benefits of the super-regenerative receiver for some applications. The super-regenerative
receiver uses a regenerative oscillator circuit to increase the gain by positive feedback, through
coupling energy from the output back into the input. Careful bias and control of the circuit
enables a very large gain from a small number of transistors and a very low energy dissipation.
Thus, the super-regenerative oscillator could be used to replace amplifier circuits in high data
rate wireless communication systems, or as active reflectors to increase the range of FMCW
radar systems, greatly reducing the power consumption.

The work in this thesis presents fundamental scientific research into the topic of energy-
efficient millimeter-wave super-regenerative receivers for use in civilian wireless communica-
tion and radar applications. This research work covers the theory, analysis, and simulations,
all the way up to the proof of concept, hardware realization, and experimental characterization.
Analysis and modeling of regenerative oscillator circuits is presented and used to improve
the understanding of the circuit operation, as well as design goals according to the specific
application needs. Integrated circuits are investigated and characterized as a proof of concept
for a high data rate wireless communication system operating between 140–220 GHz, and an
automotive radar system operating at 60 GHz. Amplitude and phase regeneration capabilities
for complex modulation are investigated, and principles for spectrum characterization are de-
rived. The circuits are designed and fabricated in a 130 nm SiGe HBT technology, combining
bipolar and complementary metal-oxide semiconductor (BiCMOS) transistors.

To prove the feasibility of the research concepts, the work achieves a wireless communi-
cation link at 16 Gbit/s over 20 cm distance with quadrature amplitude modulation (QAM),
which is a world record for the highest data rate ever reported in super-regenerative circuits.
This was powered by a super-regenerative oscillator circuit operating at 180 GHz and provid-
ing 58 dB of gain. Energy efficiency is also considerably high, drawing 8.8 mW of dc power
consumption, which corresponds to a highly efficient 0.6 pJ/bit. Packaging and module inte-
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gration innovations were implemented for the system experiments, and additional broadband
circuits were investigated to generate custom quench waveforms to further enhance the data
rate. For radar active reflectors, a regenerative gain of 80 dB is achieved at 60 GHz from a
single circuit, which is the best in its frequency range, despite a low dc power consumption of
25 mW.



Zusammenfassung

Die moderne Welt wird zunehmend automatisiert und mit Milliarden von intelligenten Geräten
vernetzt, was zu einem schnellen Anstieg des Energieverbrauchs kleiner mikroelektronis-
cher Schaltungen führt. Dies fällt mit einem dringenden Vorstoß zusammen, die globale
Energieerzeugung auf grüne Energie umzustellen, welche Störungen und Energieknappheiten
verursacht. Zwei Hauptbereiche, in denen ein hohes Wachstum erwartet wird, sind die
drahtlose Kommunikation und die Radarsensorik. Für die fünfte (5G) und sechste (6G) Gen-
erationen der mobilen Kommunikation, sowie frequenzmodulierte Dauerstrichradarsysteme
(FMCW) zur Fahrassistenz und Automatisierung, sind Millimeterwellen-Frequenzbänder
geplant. Schnelle siliziumbasierte Technologien ermöglichen diese Fortschritte, indem sie bei
hohen Maximalfrequenzen arbeiten, wie z.B. mit dem Silizium-Germanium-Heterojunction-
Bipolartransistor (SiGe-HBT). Allerdings ist es selbst für die schnellsten Transistoren sehr
energieintensiv, im Bereich der Millimeterwellen nennenswerte Verstärkungsfaktoren zu
erreichen.

Anstelle von inkrementellen Verbesserungen der Schaltungseffizienz unter Verwendung
herkömmlicher Methoden könnte eine Revolution grüner Mikroelektronik ermöglicht werden,
indem die Vorteile des superregenerativen Empfängers mit geringem Stromverbrauch für
spezielle Anwendungen untersucht werden. Der Empfänger verwendet eine regenerative
Oszillatorschaltung, um die Verstärkung durch positive Rückkopplung zu erhöhen, indem
Energie vom Ausgang zurück in den Eingang gekoppelt wird. Eine sorgfältige Steuerung
und Bestimmung des Arbeitspunktes der Schaltung ermöglicht eine sehr große Verstärkung
mit einer kleinen Anzahl von Transistoren, und einen sehr geringen Energieverbrauch. Somit
könnte der superregenerative Oszillator verwendet werden, um Verstärkerschaltungen in draht-
losen Kommunikationssystemen mit hoher Datenrate zu ersetzen, oder als aktive Reflektoren,
um die Reichweite von FMCW-Radarsystemen zu erhöhen, wodurch der Stromverbrauch
stark reduziert wird.

Die Arbeit in dieser Dissertation präsentiert wissenschaftliche Grundlagenforschung zum
Thema energieeffiziente superregenerative Millimeterwellenempfänger für den Einsatz in
zivilen drahtlosen Kommunikations- und Radaranwendungen. Diese Forschungsarbeit um-
fasst Theorie, Analyse und Simulationen bis hin zu Proof-of-Concept, Hardwarerealisierung
und experimenteller Charakterisierung. Die Analyse und Modellierung von regenerativen
Oszillatorschaltungen wird vorgestellt und verwendet, um das Verständnis der Schaltungen
zu verbessern und Optimierungsziele des Entwurfs zu erreichen. Integrierte Schaltungen
werden als Proof-of-Concept für ein drahtloses Kommunikationssystem mit hoher Datenrate,
das zwischen 140–220 GHz arbeitet, und ein Fahrzeugradarsystem, das bei 60 GHz arbeitet,
entworfen und charakterisiert. Amplituden- und Phasenregenerationsfähigkeiten für kom-
plexe Modulationen werden untersucht und Prinzipien für die Charakterisierung von Spektren
abgeleitet. Die Schaltungen werden in einer 130 nm SiGe-HBT-Technologie entworfen und
hergestellt, die bipolare und komplementäre Metalloxid-Halbleiter-Transistoren (BiCMOS)
kombiniert.
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Um die Machbarkeit zu prüfen wird eine drahtlose Kommunikationsverbindung mit 16 Gbit/s
über 20 cm Entfernung mit Quadraturamplitudenmodulation (QAM) realisiert. Es handelt sich
um die höchste Datenrate, die jemals in superregenerativen Schaltungen erreicht wurde, und
stellt dabei einen Weltrekord dar. Erreicht wird dieses Ergebnis mit einer superregenerativen
Oszillatorschaltung, die bei 180 GHz arbeitet und eine Verstärkung von 58 dB liefert. Auch
die DC Leistungsaufnahme ist mit 8,8 mW besonders gering, was einem Energieverbrauch
von 0,6 pJ/Bit entspricht. Für die Systemversuche werden Gehäuse- und Modulintegrationsin-
novationen implementiert, und es werden zusätzliche Breitbandschaltkreise untersucht, um
anwendungsspezifische Schaltsignale zu erzeugen, um die Datenrate weiter zu verbessern. Für
aktive Radarreflektoren wird eine regenerative Verstärkung von 80 dB bei 60 GHz mit einer
einzelnen Schaltung nachgewiesen. Dies stellt zusammen mit der geringen Leistungsaufnahme
von 25 mW einen Rekord für diesen Frequenzbereich dar.
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1 Introduction

1.1 Super-Regenerative Receivers: A Motivation

1.1.1 For Wireless Communication
A significant driver of human civilization has always been the continuous improvement of
communication media. Humans came up with many creative inventions over the centuries to
relay a message as robustly and effectively as possible. With the invention of telegraphy in
the 19th century, most human communication was transformed to an electrical nature, and
the age of telecommunication systems had begun. The pursuit to advance both the speed and
distance of communication channels has never stopped since. Many thousands of kilometers
of cables were extended to expand the telegraph network, and the same approach was later
used to connect human beings with the wired telephone network. Wired communication was
costly and immobile, only limited to previously constructed point-to-point communication
terminals. So already before the end of the 19th century, the first successful attempts at
wireless communication had been demonstrated, and later experiments focused on expanding
their distance as well as speed. That was the beginning of the age of radio.

In the beginning of the 20th century, minds were focused on inventing the best radio receiver
architectures, in terms of robustness and performance, but also very importantly, cost. At the
time, the three-terminal gain elements of choice were vacuum tubes or triodes, which were
bulky, expensive, and prone to overheating and breakdown. It was around that time that the
super-heterodyne receiver was invented with its superior selectivity and practicality, due to the
use of a fixed intermediate frequency (IF) signal that allowed for easy filtering and detection.
However, the relative complexity of the super-heterodyne receiver required a large number of
devices, making the cost and size prohibitive to large scale use at that time.

The regenerative receiver offered many advantages to overcome these problems, and was
incidentally invented and championed by the same electrical engineer who invented the super-
heterodyne receiver [1]. An illustration of the regenerative receiver concept is shown in Figure
1.1. The design of the regenerative receiver carefully coupled back power from the output
of the circuit and added it constructively to the input, resulting in instability and oscillation.

+ GIN OUT

+

+

Bandpass 

Filter Gain Detector

Figure 1.1: First order illustration of a regenerative receiver (Based on [1]. Reprinted/adapted
by permission from Springer Nature ©2007 Springer)
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Antenna

Feedback 

coupling
Triode

Bias

Tuning

Resonator

Speaker
Vdc1

Vdc2

Figure 1.2: Simplified schematic of a regenerative receiver (Based on [1]. Reprinted/adapted
by permission from Springer Nature ©2007 Springer)

However, a large increase in gain and sensitivity was consequently made possible by this
positive feedback approach, which allowed to drastically decrease the number of required
triodes. Figure 1.2 shows the circuit schematic of a regenerative receiver employing a single
triode. Later, the circuit was modified to include an additional quench oscillator, leading to
the invention of the super-regenerative receiver. The function of the quench oscillator was to
periodically shut down the circuit and prevent it from getting saturated in a low sensitivity
state. Thus, even higher gain and better performance and control were made possible, and
wireless receivers could finally become simple to design, low cost and power efficient. The
super-regenerative receiver opened the door for the first time to wide adoption of consumer
products with a built-in wireless radio.

After the invention of transistors made of semiconductor materials, as well as the advances
in lithography and fabrication techniques, devices became small and ubiquitous leading to a
great reduction in cost. It was then that higher circuit complexity became feasible and even
desirable, as it was possible to fully reap the advantages of the super-heterodyne receiver.
Simplified detection and processing at low IF, as well as superior frequency selectivity that
offered immunity to interference from neighboring bands were among the factors that led
to the dominance of super-heterodyne receivers in wireless systems. The importance of the
super-regenerative receiver largely faded, being pushed into a small number of low cost, low
power and low data rate applications.

In today’s world, we face many scenarios with circuit design problems that are fundamen-
tally similar to the early days of radio. Despite having powerful transistor technologies with
high dc gain, we may find ourselves forced to operate these transistors at high operating
frequencies, where the gain of the transistors could be severely degraded but good receiver
performance would still be required. Some examples could be found in mainstream civilian
consumer applications such as wireless cellular communication. While the world is currently
expanding its 5G capabilities, discussions are already ongoing over the plans and requirements
of future 6G networks [2]. One of the main requirements is ever higher data throughput up
to 100 Gbit/s, and since these need a large bandwidth in order to be realized at a practical
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Frequency Band (GHz) Contiguous Bandwidth (GHz)
116–123 7
174.8–182 7.2
185–190 5
244–246 2
Total 21.2

Table 1.1: Unlicensed spectrum allocated by FCC above 100 GHz [3]

signal-to-noise ratio (SNR), more frequency bands in the millimeter-wave range are being
proposed. The United States Federal Communications Commission (FCC) has already allowed
the use of 21.2 GHz of unlicensed spectrum above 100 GHz, which are divided as shown in
Table 1.1.

The link budget challenges that come with such an upwards move in frequency are three-
fold: higher free-space propagation loss, higher atmospheric attenuation, and lower transistor
gain. Consequently, more dc power has to be pumped into more receiver gain stages in
order to compensate for the missing gain, and since these receivers are typically built into
mobile battery-powered devices, they drain the battery in a much shorter time. Solutions
that aim to tackle these problems by increasing the circuit complexity would result in higher
component cost, which would not be acceptable in these consumer applications. The good
news, however, is that this set of problems can be solved by adopting a familiar approach.
When the gain elements in the system are inefficient, and using more of them becomes too
expensive and power-hungry, it helps to simplify the system and rely on fewer gain elements.
The super-regenerative receiver offers this possibility, and no scientific reason could be found
to restrict its use to only low data rate applications. Despite this, no investigation had been
done in the literature to utilize super-regenerative receivers in the millimeter-wave range for
high data rate wireless communication. Therefore, this work attempts to investigate this novel
approach to improve the throughput while also improving the power efficiency of wireless
communication.

1.1.2 For Radar

Radar sensing is another branch of wireless systems that would benefit from a shift to higher
millimeter-wave frequency. In order to improve the resolution and be able to detect smaller
objects, a large bandwidth is needed since it is inversely proportional to the resolution [4]. The
majority of automotive FMCW radars today are already operating in the dedicated millimeter-
wave band at 77–81 GHz, and more applications could be covered by implementations in
unlicensed frequency bands, such as indoor localization in tunnels and parking garages. The
shift to millimeter-wave bands would result in the same power challenges as previously
discussed in section 1.1.1, leading to a reduction in range or an increase in power consumption,
and the subsequent high cost and short battery life. Here, too, the super-regenerative receiver
could provide a neat solution.

There are generally two broad types of radar systems, depending on the number of
transceiver stations: reflective radar and one-way radar. A conventional reflective radar
relies on one transceiver station that can transmit and receive radar signals at the same time.
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The signals get reflected off the passive targets and travel back to the station, which could
calculate the distance to the targets from the time it took the transmitted signal to return. The
main advantage of reflective radars is the simple hardware implementation, since only one
transceiver is needed, but there are various disadvantages. The maximum range is limited
to around half of that of a one-way radar, since the signal has to travel twice the distance to
the target. High isolation has to be guaranteed between the transmit and receive antennas
to avoid saturating the receivers, and there is no easy way to distinguish between different
targets, since they are passive, except by their reflected powers. On the other hand, a one-way
radar is a radar that consists of several transceiver stations, each typically employing some
amount of signal processing in each station, and with the transmitter and receiver operating in
different time slots. Since each target is also a transceiver station, the range is significantly
increased, and it is possible to distinguish between different targets. However, requiring a full
transceiver station for each target does increase the complexity, cost, and power consumption
of the whole system, apart from the difficult synchronization challenges between the base
station and the targets.

Super-regenerative circuits could offer the necessary functionality to overcome the difficul-
ties of both approaches. They could function as active reflectors to expand the detection range,
while saving energy, reducing size, and saving cost. Since they contain active hardware, they
could also implement techniques to allow target identification, and they would not require
highly accurate synchronization. These advantages could be made possible by utilizing the
phase regeneration capabilities of super-regenerative circuits to repeatedly sample, amplify
and re-transmit an incident FMCW signal through sampling its phase, as has been explored in
recent years [5]. The use of positive feedback and pulsed operation results in great improve-
ments in energy efficiency, and the signal processing requirements in the active target are
greatly reduced. This work aims to investigate these advantages by building super-regenerative
active reflectors for civilian FMCW radars at higher millimeter-wave frequencies and better
energy efficiency than previously reported. At the same time, the state of the art is advanced
through design improvements of the gain and the bandwidth of active reflectors at these
frequencies, in order to improve the range and the resolution of such systems, respectively.

1.2 Technology Overview: the IHP 130 nm SiGe BiCMOS
Process

The circuits and systems presented in this thesis were designed and fabricated in the 130 nm
SiGe BiCMOS technology SG13G2 by IHP GmbH. At the time of writing, it is one of the
fastest silicon technologies in production, with HBTs that reach a peak fT up to 300 GHz,
and a peak fmax up to 500 GHz, with typical values around 450 GHz [6]. A high fmax is
important for this work since it specifies the frequency at which the unilateral gain (U) of
the transistor falls to 1, thus setting the absolute limit on oscillation frequency. In practice,
however, oscillator designers normally target an oscillation frequency around one-fifth to
one-third of fmax to guarantee oscillation against multiple factors, such as process, voltage and
temperature (PVT) variations. Since super-regenerative systems mainly rely on a fundamental
oscillator as the main component, and the oscillator loop gain is one of the main design
parameters as will be discussed in later chapters, it becomes even more crucial to use fast
transistors in order to allow more design flexibility. For the wireless communication systems
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in this work, a center frequency of 180 GHz was targeted, which is a challenging 36% of the
peak fmax.

The HBTs have a collector-emitter breakdown voltage BVCEO of 1.6 V [6], and the sizing of
the transistors is typically done by adding multiple emitters with minimum emitter area AE,min
to the transistor layout in parallel. The process also offers bulk NMOS and PMOS devices
with adjustable channel length and width down to 130 nm. Two gate oxide thicknesses are
provided: a thin gate oxide for the 1.2 V process and a thick gate oxide for the 3.3 V process.
These have different breakdown voltages, which were useful e.g. for building MOS decouple
capacitors for different power domains. CMOS transistors were also used to implement
various switch and control functions outside of the millimeter-wave receiver chain, such as
the oscillator quench control circuit.

The process also offers useful passive components, such as thick gate oxide MOS varactors,
precision and non-precision poly silicon resistors, and metal-insulator-metal (MIM) capacitors
that are built into the back end of line (BEOL) of the technology. These are provided as custom
pcells in the process development kit (PDK). The BEOL includes a metal stack consisting
of five thin metals and two thick metal layers on top, which facilitate the design of low-loss
high-Q inductors and transmission lines for RF and millimeter-wave frequencies. All of
these features, as well as good device models, make this process a practical and reliable
candidate for the design of high-performance RF and millimeter-wave system-on-chip (SoC)
architectures.

1.3 Objective and Structure

The research work in this thesis was especially supported by the German Research Foundation
(DFG) within the frame of the publicly funded research projects SPARS, MSPARS and 3D-
LommID. The objective of this work is to perform fundamental scientific research into the
topic of millimeter-wave super-regenerative receivers, and to investigate as a proof of concept
the study of super-regenerative circuits and systems for two main applications.

• Wireless communication: Several features of super-regenerative circuits have remained
largely unexplored in the literature, which would be very important for civilian wireless
communication applications. Among these are the simultaneous use of phase and
amplitude modulation to improve spectral efficiency, as well as maximizing the achiev-
able data rates in such circuits. This work aims to investigate these novelties, while
delivering superior energy efficiency in comparison to more conventional approaches,
and maintaining low complexity and cost.

• Radar: Super-regenerative circuits can be useful to expand the range of civil automotive
radar systems, while at the same time improving the energy efficiency and the battery
life. One novel feature is high bandwidth in order to utilize super-regenerative active
reflectors in high resolution radars. Thus, it would be necessary to study radars in
unlicensed millimeter-wave bands where large bandwidth is available. This work aims
to investigate millimeter-wave super-regenerative active reflectors for FMCW radar
systems, while improving the gain and the energy efficiency against the current state of
the art.



6 1 Introduction

The thesis is structured in the following way. The current first chapter presents an in-
troduction and motivation for this work, discussing the background and applications of
super-regenerative receivers, and presenting an overview of the features of the semiconductor
technology that was used for the fabrication of the circuits in this work. Following that, chapter
2 discusses the theory and operation of super-regenerative oscillators (SRO), which are the
main components of super-regenerative systems. The amplitude sampling and phase sampling
aspects of SROs, and the characterization of SROs in spectrum domain are examined using
analytical equations. A simplified circuit model of the SRO is also derived and simulated
using CAD tools in order to improve the understanding of SRO design goals.

Chapter 3 presents the design and characterization of millimeter-wave circuits for wireless
communication in the range between 140–220 GHz. Three different design approaches to SRO
circuits are presented, and the advantages and shortcomings of SRO1 and SRO2 are discussed,
leading up to improved all-round performance in SRO3. A mixer design and improvements on
it are also presented, as well as the design of an integrated passive balun. Ultimately, a system
experiment is built and a wireless data transmission is carried out using 16-QAM signals,
proving the phase and amplitude modulation capabilities of super-regenerative receivers, and
leading to world record data rate results.

Chapter 4 examines the quench waveform requirements of high data rate SROs, and
proposes the generation of high-speed rectangular signals to increase the data rate. Two
broadband circuits are designed and characterized to address these requirements, one is based
on limiting amplifiers and the other is based on RF Schmitt trigger approach. The latter circuit
advances the state of the art significantly in terms of maximum speed and duty cycle tuning
capability.

In chapter 5, the use of super-regenerative circuits is proposed for FMCW radar applications.
A radar system concept for civil automotive parking localization is presented and its pros and
cons are compared against a conventional one-way radar system. A receiver frontend circuit
and a SRO active reflector circuit are designed and characterized, and the experimental results
are discussed. The SRO circuit demonstrated a superior gain as well as energy efficiency
performance compared to other circuits in its frequency range.

Chapter 6 presents the conclusion of this work and the outlook for future work. The ways
in which this work has advanced the state of the art are summarized, and suggestions are
provided for key aspects to be explored and improved in further work.

1.4 Previously Published Original Work

Within this document, previous original work that was published under the copyright of IEEE
is reused in chapters 2 to 5 of this dissertation. No formal license is required by IEEE to
reuse this copyrighted material in a thesis, according to the obtained IEEE permission grant.
All reused material is properly referenced in accordance with the IEEE copyright policies.
Any figures, tables, or excerpts of text that were taken directly from previously published
documents with small or no modifications are marked with ©20XX IEEE for IEEE publication
material. 20XX denotes the year of publication. A footnote at the beginning of each chapter
clearly mentions which sections borrow material from the self-authored papers. To clearly
distinguish them from other citations in the text, original publications where I am the lead
author are specifically marked with [X]♠ in the text. Therefore, X represents the citation
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index, as found in the bibliography. In addition, a list of these publications is included at the
end of the dissertation, titled as ”List of Original Publications”.



2 Theory and Operation of
Super-Regenerative Oscillators

2.1 The Super-Regenerative Oscillator
The SRO is the main component in a super-regenerative receiver, a small circuit that provides
an ingenious solution to the problem of low device gain. At the very high sub-terahertz fre-
quency, circuit designers often find their devices operating at the limit of their capabilities. For
the case of mm-wave and sub-terahertz systems, one direct solution was attempted in research
by cascading many of these devices (or transistors) in many stages to multiply their gains,
and thus compensate for the gain limitations of single devices [10]. This inevitably increases
the complexity and power consumption of a system, making these aspects in many cases
prohibitive for use in battery-powered applications. Recently, alternative architectures based
on the use of an SRO with phase and amplitude sampling capabilities and large regenerative
gain have been proposed [11]–[13]. The circuit concept is presented in Figure 2.1.

The signal is fed to the oscillator core and the phase and amplitude information is sampled
at the turn-on instant, when the oscillator is most sensitive. The oscillation then grows
exponentially to its steady-state level with the phase information preserved. To receive the
following symbols, the oscillator has to be periodically quenched, thus each oscillation pulse
represents one symbol. Depending on the quenching time Ton, the SRO circuit can have two
modes of operation [14]:

• linear mode, or

• logarithmic mode.

A depiction of these two modes is shown in Figure 2.2, produced by numerical simulations
of a 180-GHz SRO model. If the SRO is quenched before a steady-state is reached, there is
a linear dependence between the input and output amplitudes, and the oscillator is said to
be in linear mode. This is suitable for applications in which amplitude modulation or on-off
keying is used. In case the SRO amplitude is allowed to saturate, the amplitude information is

IEEE Copyright Note: Major portions of text, figures and tables in this chapter have been taken from the
original self-authored IEEE papers, [7]♠, [8]♠, in which I have been the first author. Some equations have
been adapted from [9], in which I have been the second author, with permission from Ali Ferschischi who was
the first author. The papers are referenced under the ”List of Original Publications” at the end of the thesis
and are also properly cited in the text, tables, and figures from section 2.1 to section 2.4 in accordance with
the IEEE copyright policies as stated under https://www.ieee.org/. To explicitly distinguish them from other
citations in the text, tables and figures referenced in the thesis chapters, the citations for the self-authored
papers are specifically marked with a special symbol i.e. [X]♠.
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Figure 2.1: SRO operation principle based on positive feedback [7]♠ ©2020 IEEE

corrupted, and the SRO is in logarithmic mode. This mode is beneficial for phase modulation
applications, as it leads to the highest regenerative gain. The possibility of simultaneous
phase and amplitude modulation in linear-mode SROs allows for their use with more complex
modulation schemes, such as QAM, which leads to better spectral efficiency.

Figure 2.2 also illustrates the possibility of amplitude modulation by varying the input
amplitude of the SRO. The SRO output waveform and envelope are shown for the cases of
low as well as high input amplitudes. The different input amplitudes result in different output
amplitudes reached at the quench instant Ton,lin, in the case of linear mode. This was already
a popular modulation method for very early SROs, due to the simple implementation of its
transmitters and detectors [15]. In case of logarithmic mode operation, the output amplitude is
largely independent of the input amplitude, as shown in the figure.

On the other hand, Figure 2.3 illustrates the possibility of SRO phase modulation based on
the input phase. The input signal is set to have two different phases, namely 0◦ and -90◦, and
the output signal’s phase is seen to follow. This has become popular in more recent SROs,
partly due to its capability to regenerate FMCW chirp signals through repeated sampling and
re-transmission of their phase information [16]. Phase modulation can be performed equally
well in linear and logarithmic modes, by repeatedly sampling the phase of the input signal
over a series of quench periods, thus discretely tracking the phase. However, logarithmic
modes offers the advantage of higher regenerative gain (in case amplitude modulation is not
simultaneously desired), as the SRO is allowed to reach its maximum steady-state output
amplitude.

The advantages of this super-regenerative approach include low complexity, as well as high
power and area efficiency, since one block can replace multiple gain stages in the receiver.
Through pulsed operation by repeated quenching, the power consumption is further reduced.
On the other hand, the high sensitivity of the super-regenerative circuit leads to susceptibility
to interferers in adjacent channels. This limitation is, however, relieved by the large channel
bandwidth in mm-wave bands, as well as the high propagation loss, which allows for frequency
reuse after a short distance.
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Figure 2.4: Cross-coupled SRO model [8]♠ ©2017 IEEE

2.2 Cross-Coupled SRO Analysis

To understand and explore the relationships between various SRO design parameters, an
analysis of the SRO circuit was performed using the cross-coupled oscillator model. The
results of this analysis are presented and discussed in this section, and the derivations of the
equations are found in detail in [9]. The circuit schematic of the model is shown in Figure
2.4, and features an input voltage Vin and an output voltage Vout . The model includes a tail
current source that is alternately drawing a current of I0 in the ON state and zero in the OFF
state. To simplify the mathematical analysis, the current switching waveform is assumed to
have a rectangular shape.

2.2.1 Amplitude Analysis

For the cross-coupled SRO model in Figure 2.4, the system behavior in the ON state (I0 ̸=
0 A) is described by the equation [16]

V̈out +
1
τ

(
1−GL +GL tanh2

(
κVout

2VT

))
V̇out +ω

2
0Vout =

1
τ

V̇in. (2.1)

The time constant τ is defined as

τ = Rs ·C. (2.2)

The natural resonance frequency ω0 is defined as

Acknowledgment: This is to acknowledge that section 2.2 contains the results of a joint work on SRO
theory and analysis, for which my colleague at Technische Universität Dresden, Ali Ferschischi, was the lead
author. He was also the first author of [9], in which this work was first published, and where more details
on the derivation and verification of the analysis can be found. I would like to express my gratitude for his
contributions and for his permission to report on this work in my thesis.
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ω0 =
1√
LC

. (2.3)

The loop gain GL is described by the equation

GL =
κI0Rs

4VT
, (2.4)

where κ is the cross-coupling feedback factor and VT is the thermal voltage. Lastly, the input
voltage Vin is defined as follows

Vin(t) = Ain · sin(ωint +φin), (2.5)

where Ain is the amplitude, ωin is the angular frequency, and φin is the phase of the input
signal. Equation 2.1 is a second-order differential equation, for which a single solution is
difficult or unlikely to be found [17]. Therefore, a different approach was followed to solve
for the output voltage envelope VENV (t), assuming that

Vout(t) =VENV (t) · sin(ω0t +φout). (2.6)

For simplicity, it was assumed that ωin = ω0, and two solutions were found, depending on
the magnitude of VENV (t).

For small magnitudes, i.e. VENV (t)≤ 2VT/κ

VENV (t) =
Ain cos(φin −φout)

GL −1

(
−1+ exp

(
(GL −1)t

2τ

))
+V0 exp

(
(GL −1)t

2τ

)
, (2.7)

where V0 = VENV (0) is the value of the envelope function at the turn-on time, i.e. at t = 0.
Note that the last term can be removed if the previous oscillation is allowed to dissipate to a
negligible value, i.e. V0 ≈ 0.

From Equation 2.7, the time td can be defined and calculated as the start-up delay time
of the oscillation, which is approximately the time when the envelope for small magnitudes
reaches the value VENV (td) = 2VT/κ . Thus, Equation 2.7 is only considered valid for t ≤ td .
After some simplification, td is found to be

td ≈ 2τ

GL −1
ln
(

1+
2VT

κ

GL −1
Ain

)
. (2.8)

In fact, Equation 2.8 describes the basis for amplitude modulation in the SRO circuit, due
to the dependence of td on Ain. Other important design parameters influencing this amplitude
modulation behavior include the loop gain GL and the time constant τ . For example, in order
to have fast quenching and high symbol rate in the system, small values of td would be needed,
thus the design goals of the SRO might include a small time constant τ and a large loop gain
GL.

For large magnitudes, i.e. VENV (t)> 2VT/κ or t > td

VENV (t)≈
2I0Rs

π

(
1− exp

(
−t − td

2τ

))
, (2.9)
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where the magnitude contribution of Ain has been assumed to be negligibly small compared to
I0Rs. However, Ain still has a large influence on the output magnitude through td , as can be
seen in Equation 2.9. Modulation of the input amplitude results in a modulation of the start-up
delay time, thus resulting in a modulation of the output amplitude, for a fixed sampling instant
of time. Thus, this equation can help the designer to choose important signal processing and
system design parameters, such as the sampling instant and the symbol rate. Another important
design parameter is the steady-state output power Pout,max, which can also be calculated from
Equation 2.9, with an output load resistance of RL, as

Pout,max =
1

2RL

(
2I0Rs

π

)2

. (2.10)

Pout,max is a very important parameter, since it directly contributes to the maximum SRO
regenerative gain GSRO,max, defined as the difference between Pout,max and the input sensitivity
Pin j,min (see Equation 3.2). The parameter Pout,max also has implications for the design of the
subsequent stages. For example, a large Pout,max would relax the baseband gain requirements,
but might place additional challenges on the input linearity of the mixer.

2.2.2 Phase Analysis

In the case of using the SRO for regenerating phase information or modulation, it becomes
important to investigate the dependence of the output phase on the input phase, and how this
dependence is influenced by circuit design choices. By understanding these relations, the
circuit designer is enabled to improve the phase coherence between the input and output, thus
improving the sensitivity of the receiver and the regenerative gain. For more details on the
derivations of these relations, the reader is referred to [9]. Starting with Equation 2.6, it can
be shown that

φ̇out(t) =− 1
ω0

1
V̇ENV (t)

· sin(ω0t +φout(t)) · f (t). (2.11)

Solving this for Vout(t) in terms of Vin(t), the following approximate relation was derived

cot(φout)≈ cot(φin)−
1

ω0

GL

2τ
. (2.12)

This equation shows that the phase coherence degrades with increasing loop gain GL and
with decreasing time constant τ , which means that slow start-up leads to better accuracy for
phase modulation of the SRO. This can be understood intuitively in the following way: as
more time is allowed in the small magnitude domain (i.e. VENV (t)≤ 2VT/κ) when the SRO
phase sensitivity is high, this gives more time for the incoming input signal to influence the
start-up phase, which improves the phase coherence of the SRO output signal [5]. Conversely,
with fast start-up, the SRO shoots past this sensitive domain and only a short time is allowed
for good phase sampling. Additionally, this can also be influenced externally through the
shape of the quench signal, as has been previously shown by other researchers, such as by
introducing an integrating capacitor [18], or by quench waveform shaping [19]. In these cases,
artificial external control of the SRO start-up has led in a similar way to better phase sensitivity.
These techniques would be tolerated in radar applications where the quench rate is relatively
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low. However, for wireless communication purposes with high data rate requirements, fast
SRO start-up would be desired, even at the cost of phase sensitivity. A careful design trade-off
of these considerations would thus be needed.

It is notable that Equation 2.12 predicts no effect for Ain on the relation between the input
and output initial phases. However, it must also be noted that the analysis, for simplification
reasons, did not take noise into consideration. Thus, an important factor influencing the phase
sampling accuracy was missing from these results. In [16], an analysis of noise in SRO phase
sampling was performed, and found that below a certain Ain that is related to the noise power,
the phase sampling errors start to increase, thus degrading the SRO sensitivity. This highlights
the importance of a good SNR at the SRO input, and defines the minimum input power Pin j,min
that a phase sampling SRO can coherently regenerate.

2.2.3 Spectrum Analysis
The characterization of microwave and millimeter-wave circuits is typically done in frequency
domain, since time-domain measurements are in most cases difficult, or they provide an
incomplete picture of the circuit performance. In order to assist and quantify the millimeter-
wave SRO characterization, the frequency-domain behavior of the circuit was analyzed. For
this purpose, only the large magnitude part of the output envelope was taken into account, and
rectangular switching with fast oscillation start-up was assumed. The input signal of the SRO
that is present in the ON state is considered to be

Vin(t) = Ain sin(ωint). (2.13)

It was also beneficial to assume the initial phase of the input signal to be zero, as it would
simplify the mathematical derivation. If the phase of the output signal was equal to the phase
of the input (i.e. for ideal phase sampling), the Fourier transform of the SRO pulse train would
yield a positive SRO spectrum ( f ≥ 0) that is described by

|Vout( f )|= 2I0Rs

π︸ ︷︷ ︸
max. amplitude

·

duty cycle︷︸︸︷
Ton

Tsw
· |sinc(πTon( f − fosc))|︸ ︷︷ ︸

sinc envelope

·

Dirac comb︷ ︸︸ ︷
+∞∑

n=−∞

δ (( f − fin j)−n fsw) . (2.14)

The complete derivation is found in [9]. Equation 2.14 shows that, in case of perfect phase
coherence, the SRO output spectrum is composed of a superposition of two components:

1. a sinc-shaped envelope that is scaled by the maximum steady-state amplitude and the
duty cycle, and centered around the oscillation frequency of the SRO (not the input
frequency), and

2. a Dirac comb train of impulses at the input frequency and frequency offsets that are
multiples of the quench rate in both directions.

If the above conditions are fulfilled in the SRO output spectrum, it can be concluded that the
SRO is operating as a regenerative amplifier with good phase coherence. This is very useful
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Figure 2.5: SRO power spectrum and envelope based on numerical calculations of Equation
2.14. Max. amplitude = 317 mV (0 dBm at 50 Ω), duty cycle = 50%, fosc =
180 GHz, fin j = 179.9 GHz, and fsw = 5 GHz.

for SRO characterization, since it would otherwise be very difficult to verify phase coherence
between input and output signals in time domain. For millimeter-wave SROs, it becomes even
more crucial to characterize the spectrum in frequency domain, as the frequency of operation
is often beyond the time-domain sampling capabilities of available lab instrumentation. On
the other hand, spectrum analyzers in combination with mixer modules can readily cover a
large range of frequencies.

Figure 2.5 shows an example for visualization of an SRO spectrum, based on numerical
calculations of Equation 2.14. Typical values were chosen for a 180 GHz SRO with a fast
quench rate of 5 GHz e.g. for use in wireless communication. The sinc-shaped envelope was
also plotted and clearly shows the superposition of the sinc function, centered around fosc,
and the Dirac comb that is ruled by fin j and fsw.

2.3 The Switched Injection-Locked Oscillator

A moderately recent publication claimed a novel circuit with the name of Switched Injection-
Locked Oscillator (SILO) [20], which was promoted for use as active reflector to extend the
range of FMCW radar systems. While the paper reignited the interest in super-regenerative
circuits and opened the door for new applications, the choice of a new name for the circuit
was unfortunate for several reasons. The name SILO decoupled this type of circuit from the
wider research domain of super-regenerative circuits. A few circuits of that type have been
published under the name SILO in the years following the publication, which presented their
work as a new invention and cited only other SILOs (and the same approach was initially
followed by the author of this dissertation). In fact, the operation concepts of the circuit are
identical to those of a phase-sampling SRO, which have been explained in the previous few
sections.

Another considerable aspect is that the name SILO is factually misleading, due to the use
of the adjective ‘injection-locked’ in the name. The SILO, or SRO, circuit does not exhibit
any frequency injection-locking as in the case of injection-locked oscillators, since the input
power is typically too low to pull or lock the oscillator frequency. The SRO spectrum merely
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appears locked to the input frequency due to the spectral lines seen at fin j ±n fsw, as predicted
by Equation 2.14. However, the same equation also shows that the sinc-shaped envelope is
centered around the actual oscillation frequency of the SRO fosc. In actuality, what happens
is that the SRO pulses periodically sample the phase of the input signal in a discrete manner.
Thus, they appear in the spectrum to be regenerating the frequency of that input signal. This is
a result of sampling theory, and is indeed the property of SROs that is very useful in FMCW
active reflectors. Therefore, to avoid confusion and strengthen collaboration in the research
community, the term SRO is uniformly used in this thesis to refer to super-regenerative
circuits with amplitude and/or phase sampling capabilities. Circuits that have previously been
published under the name SILO have also been cited and included under the general category
of SROs.

2.4 SRO Modeling using CAD and Verilog Models

Super-regenerative oscillators are the main building blocks of any regenerative system, and
combine the functionalities of signal synthesis and amplification. They have to be quenched
in every symbol period to dissipate the energy from the previous symbol and return to the
off-state before receiving the next symbol, in order to prevent inter-symbol interference. Thus,
the start-up stage of the oscillator presents the most sensitive and most critical part of its
operation, and needs to be carefully studied to set design goals.

Due to the nonlinearity of the gain device, in this case a bipolar transistor, it is not possible
to obtain a general closed-form analytical solution for this problem. Therefore, the use of
nonlinear modeling and numerical analysis tools becomes the next best option to study the
circuit [21]. In this work, as opposed to [22], an electrical design tool is preferred over
mathematical tools for several reasons, such as the readily available implementations of basic
circuit components, the availability of various simulation modes for many circuit analysis
scenarios, as well as the ease of comparison with transistor-level simulations. The model is
derived from the circuit parameters and the large-signal behavior of the devices, and can be
used to predict design features that cannot be directly measured at high frequency [8]♠.

SRO Circuit Description

The circuit schematic in Figure 2.6 contains all the necessary elements for building a super-
regenerative oscillator. It is based on a common-emitter cross-coupled oscillator topology,
which uses two bipolar transistors, T1 and T2, interconnected in a positive-feedback loop
to satisfy both the amplitude and phase conditions for oscillation. The feedback contains a
coupling factor κ , which can be set by the designer up to a value of one, if implemented e.g.
as a capacitive divider. The circuit has an injection input Vin for the modulated information
signal. A second input Vsw is used to quench the tail current source of the circuit periodically,
thus switching off the gain and allowing the oscillation to dissipate in the passive network.

Acknowledgment: This is to acknowledge that section 2.4 contains the results of a joint work on SRO modeling,
for which my colleague at Technische Universität Dresden, Mohammed El-Shennawy, was a major contributor.
He was also a co-author of [8]♠, in which this work was first published. I would like to express my gratitude
for his contributions.
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Figure 2.6: Schematic of a cross-coupled SRO circuit (left), and block diagram of the positive
feedback model (right) [8]♠ ©2017 IEEE

Figure 2.6 also shows a representative block diagram of the circuit with all components in a
feedback loop.

Device-Level Model

A nonlinear model of the circuit was studied based on the BJT large signal model in a one-to-
one fashion. Each of the transistors T1 and T2 was replaced by a voltage-controlled current
source that models its nonlinear large-signal behavior. The source was implemented in Verilog
to represent the collector current IC according to the equation

IC = IS exp
(

κVbe

VT

)
(2.15)

and included as a circuit symbol as shown in Figure 2.7. Thus, κ was implemented as a
variable quantity in the equation to be set with more flexibility. The base currents have been
neglected, assuming high current gain.

Simplified Model

For purely differential signals without operating point and common-mode considerations, the
equivalent circuit in Figure 2.8 was derived, since the common-mode signals are suppressed
by the ideal current source. The differential current in the cross-coupled pair Idi f f is described
as

Idi f f = I0 tanh
(

κVbe

2VT

)
. (2.16)

Thus, the two exponential gain elements were replaced by one hyperbolic-tangent element.
Both IS and the supply voltage VCC fall out of consideration, simplifying the calculations. The
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Figure 2.7: Device-level model of the cross-coupled circuit with transistors replaced by their
nonlinear large-signal model (CAD labels are in Arial font, whereas the underlying
model equations are in Times New Roman) [8]♠ ©2017 IEEE

current is loaded by the parallel connection of L/2, 2C, and RS/2. Vin is assumed small enough
to be neglected compared to the oscillation amplitude. Therefore, Figure 2.7 and Figure 2.8
are equivalent regarding differential signals. Note that the oscillation frequency fosc remains
unchanged at

fosc =
1

2π
√

LC
. (2.17)

Simulation Results

The simulation results of the SRO models are presented in this section. To verify the equiva-
lence of the two models, a transient analysis was run for each model with the same parameters
to compare the startup behavior of the two modeling approaches. The capacitance and induc-
tance values were chosen for an oscillation frequency of fosc = 145 GHz. Avoiding the need
for setting the dc operating point or the process-dependent saturation current, as required in
the first approach, makes the second approach more generic and adaptable to more application
scenarios. With reference to Figure 2.7, the output voltage Vout is defined for the differential
model as

Vout =Vout p −Voutn. (2.18)

The time-domain simulation results are shown in Figure 2.9, and an excellent agreement of
the waveforms can be observed during startup. The oscillation frequency, the startup phase,
the settling time, and the steady-state amplitude all align well. In [9], it was also shown
that these numerically simulated results produce an excellent fit with VENV , as predicted by
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Figure 2.8: Simplified model of the cross-coupled oscillator based on the analysis of differen-
tial currents, SPDT stands for a single-pole double-throw switch (CAD labels are
in Arial font, whereas the underlying model equation is in Times New Roman)
[8]♠ ©2017 IEEE

equations 2.7 and 2.9 in section 2.2.
In addition to the time-domain response, the stability analysis was performed to determine

the loop gain and phase as a function of frequency, and the results are also shown in Figure
2.10. Once again, the models perform in an identical manner over various frequencies. An
important requirement when performing the stability analysis for a differential circuit, as in
the first model, is to use the differential stability probe “diffstbprobe” from the “analogLib”
library rather than a single-ended probe, so as not to introduce imbalance in the circuit
that would alter the operating point and produce wrong results. That is also true for the
cross-coupled oscillator in transistor-level simulations.

The loop gain is seen to reach a maximum at the resonance frequency of 145.3 GHz, which
follows from the values used for L and C. The loop phase reaches a value of 0◦ at that
frequency, marked by the dashed vertical marker. The loop gain maximum value of 8.65
follows from the system’s closed-loop gain GL that is calculated as

GL =
κI0RS

4VT
. (2.19)

This expression and the simulation results confirm the equivalence of the models. The
results fulfill both the amplitude and the phase conditions for oscillation, and the circuit starts
to oscillate upon the introduction of an external signal. In the absence of any noise sources in
the model, the oscillation is started by the input Vin.

In the next part, the effect of the amplitude and phase of the injection signal Vin on the
oscillation output is investigated. For that purpose, the coupling factor κ is lowered to 0.35,
bringing down the overall closed-loop gain to 3. This presents a more realistic target for
mm-wave oscillators, in which the gain might not be exceedingly high. Since the models have
so far been shown to be equivalent, only results from the simplified model are presented in the
following.
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The input amplitude is swept and the envelope of the output Vout at each amplitude value
is shown in Figure 2.11. The peak envelopes were calculated from the signal waveforms
using MATLAB. It is apparent that the onset of oscillation occurs faster for higher input
amplitudes. If the oscillator gain is quenched after 500 ps, then the energy in this pulse is
indirectly modulated by input amplitudes that can be very small. Thus, for periodic switching
and varying input amplitude from one symbol to the next, this is equivalent to amplitude
modulation at a rate of 1 GHz (assuming 50% duty cycle). Noteworthy is also the huge gain
potential for very small input amplitudes (≈100 dB for 1 µV). In reality, this is limited by the
noise floor at the frequency of operation, such that the input amplitude must be higher than
the noise level.

Another promising aspect of the super-regenerative oscillator that can be studied with the
help of this model is the phase coherence between the input and output. Figure 2.12 shows
the output waveforms for two different initial input phases during startup. It can be seen that
varying the input phase by 90◦ causes the output signal phase to follow by the same phase
difference. The same effect can be similarly shown for any desired phase difference. The
input phase is sampled at the onset of oscillation and the output builds up with the same phase
for the rest of the symbol duration. This presents excellent potential for phase modulation by
varying the input phase at the start of every symbol period and demodulating the phase at the
middle or the end of the pulse. The phase can also be influenced by very small input signals
but the output is boosted to high levels, relaxing the baseband requirements on signal levels
e.g. lower VGA gain is tolerated. However, the input signal again needs to have a sufficiently
high signal-to-noise ratio. Below a certain level, the noise governs the oscillator’s startup
phase and no phase modulation is possible.

Experimental Results

The measurements of a realized SRO are used to validate the model. The circuit was fabricated
in a 130 nm SiGe HBT technology and oscillates at a frequency of 145 GHz [23]♠. The
oscillator’s waveforms cannot be directly observed in time domain, since the oscillation
frequency is too high for even the fastest state-of-the-art oscilloscopes. Therefore, the circuit
was switched at a relatively low rate of 10 MHz, and the mm-wave output was down-converted
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Figure 2.13: Measurement setup for 145-GHz super-regenerative oscillator [8]♠ ©2017 IEEE
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Figure 2.14: Down-conversion model consisting of attenuator, mixer, LO generation and
lowpass filter [8]♠ ©2017 IEEE

to an IF of 279 MHz using frequency converter modules for network analysis, with a limited
bandwidth of 500 MHz. The output was measured using a real-time oscilloscope. The setup
photo is shown in Figure 2.13.

To reproduce the same waveforms, the model in the previous section is extended with the
blocks shown in Figure 2.14. An attenuator is inserted to model the losses in the converter
module, the waveguide, and the probe. The LO source at 145 GHz and the mixer together
down-convert the high-frequency oscillations to IF. The lowpass filter models the converter
module bandwidth-limiting filter. The “attenuator” and “mixer” cells are used from the

“ahdlLib” library, while the LPF is implemented as an RLC filter as shown in Figure 2.15. The
design values are included, and the simulated frequency response shows a 3-dB bandwidth of
560 MHz.

Figure 2.16 shows the comparison between down-converted 10 MHz pulses from model
simulations and measurements. The pulses align very well in frequency of oscillation and
switching, but the measured pulses seem to be suffering from frequency-dependent losses
of the modulated spectrum during the down-conversion process, unlike the model output.
The startup time is now dominated by the filter’s settling time, but the duty cycle is correctly
predicted at about 50%.
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3 140–220 GHz Super-Regenerative
Circuits for Wireless Communication

The rising demand for high data rates in wireless communication of smart mobile devices
raises interest in the millimeter-wave frequency band (30–300 GHz) due to the availability
of large and unallocated contiguous bandwidth. This enables high-speed communication
applications at low or moderate spectral efficiency. However, it comes at the cost of high
power consumption, as the transistor gain decreases at high frequency and multiple cascaded
amplifier stages are consequently needed. This problem is worsened by the high free-space
path loss and the high attenuation due to weather or objects in the signal path, such that
the communication link becomes increasingly less efficient as the frequency increases. An
approach to overcoming these challenges has been presented in [12] by employing positive
feedback in an SRO to recover phase- and amplitude-modulated data in a communication
receiver, thus enabling the use of quadrature techniques to reach high data rates. Consequently,
significant reductions in receiver power consumption are possible, leading to superior energy
efficiency in comparison to homodyne receivers.

To prove the feasibility of efficient wireless communication using super-regenerative tech-
niques, the following components have been investigated and characterized as detailed in this
chapter. The frequency band for WR-5 rectangular waveguides that spans 140–220 GHz was
chosen as a tradeoff. On the one hand, it lies at the edge of maximum achievable oscillation
frequencies for SROs, up to 36% of the peak technology fmax at the midpoint of the range.
On the other hand, it offers a wide bandwidth in the millimeter-wave band, and the high
oscillation frequency lends itself well to fast switching, leading to high symbol rates. As a
novel scientific research effort, it is a very challenging as well as rewarding project, since
the low transistor gain at these high frequencies permits only a very tight design margin, so
difficult compromises must be met. Excellent modeling is also important, since in the case
of SROs, a minor deviation from the simulated gain could mean that the oscillation does not
start, thus no gain from positive feedback would be possible. In fact, at the time of writing
this document, no other super-regenerative circuits with high data rate requirements have yet
been reported above 60 GHz.

The following performance parameters are considered as requirements for the SRO and are
defined as follows:

IEEE Copyright Note: Major portions of text, figures and tables in this chapter have been taken from the
original self-authored IEEE papers, [7]♠, [23]♠–[27]♠, in which I have been the first author. The papers are
referenced under the ”List of Original Publications” at the end of the thesis and are also properly cited in
the text, tables, and figures from section 3.1 to section 3.6 in accordance with the IEEE copyright policies as
stated under https://www.ieee.org/. To explicitly distinguish them from other citations in the text, tables and
figures referenced in the thesis chapters, the citations for the self-authored papers are specifically marked with
a special symbol i.e. [X]♠.
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• A fundamental oscillation frequency of 180 GHz, thus chosen to be in the middle
of the WR-5 frequency band in order to facilitate the measurements. Although 180-
GHz steady-state oscillators have been proven in the same technology, this remains a
challenge for SROs as the low gain leads to slow oscillator start-up, therefore low data
rates. Additionally, the already limited gain cannot be traded off for other parameters,
such as output power or noise performance, which limits the design choices. Since
accurate phase modulation is needed, only a fundamental oscillator can be used and this
also rules out push-push oscillator techniques to extend the frequency.

• Fast switching, as the rate of quenching the oscillator is equivalent to the symbol rate
e.g. quenching with a 10 GHz clock is equivalent to 10 GBaud. This poses another
challenge, as fast switching requires fast start-up of the oscillator, and becomes less
attainable as the switching frequency increases relative to the oscillation frequency.
Some techniques could be used to speed up the oscillator start-up, but it is not allowed
to inject energy into the oscillator core as this could corrupt the received information.

• Low dc power consumption to ensure energy efficient operation. To achieve this, the
SRO relies on positive feedback in the oscillator for gain. Additionally, the switching
of the oscillator further reduces the power consumption according to the following
relation:

Pdc (mW) = Dsw ×Pdc,ON (mW), (3.1)

where Pdc is the dc power consumption, Dsw is the switching duty cycle, and Pdc,ON is
the dc power consumption in case of free-running non-switched operation. Therefore,
Dsw should be kept small and all parts of the SRO circuit that are not needed in the
OFF-state should be switched off. The use of passive mixing in the system could also
ensure that the full system performance is also highly efficient.

• High sensitivity, which relates to the minimum input signal power Pin j,min for which
the phase and amplitude information can be coherently regenerated in a way that is
distinguishable from noise. Counter-productively, it has been found that slower SRO
quenching leads to better sensitivity [28], so this must be traded off against fast switching
requirements.

• Moderate output power Pout,max, which in combination with the low Pin j,min derives
the maximum SRO gain GSRO,max as below:

GSRO,max (dB) = Pout,max (dBm)−Pin j,min (dBm) (3.2)

However, the output power should not be so high that it drives the mixer into compres-
sion, as this would lead to the loss of amplitude-modulated information.

• High SRO gain, which is needed to compensate the losses of the received signal in free
space and inside the receiver chain e.g. due to passive mixing.

The following sections present three SRO designs, a passive mixer, as well as other passive
components that have been used to fulfill the system requirements. Packaging of the millimeter-
wave SRO into a WR-5 waveguide module is then presented. Finally, an experimental system
setup is discussed, complete with a high data rate wireless transmission.
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3.1 SRO1: A 160-GHz Single-Ended Colpitts SRO

The availability of bandwidth in the mm-wave frequency range above 100 GHz is attractive for
multi-Gb/s wireless communication applications. Moreover, the smaller wavelengths of the
signals employed reduce the form factor of antennas and enable them to be integrated on the
transceiver chip, reducing consequently the system footprint and allowing new applications.
However, low transistor gain at high frequency requires several amplifier stages, which lead
to large chip sizes, increased cost and power consumption. An approach to overcome these
challenges has been presented in [12] by employing positive feedback in an SRO to recover
phase- and amplitude-modulated data in a communication receiver, thus enabling the use of
QAM schemes to reach high data rates. The SRO acts as a regenerative amplifier with high
single-stage gain, and the use of pulse self-mixing [29] circumvents the need for a dedicated
local oscillator for down-conversion of the received signal, further simplifying the system
architecture and reducing power consumption in the receiver [24]♠.

3.1.1 Circuit Design and Layout

The circuit is based on the common-collector Colpitts oscillator, in which feedback by the
capacitive divider C1 and C2 is used to produce the oscillation, as shown in Figure 3.1. The
frequency of oscillation is given by

fosc =
1

2π

√
L( C1C2

C1+C2
)
. (3.3)
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To achieve a high fosc, C1 was set to the minimum that is the transistor’s intrinsic base-
emitter capacitance Cπ , which is scaled down by the small technology feature size. Addition-
ally, C2 was set to a correspondingly small value. The parasitic capacitances thus become
significant, and are modeled in Figure 3.1 by Cint and Cpar for the interconnects and transistors
parasitics. They were estimated using EM and circuit simulation tools. fosc is therefore
determined by their equivalent C′

2 =C2+Cint +Cpar. The load and the resonator inductors are
realized as transmission lines T L1 and T L2. Transistors Q2 and Q3 are also kept as small as
required by the design, and transistor Q1 reuses the current from both transistors. Transistor
current gain β is larger than 300 at the chosen bias. The choice of the circuit architecture and
the small transistors enables fast operation at low dc power.

The information signal is injected into the tank through transistor Q3, which also acts as a
buffer to isolate the SRO from leakage signals in the receiver. The switching signal is applied
to the base of Q2, which periodically stops the oscillation by driving down the voltage at its
emitter node, turning off the tail current mirror (Q4 and Q6) during the off-phase. A sinusoidal
signal is used for switching, which reduces the generation of harmonics close to the frequency
of operation, in comparison to rectangular pulses. These harmonics could otherwise cause
self-locking to the switching signal transients, resulting in reduced sensitivity of the SRO.

The total chip area including the pads is 0.64 mm2 but the active part occupies a much
smaller area of approximately 0.05 mm2. Zero-Ohm lines distribute the dc bias from the pads
to the circuit core as in [30]. This helps to provide a reliable ac ground where needed, which
is especially critical for single-ended high-speed designs, as well as to provide good isolation
from supply noise and back leakage of the SRO’s own output.

3.1.2 Spectrum Analysis using a Vector Network Analyzer

To overcome the lack of both time-domain and direct spectrum analysis capabilities in the
frequency range of interest at the time, a measurement method was investigated using a vector
network analyzer and frequency conversion modules for the 140–220 GHz band, which is
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shown in Figure 3.3. The injection signal is generated by the network analyzer and multiplied
by 12 in the converter module to the desired frequency. The output signal is subharmonic-
mixed with the LO signal and fed to a spectrum analyzer operating at IF. Through this
approach, the limited bandwidth of the converter modules is extended to cover the whole
band by sweeping the LO frequency and aggregating the spectrum measurements for seamless
acquisition. This also has the advantage of utilizing the relatively low conversion loss of these
modules, resulting in an increased dynamic range over most external mixers.

To remove spurious components that arise from mixing odd LO harmonics with the RF
signal, the data is recorded twice, accounting for both signal configurations in relation to
LO (RF <> LO). The data is compared for both measurements at each frequency point and
the minimum power reading is taken to suppress spurious power while keeping the down-
converted RF power. This has the disadvantage of measuring a slightly lower RF power by
always taking the measurement with the higher conversion loss. Care is taken during data
acquisition at the spectrum analyzer to optimize the number of sweep points for a sufficiently
coarse power detection (e.g. 1 MHz/sweep point), in order to avoid inaccuracies related
to oscillator jitter. The data is power-calibrated to account for the losses of the frequency
converters, the waveguides and the probe tips using a power meter, and the input/output
measurements are presented at the wafer pads. A commercial PC is used to remotely control
and synchronize the instruments, do the data acquisition, as well as the data post-processing
for spurious removal and power calibration.
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3.1.3 Experimental Results

To prove the concept, the SRO was characterized at Vb1 = 2.2 V, Vb2 = 1.2 V, and Vcc = 3 V.
The power consumption is 11.1 mW during continuous operation, but falls to 6.6 mW during
pulsed operation. Figure 3.4 shows the acquired output spectrum from 140 to 180 GHz, for an
injection frequency fin j = 160 GHz and a switching frequency fsw = 5 GHz. The measurement
results are compared against simulations obtained by the discrete Fourier transformation of
the transient simulations of a large number of periods. On the other hand, the measurements
are obtained directly in spectrum as described in section 3.1.2. The characteristic Dirac comb
of the amplitude spectrum can be seen, as the oscillator locks to the injection signal. This
measurable amplitude spectrum is described in its ideal noiseless case in equation 3.8.

However, this formula assumes instantaneous startup of the oscillator, thus the amplitude
must be corrected for the oscillator’s startup time. The SRO output shows spectral components
at exactly the injection frequency fin j, indicating locking, and at integer multiple offsets of the
switching frequency fsw. The impulse train is multiplied by a sinc envelope, which is shifted
by the free-running frequency of the oscillator. Although the low spectral resolution of the
measured output defined by Dsw hides most of the characteristic envelope, a sinc envelope
was calculated according to equation 3.8 for Dsw = 50% and overlayed on Figure 3.4.

Due to the unavailability of time-domain measurement options at this frequency, the pulses
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can only be simulated. Therefore, the time-domain simulation of one of the pulses used to
produce the comparison in Figure 3.4 is presented, where an explicit definition of the gain
can be given. Both the measurements and simulations were done at an injection level Pin j of
-22.8 dBm. The maximum value of the spectral peak vs injection power was also measured
and is shown in Figure 3.5 for the phase-coherent condition. This shows a sensitivity down to
-27 dBm, resulting in a regenerative gain of 18.4 dB.

Figure 3.5 shows the possibility of using the SRO for amplitude modulation with high
regenerative gain. In addition to that, the phase-coherent oscillation exhibited by spectrum
measurements provides potential for simultaneous phase modulation, and is thus suitable for
use to recover signals modulated with QAM modulation schemes [12]♠, [23]♠.

A comparison of the SRO performance against other SROs in the literature is shown in
Table 3.1 at the end of section 3.3. SRO1 was the first super-regenerative circuit with phase
regeneration capability above 100 GHz. It was also the first published SRO to achieve the
ultra-fast switching rate of 5 GHz. The reported regenerative gain of 18 dB at a very low
dc power consumption of 6.6 mW was a successful proof of concept for SROs at such high
frequencies. This showed that SROs can become a competitive power-efficient alternative
to conventional amplifiers at millimeter-wave frequencies, enabling novel QAM transceiver
architectures to be used for high data rate communication.

On the other hand, the single-ended topology of SRO1 made it highly susceptible to common
mode noise in the circuit, and limited the achievable sensitivity and gain. If passive mixing
were to be used in the receiver, the SRO would have to provide more gain to compensate
the losses and noise, and enable a favorable link budget with high efficiency. Output power
improvements would also lead to better signal-to-noise ratio in the receiver. Thus, the need for
these performance improvements led to the investigation of further SRO circuits as detailed in
the following sections.

3.2 SRO2: A 148-GHz Cross-Coupled SRO

The cross-coupled topology is a common and well-understood network that realizes oscillators
using positive feedback. It can be used as shown in Figure 2.6 in section 2.4 to build an SRO.
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An injection input is connected to the tank for the information signal, and a switch input is
added to periodically quench the oscillator [23]♠.

The coupling factor κ can be realized using feedback capacitors, which allows more
flexibility for setting the loop gain without changing the tail current I0 and, consequently, the
output power. This also boosts the generation of negative conductance by reducing the effect
of the base-collector capacitance, enabling oscillation at higher frequencies [31].

The time-domain response of this circuit is governed by a second-order nonlinear differential
equation, which presents no closed-form analytical solution. In order to enable the circuit
analysis and provide design guidelines, a model was studied by extending the work in [16].
This was implemented in the CADENCE design environment, as shown in Figure 2.8. It
used components from the standard “analogLib” library to represent circuit blocks, with an
approach similar to [22], simplifying the analysis.

The differential current of the transistor pair is described by

Idi f f = I0 tanh
(

κVout

2VT

)
. (3.4)

This hyperbolic-tangent relation is implemented in Verilog and included as a PCell that acts
on an input voltage, and produces a corresponding current value. The powerful SPECTRE
tool is used to produce a numerical transient solution of the system.

The system has a loop gain of

GL =
κI0RS

4VT
, (3.5)

at the resonance frequency of

fosc =
1

2π
√

LC
. (3.6)

The system begins to oscillate upon the introduction of a small injected signal. In the
absence of any noise sources, the phase of the resulting oscillation is dependent on the
injected signal’s phase at the moment the oscillator is turned on. Thus, the phase is said to be
“sampled”.

Transient simulations were run to investigate the phase coherence between the input and
output signals. The oscillator was turned on at t = 0 and allowed to run for 1 ns. The
oscillation startup is shown in Figure 3.6 for an injection amplitude of 1 nV. When the input
phase is set to 90◦, the output phase follows with the same shift. Also, increasing the injection
amplitude by a factor of 10 causes the oscillator to start faster, which increases the pulse
energy considerably if fast switching is applied. This behavior indicates in qualitative terms
the potential for simultaneous phase and amplitude regenerative sampling.

To quantify the phase sensitivity, the last two zero-crossings were used to calculate the
oscillation frequency, and the oscillation phase was calculated accordingly at the time of the
last zero-crossing. The results for an input phase of 0◦ were taken as a reference, and the
relative phase for an input phase of 90◦ was simulated. From that, the phase error ∆φ was
noted. The loop gain was varied for different coupling factors κ , and the resulting phase error
was plotted in Figure 3.7. It can be seen that the optimum gain for phase coherence approaches
one, which is convenient for high-frequency millimeter-wave circuits. However, this has to be
traded off against startup time, which is slower for lower loop gains, if high symbol rates are
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desired. It is noted that, below a loop gain of 3, a phase error of only 5◦ is achievable. This
leads to a startup time of 42 oscillation periods. Here, the startup time is defined as the time
when the oscillation reaches 90% of its steady state. For comparison, half a switch period at
1 GHz comprises 73 oscillation periods.

3.2.1 Circuit Design and Layout

A common-emitter cross-coupled regenerative sampling oscillator was designed as shown in
Figure 3.8. The feedback capacitors C f couple part of the output signal from the collector of
one transistor to the base of the other one, and separate the base bias from the supply. This
capacitance, in addition to the parasitic capacitances in the circuit, forms the capacitance of
the LC resonator, whereas the inductance is implemented as a center-tapped micro-strip.

Buffers are added for the input and output to avoid greatly degrading the quality factor
of the resonator, and to guarantee the isolation between input and output signals. The input
buffer is implemented as a differential cascode amplifier, which shares the inductive load of
the resonator. This amplifier also acts as an active balun for the injection signal, eliminating
the need for differential input signal generation, which is not readily available from laboratory
setups in this frequency range. The output buffers are implemented as two common-collector
stages and are ac-coupled to the oscillator output using the capacitors Cc.

The switching signal is applied to the tail current sources of the oscillator core and its output
buffers. The input buffer is always on to guarantee the presence of the information signal to be
sampled at the onset of oscillation. The switch is implemented as a MOS transistor and does
not have an ideally abrupt switching behavior. This allows gradual quenching of the circuit
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Figure 3.9: Die photo of the cross-coupled SRO chip (940 µm × 700 µm) [23]♠ ©2017 IEEE

using a sinusoidal wave, which provides a wider bandwidth than sharper switching signals. It
also reduces the harmonic generation of the switch signal in the frequency range where the
circuit is sensitive. This becomes more critical for high switching rates.

The dc routing was done using zero-Ohm lines, which further attenuate most of the unde-
sired ac signal coupling [30]. The die photo of the circuit is shown in Figure 3.9. The chip
was fabricated as a proof of concept over a total area of 0.66 mm2, but the active part is very
compact and occupies less than 0.03 mm2.

3.2.2 Experimental Results

The circuit was measured at Vb1 = 2.4 V, Vb2 = 2.2 V, Vb3 = 2.2 V, and Vcc = 3 V. The power
consumption during pulsed operation is 48 mW, including input and output buffers. The
frequency of operation is beyond the range of available oscilloscopes, thus the circuit can only
be characterized in the frequency domain.

For the up- and down-conversion of mm-wave signals, a vector network analyzer and its
frequency converter modules were used. The low bandwidth of the down-conversion mixer
was extended to cover a wide range by iteratively varying the LO frequency and aggregating
measurements, similar to how a network analyzer sweeps the frequency, and the IF signal
was analyzed using a spectrum analyzer [24]♠. This was done because a harmonic mixer
module for spectrum analysis extension was not available at the time of measurement. A signal
generator was additionally used for the switching signal, and the acquired data was processed
to eliminate image frequencies and power-calibrate the test setup losses. The free-running
output power of the oscillator was characterized using a sub-THz power meter.

Injection was done near the free-running oscillation frequency at fin j = 147.6 GHz ≈ fosc,
where the oscillator is most sensitive. The injection was fed as a single-ended input to the pads
and the output was taken at one of the terminals. The switch frequency was set to 1 GHz. The
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output spectrum was recorded, as shown in Figure 3.10, for an injection power of -23 dBm.
It shows a line spectrum with a spectral separation equal to the pulse repetition frequency.
The component with the maximum power is locked to the exact injection frequency, and the
other components decay away from it. The simulation results were obtained by running a long
transient simulation of a large number of pulses and applying the discrete Fourier transform.
The simulated oscillation frequency was found to be 149 GHz, which deviates very little from
the measured fosc, thus, and for clarity reasons, injection was applied at that frequency in
simulation. The loop gain of the oscillator was also simulated using CADENCE stability
analysis and found to be equal to 2.

The regenerative gain of the circuit is defined as the difference between the injection signal
level and the maximum output level reached during one symbol. The output level can be
assumed to be equal to the measured steady-state output power, given that the oscillator
reaches the steady state before being quenched. Thus, for an injection signal level of -59 dBm
and a steady-state output power of -6 dBm, the maximum regenerative gain of this circuit is
calculated as 53 dB.

The maximum spectral envelope power Penv,max is plotted against the injection power Pin j in
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Figure 3.11 on the left axis, and the gain is plotted on the right axis. The gain is seen to start
decreasing around Pin j = -51 dBm. This can be attributed to the point where the oscillation
just reaches saturation before the oscillator is turned off. As the injection power increases
beyond that point, saturation is reached faster and the output is stable for a longer duration.
This translates to reduced gain and is a property of regenerative systems; the gain is higher for
smaller input signals [32].

The super-regenerative oscillator is also known in recent literature as the SILO, although it
has only been used to sample phase information. No work had previously been presented for
simultaneous phase and amplitude regeneration in integrated SILOs. SILOs also typically have
input and output at the same node for radar active reflector applications. However, since the
operation principle is similar, a comparison of this work with some key parameters of reported
SILOs is given in Table 3.1. SRO2 had one of the highest oscillation frequencies reported and
the fastest switch rates by far. With a maximum regenerative gain of 53 dB, it significantly
improved the gain over SRO1 and presented one of the best gains in a millimeter-wave circuit.
SRO2 is also a compact design, owing to the smaller wavelength and the inductorless buffers.
The circuit’s power consumption is comparable to the best reported below 100 GHz despite
the significant upscale in frequency.

Nevertheless, the bipolar cross-coupled oscillator topology proved unsuitable for oscillation
frequencies above one-third of the technology fmax. The oscillator loop gain was insufficient
to sustain fast switching above 1 GHz, thus limiting the maximum symbol rate in SRO2.
The dc power consumption was significantly higher than SRO1, which lead to less efficient
performance. Additionally, a frequency tuning component in the SRO would be desirable to
adjust the center frequency of the system. These requirements were addressed in SRO3, as
presented in the following section.

3.3 SRO3: A 180-GHz Differential Colpitts SRO

3.3.1 Circuit Design and Layout

Figure 3.12 shows a schematic diagram of the SRO circuit, including all input and output
signals. The circuit was fabricated in a 130 nm SiGe BiCMOS HBT technology with fT and
fmax up to 300 GHz and 500 GHz, respectively [6]. The total chip area including the pads
is 0.72 mm2. A labeled micrograph of the SRO IC is shown in Figure 3.13. The oscillator
core is realized with the transistors T1−4, with the diode-connected transistor pair T5,6 used as
varactors for oscillation frequency tuning through the tuning voltage Vtune [7]♠, [26]♠.

The core is based on the differential common-collector Colpitts topology, which had proven
superior performance at mm-wave frequencies [33]. A differential common-base output
buffer consisting of transistors T3,4 boosts the output power delivered to the load, and ensures
sufficient reverse isolation to prevent the locking of the oscillator to reflected pulses, in case of
output impedance mismatch. The input transconductance stage consisting of transistors T7−10
acts as an active balun, injecting differential input currents into the oscillator, similar to the
input stage of the micromixer [34]. Additionally, it helps to provide a broadband match due to
the low resistive input impedance, which is transformed to 50 Ω by the short transmission line
segment T Lin as well as the pad capacitance. A small inductor L1 adjusts the phase balance
between the two balun branches.



3.3 SRO3: A 180-GHz Differential Colpitts SRO 37

VCC

T1 T2

Vcas

Vb

Vtune

INJ

T3 T4

Iref

0° 

180° 

0° 

180° 
OUT

SW

T5 T6

T7 T8

T10

T9

T11

T12 M1CX

TLres TLres

L1

TLee TLee

Rt

Rb

Rcas

TLad TLad

TLcc TLcc

Ct Ct

TLsh TLsh

TLsr TLsr

Balun/

Combiner

TLin

Input Stage Quenching

Oscillator 

Core

X

Figure 3.12: Circuit schematic of the 180-GHz SRO chip [7]♠, [26]♠ ©2019 IEEE



38 3 140–220 GHz Super-Regenerative Circuits for Wireless Communication

Figure 3.13: Micrograph of the 180-GHz SRO chip (area = 900 × 800 µm2) [7]♠, [26]♠

©2019 IEEE

The diode-connected transistors T11,12 form a current mirror with T7,9,10, which allows the
current biasing of the oscillator through Ire f . T8 maintains the voltage common-mode balance
between the two differential branches. By adding the NMOS transistor M1, a signal SW can be
applied to periodically quench the oscillator as required, by sinking Ire f and pulling down the
bias voltage node X . By adding capacitance to that node, the quenching slope of the oscillator
at the turn-on instant can be slowed. This has been found to improve the SRO sensitivity in
terms of the minimum input power required for low-BER phase recovery Pin j,min [19], [28].
However, a large capacitance would limit the quench rate, thus reducing the achievable symbol
rate. This slowing behavior was investigated, and simulation results for VX(t) and VOUT (t)
are shown in Figure 3.14. The capacitance values are shown as multiples of a reference
capacitance value C0.

It can be seen from the simulations that the quench slope decreases, but the effective Ton also
decreases, when increasing CX . Since the target application of the circuit is in high-data-rate
communication, a relatively small capacitance value of C0 was chosen and implemented as a
MOS capacitance.

To determine the optimum load impedance for the SRO, load-pull circuit simulations were
carried out. In this case, the highest output power was not the only goal, since fast oscillator
startup was also important in order to achieve high symbol rates. From oscillator theory,
the maximum amplitude is dependent on the real part of the admittance RP = 1/Re(y11)
according to the relation

Vmax =
2I0RP

π
(3.7)
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Figure 3.16: 3D view of the shielded microstrip lines used for signal routing and impedance
transformation [7]♠ ©2020 IEEE

where I0 is the tail current. On the other hand, RP also increases the RC time constant of the
load, leading to a slower start-up. The reactive inductive part, therefore, has to be tuned to
resonate with the capacitive part, leading to a fast start-up. Thus, a large RP is required for a
large swing, and a moderate inductance value LP is required for a fast start-up.

The simulated transient amplitude envelopes are shown in Figure 3.15 for different load
admittances. In this case, YL1 would therefore be the optimum load, since it achieves the
fastest start-up and a high output swing. Capacitive loads were not considered since they
increase the time constant, leading to slow startup.

The transmission lines T Lad , T Lsh and T Lsr, as well as the capacitors Ct and the supply
feed lines T Lcc were used to implement the impedance transformation network at the output.
All transmission lines were implemented as shielded microstrip waveguides as shown in
Figure 3.16 at a characteristic impedance of 85 Ω. The differential outputs are combined in a
passive microstrip balun, which consists of one λ /4 and one 3λ /4 transmission line segments,
both with a characteristic impedance of 71 Ω [25]♠. The balun also performs the function of
impedance transformation of single-ended 50 Ω to differential 100 Ω. Section 3.4 describes
the design and characterization of this 180-GHz balun network in more detail.
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3.3.2 Zero-Ohm Lines for dc Routing

The design and modeling of dc distribution networks is an important part of the study of
millimeter-wave ICs. A uniform highly capacitive and low loss network is preferred in order
to provide a low impedance connection to all bias points in the circuit. In some cases, even
small inductances could lead to feedback loops that, in turn, lead to oscillations and render
the whole system useless. Therefore, careful modeling of the dc network is advised, in order
to accurately simulate and correct such problems. These computational problems become
increasingly costly for circuits operating at high frequencies, since the networks would have
to be divided into many small parts relative to the smallest wavelength, which all have to be
solved separately [30].

A more efficient and reliable solution is derived from transmission line theory. Using the
technology metal and MIM layers, a highly capacitive cell with fixed geometry and dimensions
is designed. This cell can be then arranged in long stripes forming a transmission line with a
very low characteristic impedance, which is close to 0 Ω. This line is, thus, called a zero-Ohm
line, and it enables much simplified modeling, as the problem is reduced to solving a small
cell once. The full zero-Ohm line can then be modeled as a cascade of cells and included in
the circuit simulation using CAD tools.

In this circuit and following circuits, the dc routing is done using multi-layer high-
capacitance zero-Ohm lines, which are shown in Figure 3.17 for a unit cell side length
of a. They are designed to minimize their resistance and inductance, while increasing their
capacitance, thus having a line characteristic impedance close to 0 Ω [35]. The use of the MIM
layer increases the capacitance further, leading to a small footprint, or improved performance
for a given area. This ensures a good and reliable ac ground up to very high frequencies where
needed.

The main advantage of using zero-Ohm lines rather than MIM decoupling capacitors is
the ease of modeling, since transmission line theory can be used to reduce their analysis to a
single unit cell, and costly EM simulations of the full dc routing structure can be spared [36].
The R, L, G and C parameters and the characteristic impedance of the unit cell are simulated
at 180 GHz as

R0Ω′= 14.8 kΩ/m,

L0Ω′= 51.9 nH/m,
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Figure 3.18: Simulated and measured input impedance of a zero-Ohm test structure (left) with
a total 4×53 unit cells over the frequency range 140–220 GHz, and a micrograph
of the structure (right) showing GSG pads [7]♠ ©2020 IEEE

G0Ω′= 546.4 S/m,

C0Ω′= 10.1 nF/m,

Z0,0Ω = 2.3–j0.2 Ω.

To verify the performance of the zero-Ohm lines, the test structure shown in Figure 3.18 was
fabricated and measured for the desired frequency range of 140–220 GHz, with an open-circuit
load as the worst case. It is 4 unit cells wide, and has a total length of 53 unit cells. The
measured and simulated input impedances show a significant imaginary part due to the small
inductance of the feed line and vias (∼11 pH). This implies the importance of feeding the
circuit with short low-impedance lines, preferably on the lower metals. The simulation results
without the feed line show an almost ideal short circuit.

3.3.3 Experimental Results

To prove the concept, the SRO circuit was measured on-wafer with the dc and the SW pads
wire-bonded on a custom PCB. The dc bias was set at VCC = 4.4 V, Vcas = 4.1 V and Vb = 3.2 V.
The circuit draws 6 mA during free-running operation. A Virginia Diodes PM4 power meter
was used for signal power measurements and the calibration of measurement setup losses. For
the spectrum measurements, a Radiometer Physics HM140-220 harmonic mixer was used in
combination with a Rohde&Schwarz FSW67 spectrum analyzer. The CW input signal was
generated using a Rohde&Schwarz ZVA-Z220 network analyzer converter.

Figure 3.19 shows the measured oscillation frequency fosc and the output power Pout as
functions of Vtune, with both INJ and SW inputs terminated to 50 Ω. The frequency tuning
range extends between 175.9–187.7 GHz, which amounts to ±3.25%, or almost 12 GHz. The
output power at 180 GHz is -2 dBm, whereas the maximum output power is 0.5 dBm.

To test the regenerative sampling capability of RF and mm-wave SROs, direct time-domain
measurements are not practical. Previous work used a CW input signal of a known frequency
fin j and examined the spectrum as in [5], [37]. In case of phase coherence, the output spectrum
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is given by

Vout( f ) = AoutDsw|sinc(πTon( f − fosc))|
∞∑

n=−∞

δ
(
( f − fin j)−n fsw

)
(3.8)

where Aout is the output amplitude, Dsw is the duty cycle of the quench signal, and Ton =
Dsw/ fsw is the ON-state time before quenching. The spectrum consists of a sequence of
Dirac delta spectral peaks at fin j −n fsw, where n is an integer, superimposed by a sinc-shaped
envelope centered around fosc.

Figure 3.20 shows the SRO spectrum for an input CW signal at 180 GHz and a quench
rate of 1 GHz. The duty cycle is set to approximately 30%, with a dc power consumption
of 8.8 mW. In Figure 3.20 (a), phase coherence is observed for Pin j = -58 dBm with clear
spectral lines. In Figure 3.20 (b), Pin j is increased by 10 dB, which leads to less sampling
errors and improved phase coherence, which is observed as a slight reduction of the noise
floor level. The amplitude also rises due to faster SRO start-up. In Figure 3.21, quench rates
of (a) 5 GHz and (b) 10 GHz are shown, with input power Pin j = -26 dBm.

Figure 3.22 shows simulation as well as measurement results for the peak spectral power
Pout,pk as a function of the input power Pin j for different quench rates fsw. It can be seen that
compression occurs at lower input powers for fsw = 1 GHz, but the linearity improves as fsw
increases. This is because Ton effectively decreases, so the SRO is quenched before reaching
saturation, resulting in better linearity. The linearity can also be improved for the 1 GHz
case by decreasing the duty cycle Dsw. This also has the advantage of improved dc power
consumption, since the SRO is turned off for a longer time.

Table 3.1 shows a comparison of SRO3 against SRO1 and SRO2, as well as other published
SRO ICs in the RF and mm-wave frequency range. As previously explained, a high quench
rate fsw is desirable in order to reach a high data rate in wireless communication applications.
However, this is not easy to accomplish, as a principal limitation of SROs is that their
maximum achievable quench rate is a small fraction of the oscillation frequency fosc. This is
because some time is needed for the oscillation to build up to a sufficiently large magnitude, in
order to reach the required regenerative gain. This is especially challenging at large oscillation
frequencies close to the transistor fmax, since the transistor gain becomes vanishingly small
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leading to a slow start up. In order to hold a fair comparison against other SROs at different
frequencies, the ratio fsw/ fosc was introduced. Similarly, the ratio fosc/ fmax is also listed, as
SRO design becomes more challenging at higher oscillation frequencies close to fmax.

SRO3 significantly advances the state of the art in several aspects. It has the highest reported
oscillation frequency, quench rate, as well as relative oscillation frequency fosc/ fmax of 36%.
The maximum regenerative gain Pout −Pin j,min of 58.5 dB is the best above 100 GHz, at a
competitively low dc consumption of 8.8 mW in pulsed mode.

3.4 A 180-GHz Integrated Passive Balun

Baluns are essential components for microwave circuit design because they enable the con-
version between balanced and unbalanced signals for a wide range of applications. They
are commonly used for differential LO generation for balanced mixers [10], [48], interfaces
between differential/single-ended circuits and antennas [37], and driving differential amplifiers
[49]. Baluns can be either active or passive, with the tradeoff commonly being between area
and power consumption [25]♠.

The recent interest in the mm-wave frequency bands for high data rate communication
presents an increasing demand for integrated balun designs at high frequencies. The low
transistor gain in integrated circuits (IC) presses for low insertion loss for a positive link budget.
For the passive implementations, this is often highly dependent on the skin depth and the
metallization options in the respective technology. On the other hand, the smaller wavelength
of mm-waves reduces the size of transmission line structures, consequently lowering their
loss.

In this section, a planar monolithic balun design that is based on transmission lines is
presented, thus making it broadly suited for implementation in IC technologies. A novel
implementation approach is presented, which overcomes measurement difficulties of balun
networks at sub-THz frequencies, and enables fabrication in low-cost metal-only runs.

3.4.1 On-Chip Port Termination Technique

Baluns are three port networks that convert single-ended signals to differential; the component
requires a complex measurement procedure at high frequency for the characterization of the
resulting mixed-mode S-parameter matrix. A common way to simplify this is to connect two
baluns back-to-back and reduce the characterization to a two port measurement [50]. However,
this approach provides no information about the phase difference between the differential
ports, or the individual insertion loss of the two branches. Another simple approach is to
terminate each port alternatingly and perform two-port measurements on the other ports,
assuming no port coupling occurs [51]. This is the approach that is chosen for this work.
Other characterization approaches that use multiple loads with known impedances at each
port are not practical for mm-wave IC implementations.

An on-chip port termination was chosen due to the difficulty of differential wafer probing
for waveguide-based setups. To enable fabrication in a metal-only wafer run, the termination
is composed exclusively of vias and metal pads. Figure 3.23 shows a test pad that utilizes the
designed termination, and its lumped elements model. The model is composed of the series
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Figure 3.23: 3D view of the via stack termination (left) and lumped elements model of signal
pad and termination (right) [25]♠ ©2018 IEEE
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Figure 3.24: Input impedance of via stack termination based on de-embedded measurements
(140–220 GHz), EM simulations, and lumped elements model (left), and to-scale
metal stack (right) [25]♠ ©2018 IEEE

connection of inductances and resistances in the via stack, combined into Lvia and Rvia, in
parallel to the pad capacitance Cpad .

The following expressions were used to calculate the inductances and resistances of the
vias, and for simplicity also the metal pads [52]:

Lvia,n =
µ0

2π

[
h · ln

(
h+

√
r2 +h2

r

)
+

3
2

(
r−
√

r2 +h2
)]

(3.9)

and

Rvia,n = Rdc

√
1+

f
fδ

(3.10)

where
fδ =

1
4πµ0σr2 (3.11)

where µ0 is the permeability of free space, h is the height of the via, r is its radius, Rdc is its dc
resistance, σ is the conductivity of its metal filling, and f is the frequency. This gives a total
Lvia of 1.8 pH, and Rvia of 42.5 Ω at 180 GHz. The frequency dependence of the resistance is
due to the skin effect; however, it is relatively small across the band as most of the lower via
diameters are smaller than the skin depth. In addition to the calculated values, the via stack
was simulated using a 2.5D EM solver.
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Figure 3.26: Transmission line balun schematic [25]♠ ©2018 IEEE

For validation of the results, the pad in Figure 3.23 was fabricated and characterized in
the frequency range 140–220 GHz. Another unterminated – but otherwise identical – pad
was measured in order to de-embed the pad capacitance. Figure 3.24 shows the impedance
obtained from de-embedded measurements, EM simulations, and model calculations. Each of
the three datasets shows a real impedance close to 50 Ω, in addition to a small inductive part.
Figure 3.24 also shows a depiction of the metal stack of the technology drawn to scale. The
measured S11 for the via stack termination is shown in Figure 3.25 against simulation, and
shows a high return loss above 11 dB up to 220 GHz.

3.4.2 Balun Design and Layout

A schematic of the designed balun is shown in Figure 3.26, which follows the approach
proposed in [50]. The balun is composed of two transmission lines with the characteristic
impedance ZT , and respective lengths l1 and l2. In order to provide a phase difference of 180◦

on the differential side, the line lengths l1 and l2 were chosen to be λ /4 and 3λ /4, respectively,
at 180 GHz. Additionally, the lines were designed to perform the impedance transformation
between a single-ended impedance of 50 Ω at port 1, and a differential 100 Ω impedance at
ports 2 and 3. Thus, ZT was chosen as:

ZT =
√

ZD ·ZS = 70.7 Ω (3.12)

where ZS and ZD are the single-ended and differential port impedances, respectively.
The balun was implemented using microstrip lines, thus only requiring two metal layers.

The topmost and thickest metal layer TM2 was used for the signal to reduce the loss, whereas
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Figure 3.27: Photos of balun test structures with (1) port 3, and (2) port 2 terminated (shielded
balun area = 230 × 210 µm2) [25]♠ ©2018 IEEE
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Figure 3.28: Measured and simulated insertion loss of the 180-GHz balun [25]♠ ©2018 IEEE

M1 was used for the ground. Due to the moderate line impedance, this makes the design
suitable for implementation in a wide variety of process metallization options. The process
used for this work is the BEOL process of a 130 nm SiGe BiCMOS technology. Moreover,
the balun was enclosed inside a metal shield extending from M1 to TM2, in order to provide
isolation from neighboring components. Two test structures have been fabricated, with each
of the differential ports 2 and 3 terminated with the structure presented in the previous section.
Their photos are shown in Figure 3.27. Thus, it was possible to measure S21 and S31 of the
balun separately, as presented in Figure 3.28 vs simulations. An index number is added to the
label (e.g. S21,1) to identify the respective test structure used for the measurement.

3.4.3 Experimental Results
The on-wafer S-parameter measurements show a relatively low minimum insertion loss of
0.32 dB in the desired frequency band, and a maximum of 3 dB towards higher frequencies. A
mean insertion loss of 1 dB was calculated.

The input return loss S11 was measured at the single-ended port for both test structures and
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compared against simulations as shown in Figure 3.29. It lies below 12 dB for the measured
frequency band. The difference against simulations is attributed to the deterioration of the
port termination towards higher frequencies. The output return loss at the differential port Sdd
cannot be calculated from the available data as it requires information about the isolation S23,
which is not available from the current measurements. Instead, the simulation results based on
EM simulations are shown.

To obtain the phase difference between the differential ports, the angle components of S21
and S31 were measured, and are shown in Figure 3.30 vs simulations. The absolute values
were optimized in simulations to reach angular values of 90◦ and 270◦ at 180 GHz. A constant
phase shift is observed in the measurements for both branches, which is due to the pads and
their connections. However, this phase shift cancels out at the differential output, and the
phase difference is 177.2◦ at 180 GHz. The phase balance is within ±5◦ between 174 and
189 GHz, and varies in an approximately linear trend of 1◦/GHz over the measured frequency
range.
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Figure 3.31: Schematic of the 180-GHz passive mixer [27]♠ ©2019 IEEE

3.5 A 180-GHz Single-Balanced Passive Mixer
For the goal of maximizing the efficiency of the receiver frontend, a passive mixer was targeted
for frequency down-conversion, which would have close to zero dc power consumption. The
conversion loss of the mixer could be tolerated due to the preceding high-gain SRO stage.
The high linearity of passive architectures would also boost the dynamic range of the receiver.
The design and layout of a passive integrated 180-GHz mixer in a 130 nm SiGe BiCMOS
technology, including a broadband rat-race coupler, is presented in the next section.

3.5.1 Circuit Design and Layout
Single-Balanced Diode Mixer

Diode-connected HBTs are very well suited for realizing passive mixers for high-frequency
applications, thanks to their fast switching properties [53]. A single-balanced diode mixer
consists of two diodes that are connected, with opposite orientations, to two mutually isolated
ports of a 4-port hybrid. Their IF outputs are connected in parallel. The RF and LO signals
are injected at the other two ports of the hybrid, which are also mutually isolated. Thus, such
mixers typically have good LO-to-RF port isolation [54].

A schematic of the mixer is shown in Figure 3.31, which shows the hybrid implemented
as an integrated rat-race coupler. The rat-race splits the RF signal with equal phases, and
generates a differential LO signal between its mixer ports. The transmission lines T LM1−6
form the mixer matching network [27]♠.

The IF currents due to the RF signal add at the diodes output, whereas LO noise currents
are out of phase and cancel out. The IF port is single-ended, which is advantageous as it
eliminates the need for bulky transformers at IF. A small dc bias current of 25 µA is provided
by the network consisting of transistors T2−4 and is mirrored through the emitter-follower T1
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to the mixing diodes D1,2. This dc current conditions the diodes in forward bias, thus reducing
the LO power needed to drive the mixer. The mixer diodes are sized as small as possible in
order to reduce their junction capacitances, which in turn also reduces the conversion loss.

A common-collector buffer is designed at the IF port, which presents the mixer IF output
with a high-impedance load. This allows trading off IF bandwidth for lower conversion loss,
and helps achieve a broadband IF port match to 50 Ω. The buffer transistors are also sized
at the smallest size to reduce their dc power consumption. Additionally, the buffer output
impedance is thus close to 50 Ω, which facilitates the matching.

Broadband Rat-Race Coupler

The rat-race coupler is conventionally designed as four transmission line segments connecting
four ports. Three of those segments are λ /4 long, whereas the fourth has a length of 3λ /4.
Thus, signals injected at opposite ports are added and subtracted at the adjacent ports, while
being mutually isolated.

At lower frequency, rat-race couplers are implemented off-chip due to their bulky design.
However, at mm-wave frequencies, their size shrinks and they can be integrated on chip,
leading to overall better performance. One other limitation of this coupler is its narrowband
performance, as the required half-wavelength path difference can be met at only one frequency.
This was solved in this work by replacing the 3λ /4 section with a 3-dB coupled-line λ /4
section with its ends grounded. This provided a frequency-independent phase shift and
impedance transformation, similar to other coupled-line hybrids. Consequently, broadband
performance was achieved, as well as further chip area reduction due to the removal of the
long 3λ /4 section.

The layout of the rat-race coupler design is shown in Figure 3.32 with the main line dimen-
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sions depicted. The transmission lines are implemented as grounded coplanar waveguides
(GCPW) with a characteristic impedance of 70.5 Ω. The edge-coupled lines have been
optimized for even-mode and odd-mode characteristic impedances of 131.9 Ω and 37.9 Ω,
respectively. The topmost thick copper layer (metal 7) is used for the signal and the bottom
layer (metal 1) is used as the ground shield. The output signals at ports 1 and 3 then go to a
transmission-line matching network, which matches the diodes to the rat-race ports impedance
of 50 Ω, as shown in Figure 3.31.

The full rat-race design has been simulated using 3D electromagnetic (EM) solvers. The
simulated transmission, reflection and isolation characteristics are shown in Figure 3.33. The
single-ended-to-differential insertion loss was less than 0.8 dB for the RF signal, and between
0.7 dB and 1.3 dB for the LO signal, for the whole WR-5 frequency band. The input return
loss at the RF and LO ports was better than 14 dB and 10 dB, respectively, when the other two
ports were matched. Port isolation was better than 21 dB. The amplitude and phase imbalances
are shown in Figure 3.34, and proved to be within ±0.3 dB and ±6◦ for the RF signal. The
LO amplitude imbalance was between 0.3–1.2 dB whereas the phase imbalance was within
±10◦. The mixer, including the rat-race coupler and the matching networks, occupied an area
of 0.13 mm2, which was a small fraction of the total chip area as shown in Figure 3.35.

LO Driver

The LO signal power that could be generated in the lab was in the range of -20 dBm at the
chip pads in the desired frequency range. Therefore, an LO driver [55] has been integrated to
allow proper characterization of the mixer. This is, however, not desired in the receiver, as it
would saturate the mixer and lead to the loss of SRO amplitude information. Thus, its power
and area do not add to those of the receiver frontend.

3.5.2 Experimental Results
Figure 3.36 shows the measured and simulated down-conversion gain vs RF input frequency
fRF . The measurement is performed in 100 MHz steps for several constant LO frequencies
fLO. A minimum conversion loss of 6–8 dB is achieved over a wide frequency range between
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Figure 3.35: Micrograph of the 180-GHz mixer (area = 1240 × 710 µm2) [27]♠ ©2019 IEEE
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160–200 GHz. It is worth noting that the frequency response towards lower frequency is
masked by the LO driver bandwidth, which falls off below 170 GHz. In Figure 3.37, the
conversion gain is shown as a function of fRF in 1 GHz steps for a fixed fIF of 1 GHz. The
measurement shows that the mixer exhibits a very large bandwidth of 50 GHz at the RF and
LO ports. This is mainly due to the broadband rat-race design. Furthermore, it is also shown
through simulation that the mixer, as a standalone module without LO driver, exhibits higher
bandwidth exceeding 80 GHz. The LO input power at the chip pads is also shown for each
measurement and shows a weak dependence of the conversion gain to the variations of LO
power due to the incorporated LO amplifier.

The dependence of conversion gain on LO input power PLO is shown in Figure 3.38 for an
LO frequency fLO of 180 GHz and fIF of 5 GHz. The results for lower-side-band (LSB) and
upper-side-band (USB) signals were observed to be almost identical. The conversion gain of
the mixer is almost constant above -30 dBm, and does not fall at higher levels as simulated
due to the saturation of the LO driver output, which is not considered in simulation. The
linearity of the mixer as a function of RF input power PRF is also presented in Figure 3.39 for
fLO = 180 GHz and fIF = 5 GHz. The mixer shows high linearity, with an input-referred 1-dB
compression point of -7 dBm.

Table 3.2 summarizes the performance of integrated mixers above 100 GHz in the literature.
It is shown that this work has the highest conversion gain from a passive mixer at very low
dc power consumption. It is also among the most linear with an input-referred compression
of -7 dBm. It requires the lowest reported LO power due to the integrated LO driver, which
provides around 20 dB of gain. Without it, it still requires a competitively low -10 dBm of LO
power, which makes it fit for low power applications.

3.5.3 Second Mixer Design

To address the limitation of IF bandwidth in the first mixer version, in order to enable higher
data rates, a second version was realized with some design modifications. The output common-
collector buffer was excluded, and an LC filter was designed to extend the IF bandwidth. The
LO driver was also excluded, instead opting for laboratory waveguide components to achieve
the required LO power, thus leading to cost and power savings. Additionally, port matching
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Figure 3.40: Schematic of the mixer second design

was improved at all ports. The schematic and the micrograph of the mixer redesign are shown
in Figure 3.40 and Figure 3.41, respectively. The redesign features a smaller silicon area of
0.59 mm2 compared to 0.88 mm2 for the original design.

For a performance comparison of the two mixer versions, Figure 3.42 shows the post-layout
simulation results of conversion gain as a function of fRF of V2 against the simulations and
measurements of V1. The post-layout simulation results of the port matching at all three ports
are presented in Figure 3.43. The second version has higher conversion loss, but features
significantly enhanced IF and RF bandwidth.

3.6 Proof of Concept System Measurements

In order to study the feasibility of SRO-based regeneration of a modulated signal with
high data rate (>1 Gbit/s), the setup depicted in Figure 3.44 has been employed. An n-
PSK modulated signal is generated in complex baseband using a digital to analog converter
and applied to a 15 GHz CW carrier using a quadrature mixer. Subsequently, the constant
envelope signal is up-converted to 180 GHz with a network analyzer converter, which contains

Acknowledgment: This is to acknowledge that sections 3.6 and 3.7 contain the results of a joint work on SRO
system experiments, for which my colleague at Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU),
Christian Carlowitz, was a major contributor. He was also a co-author of [7]♠, [26]♠, in which this work was
first published. I would like to express my gratitude for his contributions.
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Figure 3.41: Micrograph of the mixer redesign (area = 740 × 800 µm2)
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Figure 3.44: Measurement setup for demonstrating SRO-based regeneration of n-PSK modu-
lated signals [7]♠, [26]♠ ©2019 IEEE
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a frequency multiplier with a factor of 12. Thus, the baseband signal (blue) needed to be
compressed in phase to be correctly mapped after multiplication (red; see top I/Q diagram in
Figure 3.44 for an example with QPSK). A subsequent attenuator is used to configure different
input magnitudes for the SRO. The SRO itself is contacted with wafer probes and connected
to the setup by dielectric waveguide cables (1 m, insertion loss ∼10 dB each). It samples the
input communication signal at the center of each symbol and amplifies it repetitively through
positive feedback until the desired gain has been reached and the oscillation is turned off. The
SRO output signal with one pulse per symbol is down-converted to an IF of 10 GHz [7]♠,
[26]♠.

For further processing, the intermediate frequency signal is amplified and digitized. Af-
terwards, a numerical computation software is used to remove the IF by mixing to complex
baseband. Filtering is done by complex conjugate convolution with a pulse shaping filter, in
addition to the detection of sampling position and phase offset through correlation with a 1k
symbol preamble. Subsequently, 10k symbols are sampled and analyzed for BER and EVM.
Communication signals with 180 GHz center frequency and 1 GBaud pulse rate, and modula-
tions of QPSK (2 Gbit/s) and 8-PSK (3 Gbit/s) have been regenerated with a regenerative gain
of up to ∼20 dB. This corresponds to a highly efficient 2.9 pJ/bit for 8-PSK.

Figure 3.45 shows the measured IF signal of the SRO output before and after down-
conversion to complex baseband. Both linear amplification as well as high output power
with compression can be achieved. Figure 3.46 depicts the constellation diagrams before and
after sampling the symbols with the SRO. They show very good phase linearity, even for
high-order phase modulation. The dynamic range is sufficient for up to 20 dB gain with an
EVM that is better than 16 dB. Since the gain can be easily controlled through pulse width
over a wide range, gain can be traded off for EVM. This constitutes a notable advantage
regarding complexity, system size and power consumption, especially at very high frequencies
with very wideband signals since they can act as mm-wave variable gain amplifiers.

3.7 Waveguide Package and Wireless Link Experiment

To realize the regenerative gain capabilities of the SRO in practical use scenarios, it was
beneficial to package the circuit into a standalone waveguide module, which achieves porta-
bility and flexibility of use. For this purpose, a mechanical construction that incorporates
WR-5 waveguides for input and output was designed, and a test package was manufactured
from brass. This bare module is shown as a split block in Figure 3.47 (only the lower half is
shown). The chip was fixed between the waveguides using epoxy glue, and a printed circuit
board was used to route the dc and switching signals. To couple the 180 GHz signals into
and out of the chip, bondwire loops were used as E-field probes at the RF signal pads, as
an alternative to expensive and impractical substrate probes [63]. Figure 3.48 shows the
free-running output power of the waveguide-packaged SRO as a function of tuning voltage.
The measured on-wafer output power as well as the calculated packaging loss are also shown.
It can be seen that the loss due to the waveguide packaging is approximately 3 dB, with the
variation at Vtune values below 1.6 V attributed to measurement uncertainty of the on-wafer
power.

A wireless link measurement was thus set up with waveguide horn antennas. A 180-GHz
transmitter module with IQ inputs and an integrated antenna was used to mix up generated
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Figure 3.47: SRO waveguide module (lower part) with magnified chip transitions [7]♠ ©2020
IEEE
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Figure 3.49: Wireless link setup photo with labeled blocks [7]♠ ©2020 IEEE

16QAM symbols and transmit them over the air. On the receiver side, the SRO module was
used to recover the symbols, followed by a subharmonic mixer to mix down the pulses. The
data was then digitized and processed similarly to section 3.3.3. A photo of the setup is shown
in Figure 3.49 for a link range of 20 cm. A custom-design battery-powered dc supply module
was used in order to stabilize the SRO center frequency and eliminate the low-frequency
supply noise that could degrade the SNR.

Figure 3.50 shows the measured QAM-modulated IF pulses and the result of their down-
conversion to complex-baseband. The constellation diagram is also presented, and shows
successful recovery of 16QAM data at 4 GBaud, which corresponds to data transmission at
16 Gbit/s. This was the first demonstration of such a high data rate for a super-regenerative
circuit, and still holds the world record at the time of writing.
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4 Broadband High-Speed Circuits for
Quench Waveform Shaping

The use of super-regenerative circuits for civil wireless communication applications presents
additional system-level challenges, which have also been investigated in the course of this work.
High data rates are increasingly sought after and are driving the push for more millimeter-
wave and sub-terahertz circuits and systems. In order to achieve higher data rates in super-
regenerative systems, there exist only two possibilities: (1) increase the symbol rate, or (2) the
use of more complex modulation schemes. Since option (2) leads to high signal-to-noise ratio
requirements, as well as higher system complexity, a modulation complexity up to 16-QAM
was investigated as a proof of principle in this work. Therefore, the need for design techniques
to increase the attainable symbol rate in a super-regenerative system arose.

As discussed in chapter 3, the SRO circuit is only able to regenerate modulated information
during its start-up phase at the onset of oscillation. As the oscillation amplitude increases, the
circuit sensitivity decreases until it reaches a steady-state amplitude. Thus, the circuit has to
be quenched to receive the next symbol, as depicted in Figure 4.1. This defines the symbol
period as the period from one quench event to the next, and the symbol rate is hence equal
to the quench rate. Techniques to enable a high SRO quench rate at circuit level have been
investigated and presented in chapter 3, such as by reducing the start-up time of the oscillator
using custom load-pull methods. However, the slope of the quench signal also plays a role,
as it superposes the start-up behavior of the oscillator. For example, a quench signal with a
slow slope such as a sawtooth waveform would lead to a slower start-up than a rectangular
waveform. Since multiple-GHz rectangular clock signals are not easily generated and routed
in the lab or the system, sinusoidal RF quench signals are used instead. This creates the need
for broadband high-speed circuits for quench waveform shaping, as shown in Figure 4.1.

Such circuits for SRO quench waveform shaping have to meet the following requirements:

• Broadband operation to allow flexible choice of quench rate up to high data rates.
As an upper limit, in order to reach the very ambitious data rate of 100 Gbit/s with
modulation of 16-QAM, a quench rate of 25 GHz would be required.

• Low rise/fall times to ensure fast turn-on and turn-off of the SRO and increase period
efficiency.

IEEE Copyright Note: Major portions of text, figures and tables in this chapter have been taken from the
original self-authored IEEE papers, [64]♠, [65]♠, in which I have been the first author. The papers are
referenced under the ”List of Original Publications” at the end of the thesis and are also properly cited in
the text, tables, and figures in section 4.1 and section 4.2 in accordance with the IEEE copyright policies as
stated under https://www.ieee.org/. To explicitly distinguish them from other citations in the text, tables and
figures referenced in the thesis chapters, the citations for the self-authored papers are specifically marked with
a special symbol i.e. [X]♠.
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• A moderate to large output swing to ensure noise immunity as well as full turn-ON
and turn-OFF of the SRO, which prevents inter-symbol interference (ISI).

• Low dc power consumption to avoid degrading the power efficiency of the system.

• A small area for compact integration in a small footprint, which made peaking inductors
unattractive.

• Optional: a tunable duty cycle allows an additional layer of flexibility to optimize the
system performance at a fixed data rate e.g. to allow more time for oscillator start-up by
increasing the duty cycle at high data rates, or to save dc power by reducing the SRO
ON time at low data rates.

In the following, two circuits are presented, which have been designed using high-speed
circuit techniques to fulfill the above requirements for quench waveform shaping. The first
circuit in section 4.1 was based on a multi-stage limiting amplifier topology, thus requiring
high gain to generate high-speed rectangular clock signals. The second circuit in section 4.2
is a high-speed Schmitt trigger, which uses positive feedback to reduce the gain requirements,
hence achieving more power-efficient operation.

4.1 0.1-25 GHz Cherry-Hooper Limiting Amplifier

The high oscillation frequency of the SRO encourages the use of relatively high quench rates,
which are desirable for the high symbol rates that they enable. Assuming the SRO can start
up to steady-state amplitude within 10 oscillation periods, then a square-wave quench signal
with one-twentieth of the frequency and 50% duty cycle can be employed. With mm-wave
SROs, this frequency is already in the microwave range and is often not readily available in
the system. Alternatively, a sinusoidal signal can be more easily synthesized and used for
quenching, provided that it has sufficient amplitude. However, the relatively slow rise and fall
times of the sine function then govern the startup and turnoff times of the oscillator, limiting
the attainable speed. Thus, a limiting amplifier can be used in front of the quench signal
source as shown in Figure 4.1 to speed up the switching transitions and achieve faster data
rates [64]♠.

4.1.1 Circuit Design and Layout

A block diagram representing the cascaded stages of the limiting amplifier circuit is shown in
Figure 4.2. An active balun input stage generates the differential components from a single-
ended input. The limiting amplifier core follows, and is based on a modified Cherry-Hooper
topology with embedded emitter followers in the feedback path. The output is buffered with
two tapered emitter follower (EF) stages, as a compromise between speed and 50-Ω driving
capability, which entails more power dissipation. The circuit uses three voltage supplies: Vcc1
= 2.1 V for the balun, and Vcc2, Vcc3 = 2.8 V for the limiting core and the output stage. All the
stages are dc-coupled, and the total power consumption is 79 mW.
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Figure 4.1: Super-regenerative receiver block diagram including a limiting amplifier for the
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Figure 4.2: Stages of the limiting amplifier circuit [64]♠ ©2017 IEEE

Active Balun and Input Matching The design of the input stage was done using a topology
that is similar to the one in [66]. An active approach is used to ensure uniform broadband
operation down to low frequency. A schematic of the circuit is shown in Figure 4.3. Two
differential pairs are designed in cascade with resistive loads RC1 and RC2. The input of
the first stage is tied to a shunt resistor RIN for broadband input impedance matching to
50 Ω for connection to the lab instrumentation. The dc voltage at the bases of T3 and T4 is
approximately Vcc1 when the input is dc-blocked. The resistor RE and capacitor CE are used
for emitter degeneration of the second differential pair, in order to increase the bandwidth of
the input stage.

The single-ended input signal is converted to a differential signal at the output with broad-
band operation. Care was taken in the layout to ensure a good connection between the emitters
of T3 and T4 with minimal parasitic resistance [66].

Cherry-Hooper Limiting Amplifier The Cherry-Hooper amplifier topology is commonly
used in limiting amplifier design, especially for bipolar circuits, ever since it was initially
proposed by E. M. Cherry and D. E. Hooper in 1963 [67]. It uses alternating series and shunt
feedback to increase the gain bandwidth, and is capable of producing large output voltages.
The embedding of emitter followers T9 and T10, as shown in Figure 4.4, further increases the
speed by reducing the loading between stages. Furthermore, the addition of the load resistor
R2 has been introduced and shown to significantly increase the gain without deteriorating
the bandwidth, when taking the output at the collectors of T7 and T8 [68]. This also reduces
the collector-emitter voltage on those transistors, allowing the use of transistors with low
breakdown voltages. However, this has the disadvantage that the output is no longer buffered,



70 4 Broadband High-Speed Circuits for Quench Waveform Shaping

T1 T2

Vout

RINRC1 RC2

Vin

IE1IE1IE1

Vcc1 Vcc1 Vcc1 Vcc1 Vcc1 Vcc1

RE

CE

T3 T4

RC1RC2RIN

IE1

+ − 

Figure 4.3: Schematic of the active balun input stage with 50 Ω input matching [64]♠ ©2017
IEEE

thus requiring an additional emitter follower stage, with its subsequent power consumption.
In this design, all transistors were sized as small as possible. The values for the resistors

R1, R2 and R f were chosen as a compromise between gain, bandwidth, and large-signal
switching speed. It was shown in [69] that choosing a lower value of R f /R1 increases the
3-dB bandwidth, while a higher value increases the low-frequency gain. On the other hand, it
can be seen from the simulated dc transfer characteristics in Figure 4.5 that a higher value of
R f /R1 leads to more abrupt switching at low frequency. Simultaneously, choosing a higher
value of R2 leads to higher gain at the expense of higher voltage headroom. Therefore, in
order to maintain a high value of gain as well as short rise and fall times up to 20 GHz, the
resistor values were set proportionally for R f /R1 = 2.

Output Buffer As previously mentioned, the unbuffered output of the Cherry-Hooper
amplifier requires an additional buffer stage to avoid the effects of loading from the subsequent
stages. For the purpose of measuring the circuit using lab instrumentation, the capability
to drive 50 Ω loads must also be provided. Thus, two tapered emitter follower stages are
implemented in cascade as the output buffer, as shown in Figure 4.6. The tail bias current is
scaled in proportion with the transistor size to deliver sufficient current at the output, leading
to a factor 6 scaling of the emitter area and dc power consumption. The small transistor size
at the input reduces the capacitive loading of the Cherry-Hooper amplifier output, leading to
improved overall speed.

The last driving stage can be discarded in the system implementation in case the input
impedance of the circuit at the quench node is large, resulting in a large reduction of dc power
consumption of approximately 37 mW. Thus, the amplifier power consumption without the
driving stage is almost cut down by half to 42 mW.
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Figure 4.7: Micrograph of the limiting amplifier chip with all voltages and reference currents
labeled. Total area = 760 µm × 740 µm, active area = 100 µm × 150 µm [64]♠

©2017 IEEE

4.1.2 Experimental Results

To prove the concept, the circuit was fabricated in a 130m SiGe BiCMOS technology with fT
= 300 GHz [6]. A micrograph of the limiting amplifier chip is shown in Figure 4.7, including
labels for all the required supply voltages and reference currents. As previously mentioned,
the circuit has a single-ended input and a buffered differential output. Multilayer zero-Ohm
transmission lines have been used for the distribution of the dc bias to the circuit, as they have
been shown to possess several advantages over distribution networks based on decoupling
capacitors [30], as previously discussed in section 3.3.2. Amongst these advantages are a very
low impedance that only depends on the line dimensions, as well as high attenuation of ac
signals, thus providing a reliable ac-ground where needed. All transmission lines used in the
circuit were simulated using EM tools, and the parasitic resistances and capacitances of the
transistor interconnects were considered using CAD extraction tools. Due to the compact
inductor-less design, the circuit requires an active area of only 100 µm×150 µm. However,
for experimental testing in the lab, the total pad-limited chip area of 760 µm × 740 µm is
required. The circuit was characterized by means of on-wafer probing, with Vcc1 = 2.1 V and
Vcc2, Vcc3 = 2.8 V. The following sections describe the measurement setup and present the
measurement results for S-parameters, 1-dB compression point, and large-signal oscilloscope
and eye diagram measurements.

S-Parameters Due to the unbalanced-to-balanced nature of the circuit, a fairly complex
3-port calibration and measurement would be required for S-parameter characterization.
Alternatively, the measurement is greatly simplified if one of the output ports is terminated in



4.1 0.1-25 GHz Cherry-Hooper Limiting Amplifier 73

-40

-30

-20

-10

0

10

20

30

0 10 20 30 40 50 60

M
a

g
n

it
u

d
e 

(d
B

)

Frequency (GHz)

S21 (meas.)

S21 (sim.)

S11 (meas.)

S11 (sim.)

Figure 4.8: Measured and simulated S21 and S11 of the limiting amplifier circuit [64]♠ ©2017
IEEE

-20

-15

-10

-5

0

5

-40 -35 -30 -25 -20 -15 -10

O
u

tp
u

t 
P

o
w

er
 (

d
B

m
)

Input Power (dBm)

f = 5 GHz

f = 25 GHz

1 dB
1 dB

Figure 4.9: Measured output power against input power of the limiting amplifier at 5 GHz and
25 GHz [64]♠ ©2017 IEEE

a 50 Ω load, reducing the measurement to a simple 2-port setup. This is possible assuming
the symmetry mismatch between the two ports is minimized. Thus, a GSGSG probe was used
at the output with one of its signal pins terminated, and the calibration was performed on a
2-port GSG substrate. The measured and the simulated S21 and S11 of the circuit are shown
in Figure 4.8. The circuit has a gain of 24.3 dB over a 3-dB bandwidth of 25 GHz. Thus, a
differential gain of 27.3 dB can be deduced. The return loss is higher than 10 dB over the
entire bandwidth, indicating good input matching. S22 is not considered as the circuit output
is designed for large-signal operation.

1-dB Compression Point The 1-dB compression point is a good measure of amplifier
linearity. It indicates the power level at which the circuit gain is compressed, resulting in
a deviation of 1 dB from the hypothetical linear case. In the case of the limiting amplifier,
however, the circuit is designed for nonlinear limiting of the output swing, thus lower values
for the compression point are desired. Figure 4.9 shows the output power vs input power
measurement of the circuit at 5 GHz and 25 GHz. The input-referred 1-dB compression points
are calculated as -24 dBm and -22 dBm, respectively.
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Frequency
(GHz)

Vp−p
(mV)

Rise Time (ps)
20%–80%

Fall Time (ps)
20%–80%

5 599 9.8 8.1
10 576 10.0 6.7
20 508 5.6 6.0
25 511 5.8 6.1

Table 4.1: Limiting amplifier single-output oscilloscope measurements at different frequencies
[64]♠ ©2017 IEEE

Oscilloscope Measurements For the large-signal time-domain measurements, a two-
channel sampling oscilloscope was used to measure the output of the circuit, with an RF signal
source at the input. The source was simultaneously used to trigger the oscilloscope for preci-
sion time-base measurements, using a power divider. The circuit outputs were connected to
the oscilloscope’s probes using approximately equal-length cables. An automated skew-adjust
function was used to further align the differential waveforms. Figure 4.10 (a,c,e,g) show the
resulting waveforms for different frequencies. On the right, Figure 4.10 (b,d,f,h) show the
mathematical difference of the waveforms, with a peak-to-peak differential swing of up to
1.2 V.

The main results are summarized in Table 4.1 for one of the outputs. The results were taken
for one of the outputs to avoid any inaccuracies resulting from arbitrary phase alignment of the
output waveforms in the differential waveform. It can be seen from the table that the output
swing is lower at higher frequency, resulting in a difference of 90 mV between 5 and 20 GHz.
The rise and fall times also decrease with frequency, but not proportionally to the reduction
in switch period, resulting in an overall worsening of switching behavior. Nonetheless, the
20%–80% rise time of 5.6 ps at 20 GHz is considered very fast, as it roughly corresponds to
one oscillation period of the SRO at 180 GHz.

Eye Diagrams The eye diagram is a useful method of presenting the large-signal behavior
of an amplifier in the communication path. It provides a visual representation of the amplitude
noise and time jitter which could lead to intersymbol interference and degrade the bit-error
rate. The eye diagram is thus presented here to facilitate the comparison with other limiting
amplifiers. A pseudo-random bit sequence (PRBS) generator was used for the input, and
the eye diagrams were obtained from the oscilloscope connected to a single output. Figure
4.11 shows the eye diagrams for data rates up to 50 Gbit/s. The eye amplitude is greater than
500 mV and the eye opening is almost 400 mV at 50 Gbit/s. These values would roughly be
doubled for full differential output driving.

4.1.3 Conclusion

This section presented a limiting amplifier, fabricated in a 130 nm SiGe BiCMOS technology
with fT = 300 GHz [6], for the generation of high-speed SRO quench waveforms. The limiting
core is based on a modified differential Cherry-Hooper topology with embedded emitter
followers. The circuit generates a balanced output from an unbalanced input, and achieves a
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differential gain of 27.3 dB over a 25-GHz bandwidth. Table 4.2 presents a comparison of
this work with other SiGe HBT limiting amplifiers in the literature. It can be seen that the
amplifier in this work operates with competitively low power consumption, despite the high
differential peak-to-peak output swing of 1.2 V. It has a relatively moderate gain bandwidth
product, which trades against the goal of obtaining low rise and fall times. Thus, it achieves a
very good 20%–80% rise time of 5.6 ps at 20 GHz, and a corresponding fall time of 6.0 ps.
The design circumvents the need for large peaking inductors, resulting in a cost-efficient active
area of 100 µm × 150 µm.

[68] [69] [70] [71] [72] This work [64]♠
SiGe Node 350 nm 350 nm 200 nm 200 nm 800 nm 130 nm
fT (GHz) 47 47 120 120 80 300

Gain (dB) 60.0 19.7 42.0 36.0 54.0 27.3
BW (GHz) 15.0 13.7 24.0 26.0 9.0 25
PDC (mW) 1100 34 550 390 364 79
Vp−p (mV) 2000 220 370 600 600 1200
Area (mm2) 3.12 0.49 0.68 1.43 0.26 0.56

Table 4.2: Comparison of published SiGe limiting amplifiers [64]♠ ©2017 IEEE
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Figure 4.12: Block diagram showing the role of the proposed Schmitt trigger in a super-
regenerative receiver frontend [65]♠ ©2019 IEEE

4.2 0.1-18 GHz Schmitt Trigger with Tunable Duty Cycle

It is desirable to maximize the operation frequency and minimize the rise and fall times
of the quench signal in order to reach high data rates. Additionally, the ability to directly
control the pulse width is needed to set the operation mode and adjust the gain and power
consumption of the receiver frontend. Figure 4.12 shows a depiction of the receiver frontend,
including the quench waveforms generation using the proposed Schmitt trigger [65]♠.

The Schmitt trigger is a bistable circuit that produces a binary logic output depending on
the input waveform’s instantaneous level [73]. It has thus been widely used as a decision and
pulse-shaping circuit for communication and signal processing applications. This is aided by
its hysteresis property, which leads to noise immunity and less transition errors. Fed with a
periodic input, it also provides a simple approach to produce rectangular ac signals with sharp
transition edges at different frequencies. By tuning its threshold levels, the duty cycle of the
output waveform can be directly controlled without changing the frequency. This in turn leads
to additional pulse–width modulation capabilities. The input signal Vsw therefore becomes a
simple sine wave and can be easily generated and routed; either externally or by using a local
oscillator.

4.2.1 Schmitt Trigger Analysis

For the purpose of generating high-speed quench signals with variable duty cycle, two
alternatives are presented in Figure 4.13 for comparison. The first alternative in (a) comprises
a differential pair with single-ended input/output. The second approach, depicted in (b),
utilizes a conventional Schmitt trigger circuit consisting of an emitter-coupled transistor pair
with tail current source I0, and a resistor connected between the output of T3 and the input of
T4. This circuit, however, uses a current source ID to tune the feedback, instead of a voltage
divider as in the typical case. Thus, it can be implemented as a voltage-dependent current

Acknowledgment: This is to acknowledge that section 4.2 contains the results of a joint work on RF Schmitt
trigger, for which my student at the time and later colleague at Technische Universität Dresden, Yu Zhu, was a
major contributor. He was also a co-author of [65]♠, in which this work was first published. I would like to
express my gratitude for his contributions.
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Figure 4.13: Circuit schematics of (a) differential pair with single-ended input and output, and
(b) a Schmitt trigger circuit [65]♠ ©2019 IEEE

source using a MOS transistor.
The output of the differential pair in Figure 4.13 (a), follows the difference between Vin

and VR with its known large-signal characteristic. The Schmitt trigger in (b), on the other
hand, reacts to the input when it crosses one of two thresholds. As the input level crosses
the high threshold VHT , transistor T3 conducts current and its collector voltage falls. This in
turn lowers the base potential of T4, thus less current flows through it, further increasing the
collector current of T3 due to the fixed tail current. This positive feedback effect continues
until the output of T4 is high. Similarly, as the input level falls below VLT , the output quickly
falls to the low state. The difference between the two threshold levels is the hysteresis width.

For a reasonable comparison between the two circuits, the design parameters were chosen
for similar dc bias conditions and power consumption. A circuit-level CAD simulation was
run for the dc transfer characteristics, and the results are shown in Figure 4.14. It is seen
that the transition edges of the Schmitt trigger are significantly sharper, thus leading to a fast
amplitude-limiting behavior without the need for high small-signal gain. On the other hand,
the differential pair offers the possibility of taking the output differentially between nodes X
and Y . This leads to higher output voltage swing, but only if the following stage is differential.

An analysis of the circuit to determine the threshold voltage levels was performed, similar
to [74] and [75], but including ID, and the levels were found as follows

VHT =VCC −R1I0
1

x+1
− ID(Ra +R1)−VT lnx (4.1)

VLT =VCC −R1I0
x

x+1
− ID(Ra +R1)+VT lnx (4.2)

where

x =
1
2

R1I0

VT
−2+

√(
2− R1I0

VT

)2

−4

 (4.3)

The threshold levels predicted by (4.1)–(4.3) for the previous circuit are 2.15 V and 1.87 V,
thus fitting with its simulation results with a difference of less than 5% each. This difference



4.2 0.1-18 GHz Schmitt Trigger with Tunable Duty Cycle 79

1.6

1.8

2

2.2

2.4

2.6

2.8

1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4

V
o

u
t
(V

)

Vin (V)

Pseudo differential pair

Schmitt trigger

Figure 4.14: Large-signal characteristics of a differential pair vs a Schmitt trigger for the same
bias and load conditions [65]♠ ©2019 IEEE

VCC1

Vctrl

VCC2

Vout

RC0 RC1 RC2 RC3

RE1 RE2

RF

CF

M1

Vbias

Vin

Rbias Rmat

Cmat

T1 T2

T3 T4

T5 T6

T7

Figure 4.15: Circuit schematic of the Schmitt trigger and Totem-Pole output buffer [65]♠
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can be attributed to the assumption that the base currents are negligible. The threshold levels
are independent of R2. Therefore, R1 and ID can be chosen for the required thresholds, whereas
the product I0R2 sets the output voltage swing.

4.2.2 Circuit Design and Layout
The Schmitt trigger circuit was implemented using HBT transistors in a 130 nm SiGe BiCMOS
process, with fT and fmax up to 300 and 500 GHz, respectively [6]. A schematic of the Schmitt
trigger circuit is shown in Figure 4.15 and includes all circuit component values. Transistors
T1 and T2 make up the trigger, along with the current mirror T3 and T4.

The hysteresis width is designed as small as 60 mV in order to have better control over the
duty cycle. Noise elimination is not required for this application as Vin is assumed to have low
amplitude noise. The capacitor CF bypasses RF at higher frequencies, forming a high-pass
filter with a cutoff frequency of approximately 500 MHz and improving the rise and fall times
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Figure 4.16: Micrograph of the Schmitt trigger IC including labels for pad signals. Total
pad-limited area = 520 × 540 µm2, active area = 120 × 90 µm2 [65]♠ ©2019
IEEE

at higher switching speeds.
The nMOS transistor M1 implements the tunable current source ID. By tuning the gate

voltage of M1 through Vctrl , its drain current is varied, thus shifting the high and low thresholds
by the same amount. This varies the time between crossings for the periodically changing Vin,
and consequently tunes the duty cycle of the output, thus enabling continuous pulse width
modulation.

During layout, the circuit’s interconnect lengths were minimized, so that they are much
shorter than the wavelength at the highest frequency of operation. Parasitic RC extraction
could then be performed in the post-layout simulation stage to predict the high-speed circuit’s
performance. The short interconnects and the inductor-free circuit topology led to the compact
implementation, requiring an active area of only 0.02 mm2. A micrograph of the fabricated IC
is shown in Figure 4.16 with all signal pads respectively labeled. The test chip is limited by
the size of the pads and requires a total area of 0.28 mm2.

The dc routing network is implemented as a mesh of zero-Ohm lines, which are highly
capacitive transmission lines with a very low characteristic impedance approaching 0 Ω [35],
as previously discussed in section 3.3.2. These provide reliable dc connections with ac short
circuit behavior, in addition to shielding the circuit from any high frequency spurs in the
supply. Most importantly, they enable good modeling of the dc distribution network, since
their impedance is largely dependent on the line dimensions. Thus, transmission line theory
can be used to predict their performance with different load impedances. The compact layout
in addition to the use of small transistors with high fT / fmax lead to the reduction of device
and interconnect parasitics, which could limit the operating speed of the circuit. The use of
a high-pass filter between the circuit stages improves the switching performance at higher
frequencies, and the broadband 50-ohm matching network ensures broadband operation over
the desired frequency range.
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4.2.3 Experimental Results
To study the feasibility of the proposed research concepts, the circuit was characterized on-
chip using a wafer prober with 67 GHz RF probes for Vbias = 2 V and Vctrl = 1.7 V. The
S-parameters were measured using a 67 GHz network analyzer to characterize the input
and output matching. The measurement results are shown in Figure 4.17 vs post-layout
simulations. The return loss is better than 20 dB in the operation frequency range, and a good
fit between measurement and simulation results is observed.

For the time-domain measurements of the waveforms, an RF signal generator is used to
provide the input sinusoidal signal at multiple frequencies with 0 dBm power level. A 70 GHz
sampling oscilloscope is used to capture the output waveforms as well as the eye diagrams.
Additionally, a 50 Gbit/s pseudo-random bit sequence generator with a bit pattern length
of 27 − 1 is used to generate the input sequences for the eye diagram measurements. It is
noted that no post-processing has been done on the signals before presentation. Thus, the
losses of the measurement setup (e.g. cable losses, probe tips) are not de-embedded and cause
deterioration of the measured output.

Figure 4.18 shows the measured output waveforms at different input frequencies fs, when
Vctrl was set for a duty cycle D = 50%. The frequency of the output signals was measured
and consistently came out identical to fs. It is noted that the waveforms appear to have a
rectangular shape at lower frequencies of 1 GHz and below. The transitions are sharp, implying
relatively low rise and fall times. As the frequency increases, the circuit’s parasitic capacitance
introduces poles that slow down the switching transitions. At 18 GHz, the waveform starts to
resemble a sine wave. Table 4.3 summarizes the peak-to-peak voltage swing Vp−p and the
20%–80% rise and fall times at each measured frequency. The circuit produces waveforms
with Vp−p of 300–400 mV, and rise/fall times as low as 10 and 13 ps at 10 GHz.

Figure 4.19 presents the circuit’s duty cycle tuning range and the corresponding tuning
voltages at 1 GHz and 5 GHz. At 1 GHz, the duty cycle could be tuned continuously in a wide
range from 13% to 85%. At 5 GHz, the tuning range was slightly smaller, measuring 22% to
80%. This is due to the relatively slower trigger transitions, thus the output does not reach
its full swing at the extreme duty cycles. It is worth noting that the observed level shifting
does not come from the circuit itself, but is a result of the averaging done by the dc blocking
capacitor in the measurement setup. The average value of the signal after the capacitor is a
function of the duty cycle, thus shifts as the duty cycle is tuned. It is also noted that the duty
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Figure 4.18: Measured output waveforms at a) fs = 200 MHz, b) fs = 1 GHz, c) fs = 10 GHz,
and d) fs = 18 GHz. Tuning voltage Vctrl was set for D = 50% [65]♠ ©2019
IEEE

Frequency
(GHz)

Vp−p
(mV)

Rise Time (ps)
20%–80%

Fall Time (ps)
20%–80%

0.2 407 76 76
1 393 32 37
5 359 13 16
10 346 10 13
18 301 8 10

Table 4.3: Schmitt trigger oscilloscope measurements at different frequencies [65]♠ ©2019
IEEE
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Figure 4.20: Measured eye diagrams at a) 10 Gbit/s, dx = 20 ps, dy = 100 mV, and b) 40 Gbit/s,
dx = 5 ps, dy = 100 mV [65]♠ ©2019 IEEE

[76] [77] [78] This work [65]♠
fs (GHz) 0.133 1 0.5 0.1–18
Technology 130 nm CMOS 40 nm CMOS 180 nm CMOS 130 nm BiCMOS
PDC (mW) 4.2 N.A. N.A. 24.6
Vp−p (V) 3.3 1 1.8 0.4
Area (mm2) 0.0002* Sim. Sim. 0.28
Tunable
duty cycle

no no yes yes

Table 4.4: Comparison of published RF Schmitt triggers above 100 MHz [65]♠ ©2019 IEEE

cycle is inversely proportional to the tuning voltage due to the inverting nature of the output
buffer.

Measurements of the eye diagram were also performed at 10 Gbit/s and 40 Gbit/s, in order
to characterize the circuit’s noise and jitter performance, and are shown in Figure 4.20. They
show an open eye up to a very high data rate despite the slowing of the trigger transitions,
indicating that the circuit does not introduce any significant amplitude noise. The r.m.s. jitter
was measured and found to be between 1–2 ps for both waveforms.

The main results are summarized in Table 4.4 and compared against other RF Schmitt
triggers in the literature. It can be seen that this work has by far the highest performance by
maximum frequency of operation, and the first fabricated circuit relying on this topology for
high-speed analog applications.



5 Super-Regeneration in 60-GHz FMCW
Automotive Radar

In a smart interconnected world, sensing becomes a crucial component for the autonomy
of smart devices if their dependence on human supervision should be reduced. Sensing their
surrounding environment, devices can make decisions that enable them to function in more
complex scenarios, beyond the simple use cases of motion-based door access and lighting
control. One type of sensing is spatial awareness, which opens the door to many different
applications, based on the localization of one device or the ranging between two or more
different devices. This can be achieved by integrating FMCW radar transceivers, which have
become ubiquitous in applications such as automotive driver assistance systems, due to several
notable advantages. FMCW radars are resilient to interference, simplify the baseband signal
processing, and most importantly, they can be integrated into a small silicon form factor,
which lends itself to high volume production and brings the cost down.

Taking into consideration the actual increase of connected devices by a few billions each
year, the energy efficiency of these devices begins to play a very significant role. The power
consumption of each sensor must be kept as low as possible, hence highly efficient solutions
must be explored. Here, too, super-regeneration could offer advantages of very large and
energy-efficient gains. Due to their phase-sampling capabilities, super-regenerative circuits
have been used as active reflectors for FMCW radar systems, regenerating and re-transmitting
weak frequency chirp signals with much larger amplitude [37]. Additionally, since these SRO
circuits make use of instability for their operation, they also overcome the stability concerns
of active reflectors that are based on conventional amplifiers. This enables to increase the
range and the number of sensors in FMCW radar systems, whereas the power consumption
does not scale accordingly, leading to highly efficient and long-lasting battery operation.

5.1 FMCW Radar Autonomous Parking System
As a proof of concept for the use of SROs in FMCW radar, the following system and
application scenarios were conceptualized. Within the range of functions that are possible
in autonomous vehicles, it is desirable to achieve automated and autonomous car parking.
This would minimize the number of parking-related accidents, as well as reduce the time and

IEEE Copyright Note: Major portions of text, figures and tables in this chapter have been taken from the
original self-authored IEEE papers, [79]♠, [80]♠, in which I have been the first author. The papers are
referenced under the ”List of Original Publications” at the end of the thesis and are also properly cited in
the text, tables, and figures from section 5.1 to section 5.3 in accordance with the IEEE copyright policies as
stated under https://www.ieee.org/. To explicitly distinguish them from other citations in the text, tables and
figures referenced in the thesis chapters, the citations for the self-authored papers are specifically marked with
a special symbol i.e. [X]♠.
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energy waste that is incurred in traffic while searching for a parking place. For this purpose, a
radar system would be built to determine the absolute position of vehicles in real time and
with high precision. Typical use cases of that system would be in scenarios where existing
positioning systems, such as GPS, either are not present, or are not sufficiently accurate. This
is for example the case in indoor scenarios such as tunnels and parking garages, which are
usually covered with thick attenuating walls, and where an accuracy of a few centimeters
would be required for automated parking. In order to achieve this high ranging accuracy, a
small spatial resolution is required, which in FMCW radar is inversely proportional to the
chirp bandwidth. For the case of a reflective radar system with rectangular windowing, the
range resolution ∆R was found to be [4]

∆R ≈ 0.66 · c
B f m

, (5.1)

where c is the speed of light and B f m is the linear chirp bandwidth. Therefore, a large
unlicensed bandwidth would be required to achieve the resolution requirements. For a range
resolution of 3 cm, a chirp bandwidth of 6.6 GHz would be required. Hence, the ISM band
around 60 GHz was chosen for this study, since it offers up to 9 GHz of free unlicensed
spectrum for industrial, scientific, and medical applications.

In order to solve the problem of autonomous car parking, a grid-based system would be
implemented in a closed environment, such as a parking garage. Proximity sensors would
indicate if a parking spot is free or occupied, and the parking spot would be defined as one
grid cell, or a combination of cells. To accurately navigate the car to the parking spot, a
number of solutions could be utilized. A camera-based system would allow the car to see
and navigate its surroundings, but its location accuracy is limited, and it would not work in
low light situations. Lidar technologies could be used, but the reliability is limited in bad
weather e.g. foggy situations, and they cannot resolve situations where direct line of sight is
obstructed e.g. due to walls or other parked cars. Microwave sensing using FMCW radar is
able to overcome the previous limitations, and was therefore chosen for this work.

For the design of the FMCW radar system, several alternatives were also considered. A
primary radar system could be used, in which the car contains a two-way radar transceiver,
which enables it to sense its environment using reflections from the surroundings. However, in
order to provide complete information for navigation to the parking spot, a complex imaging
radar with many transmitters and receivers would be required. Additionally, it would be
difficult to extract local coordinate information from such a system. Therefore, a secondary
system was preferred, with active nodes inserted at locations with known coordinates in the
infrastructure. Using triangulation from the closest infrastructure transceivers, the car location
could be accurately determined.

The implementation of the fixed active nodes would conventionally be done as full one-way
radar transceivers, with complete RF frontends consisting of transmitter and receiver blocks,
and full baseband chains. This approach would typically need high power consumption
and high complexity, as well as challenging clock synchronization requirements. In this
work, an alternative based on SRO active reflectors is proposed, which greatly simplifies
the implementation and enhances the performance. A diagram depicting the SRO based
implementation is shown in Figure 5.1. The pros and cons of this SRO active reflector
approach are compared against the conventional one-way radar in Table 5.1.

Although the focus of this work is placed on the novel use of mm-wave super-regenerative
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One-way radar SRO active reflectors

Pros • Large range if power amplifier is
included

• High precision due to large avail-
able bandwidth

• Ultra-efficient operation leading
to low power consumption and
long battery life

• Medium range depending on SRO
output power, high regenerative
gain

• Low component cost

• Relaxed clock synchronization re-
quirements

Cons • High complexity and power con-
sumption

• High component cost

• Challenging clock synchroniza-
tion and phase noise requirements

• High baseband processing require-
ments, low refresh rate

• High SRO bandwidth require-
ments

• Range is limited by minimum
SRO detectable signal and max-
imum output power

Table 5.1: Pros and cons of conventional one-way radar and SRO active reflectors for au-
tonomous car parking system
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reflectors in automotive radar, additional 60-GHz receiver blocks have been investigated to
realize the system, and are detailed in the following section.

5.2 A 60-GHz FMCW Receiver Frontend With
Gain-Linearity Tuning

In this work, the design and measurement of a 60-GHz receiver circuit for down-conversion
of incoming radar chirps is presented. A low-noise amplifier circuit and active mixing ensure
good conversion gain and noise performance of the receiver. Linearization of the mixer
transconductance stage results in a tunable linearity gain-tradeoff capability, which allows
better linearity operation when needed [79]♠.

Figure 5.2 shows the block diagram of the proposed 60-GHz receiver frontend. It consists
of a differential low-noise amplifier (LNA), a Gilbert-cell mixer, and an amplifier for the local
oscillator (LO) signal, which also acts as a balun to simplify the generation of the LO signal.
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5.2.1 Circuit Design and Layout
60-GHz Low-Noise Amplifier

A pseudo-differential cascode topology was chosen for the LNA design due to its typically
large gain and bandwidth at a moderately low noise figure (NF). The LNA circuit schematic
is shown in Figure 5.3. The input transistors T1,2 were sized such that the real part of the
optimum noise impedance Rs,opt is equal to 50 Ω [81]. Additionally, the input impedance is
tuned by using inductive degeneration Ldeg at the emitters of T1,2.

A transmission line T Lin is added at the bases to match the imaginary part, thus achieving a
broadband input match around 60 GHz that minimizes the NF. Care is taken during layout
to reduce the base shunt inductance and increase capacitance, to ensure stability. The load
inductor Lload is implemented as a differential center-tapped inductor and used to feed the
supply VCCA. Current biasing is done using Ire f ,a through T5 to set the optimum current density
through the transistors Ic,opt , which yields the minimum NF.

60-GHz Gilbert Mixer

Unlike CMOS transistors, the low 1/f noise in bipolar transistors enables the use of active
mixer stages, such as the Gilbert cell, down to low IF frequencies for e.g. FMCW radar
applications. This results in notable advantages for the receiver gain and NF, and relaxes the
requirements for LO signal power. A double-balanced architecture is helpful for reducing
undesired common-mode and second-order signals. For these reasons, an active mixer based
on the Gilbert architecture was designed as shown in Figure 5.4.

Linearity is an important parameter in FMCW receivers, as it mainly determines the
dynamic range of the radar. In many cases, the overall receiver linearity is determined by the
mixer linearity, which is mainly limited by the linearity of the input transconductance stage
for a Gilbert mixer. Therefore, a combination of two linearization techniques was designed
to enhance the mixer linearity. Resistive emitter degeneration was applied to the RF input
transistors T1,2 for a broadband linear response.

Additionally, a diode linearizer circuit D1,2 was designed, which increases the base current
to T1,2 at higher input drive levels without dropping the base-emitter voltage VBE , thus reducing
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the early gain compression that is typically seen with conventional bias circuits [82].
Figure 5.5 shows schematic diagrams for a common-emitter transconductance stage in

a Gilbert mixer with conventional bias, and the proposed linearized design, with the diode
linearizer bias circuit and emitter degeneration. The simulation results of the two mixer
circuits are presented in Figure 5.5, showing how VBE is reduced for the conventional design
above an input power of 15 dBm, whereas the linearized design achieves a peaking of VBE at
high input powers, leading to an increase in linearity.

60-GHz LO Driver

In order to simplify the generation and routing of LO signals, a two-stage amplifier/balun was
designed as shown in Figure 5.6. The amplifier stages consist of differential pairs with an
inductive load and a small resistor to limit the output at the required LO signal power. The
unbalanced input is converted to a balanced output through the common-mode rejection of the
emitter-coupled current source.

5.2.2 Experimental Results
To prove the proposed concepts, the receiver circuit was fabricated in a 130-nm BiCMOS
HBT technology with fT and fmax up to 300 and 500 GHz, respectively [6]. A micrograph of
the receiver chip is shown in Figure 5.7 with pad labels and a circuit area of 1.1 mm2. The
circuit was measured on-wafer by using a vector network analyzer, which was reconfigured
to measure conversion gain of a frequency-translating block. Power sensors were used to
characterize the losses of the measurement setup and calibrate the results. NF was measured
using a spectrum analyzer and two noise sources for different frequency ranges.

The measurement results are shown against frequency in Figure 5.8, as well as the cor-
responding simulation results for comparison. The receiver has a peak conversion gain of
34 dB for that linearity setting, and the gain is above 18 dB for the presented frequency range
of 45-70 GHz. A minimum single-side-band NF (NFSSB) of 6 dB is achieved at the center
of the band. This is dominated by the differential LNA stage that precedes the mixer. The
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Figure 5.7: 60-GHz receiver circuit micrograph (area = 1100 × 1000 µm2) [79]♠ ©2021
IEEE

input return loss is shown at the LO and RF ports. The differential RF input return loss shows
a broadband response close to 10 dB, whereas the LO input return loss is narrowband and
centered at 61.5 GHz. Signal loss due to reflections at the LO input is not critical and is
compensated by the gain of the LO driver stage. Linearity measurements were carried out and
the results are shown against simulations in Figure 5.9. It can be seen that tuning VB leads to
gain-linearity tuning, as the gain is reduced whereas a peaking shape occurs at higher input
power, due to the effect depicted in Figure 5.5. The input-referred 1-dB compression points
IP1dB for VB = 1.5, 1.7 and 1.9 V were calculated as -30, -34.4, and -41.9 dBm, respectively.
The gain for these settings was 30.2, 33.9, and 35.9 dB, respectively. Therefore, 11.9 dB of
input-referred linearity can be traded off for only 5.7 dB of gain.

Figure 5.10 shows the measured and simulated conversion gain against signal power at the
LO driver input pad. The results are presented for three VB bias settings, in order to show the
effect of gain-linearity tuning on LO power requirements. It is possible to operate the receiver
with LO power starting from -25 dBm due to the integrated driver, which simplifies system
design considerations with regards to LO signal amplification and routing.

Table 5.2 shows a comparison of radar receiver ICs operating in or around the 60 GHz
ISM frequency band. The proposed receiver has the highest conversion gain, except for one
other work that includes a 3-stage LNA and a baseband amplifier. This work has the best
measured noise figure, and a moderate dc power consumption due to the integrated LO driver
amplifiers. Among the papers that report a built-in gain-linearity tuning capability, it has the
best gain-linearity tradeoff ratio.
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5.3 A 60-GHz Super-Regenerative Oscillator with 80 dB
Gain

The availability of wide unallocated bandwidth in millimeter-wave frequency bands has led to
numerous new system applications. The ISM band around 60 GHz is attractive since it offers
a license-free bandwidth with several GHz of bandwidth, which can be used to implement
high-resolution radars for civil automotive applications. At millimeter-wave frequencies, there
are several basic research challenges, such as how to handle the high signal attenuation and
the low transistor gains, which limit the possible range of the radar [80]♠.

Super-regenerative amplification enables a power-efficient low-complexity solution to
expand the range of FMCW radar systems using active reflector tags. The principle utilizes
positive feedback to re-transmit a weak incident chirp signal with very large gain [14]. The
phase of the input signal is sampled during the sensitive initial stage of the oscillator start-up.
The output signal grows exponentially while retaining the phase information, until it reaches
full amplitude. The gain is then periodically quenched in order to return the system to the
initial phase-sensitive mode. Among the research challenges is the achievement of high
sensitivity at such high frequencies.

This paper presents a basic scientific research study of an SRO in 130 nm SiGe BiCMOS
technology. It is designed as an active reflector for future 60 GHz FMCW civil automotive
secondary radars. The next sections describe the circuit concept. As a proof of concept, a chip
is realized and experimentally characterized, followed by a comparison with the state of the
art.

5.3.1 Circuit Design and Layout

Super-Regenerative Oscillator

The SRO circuit is based on a cross-coupled oscillator network consisting of the bipolar
transistors T5,6 and the coupling capacitors Ck, as shown in the schematic in Figure 5.11. The
transistors are sized for output powers larger than 0 dBm. Accordingly, the bias current is set
by the current mirror T1,2, and the diodes T3,4 provide an offset voltage to enable a reference
voltage close to VCC. MOS varactors Mvar are used as the frequency tuning elements through
the tuning voltage Vtune. To increase the output power and the gain, a load transformation
network is implemented at the output, which consists of the high-impedance transmission
lines T Lad , T Lsh, and T Lsr, as well as the capacitor Csr. A Marchand balun is included to
facilitate the connection with the antenna feed line, and the node OSC is used as input during
oscillator start-up as well as output when the amplitude is large.

Periodic quenching is done at the SW node through the MOS transistor M1. The large
pull-down resistor Rpd enables a free-running oscillator mode when no signal is fed at SW.
The MOS capacitance Mcap is connected in parallel to reduce the slope of quenching, which
has been found to improve the sensitivity of the SRO [28]. This in turn increases the maximum
gain of the circuit. The capacitance value is optimized and the layout is carefully done to
reduce the inductive part. The antenna diode Dant is connected to the substrate and protects
M1 gate from charge effects during fabrication.
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Figure 5.11: Schematic of the 60-GHz SRO circuit [80]♠ ©2022 IEEE

Marchand Balun

To combine the SRO with a single-ended antenna, a Marchand balun was designed for on-
chip fabrication to achieve broadband performance. A 3D illustration of the balun and the
corresponding metal layers are shown in Figure 5.12. The top two metal layers were chosen
for compact broadside coupling and the width of the lines was optimized for an impedance
of 50 Ω. The simulated S11 performance is better than 20 dB over the full band as shown in
Figure 5.13. The insertion loss is 1.3 dB and the amplitude imbalance is less than 0.8 dB over
the full band. The phase imbalance is 12◦ at 60 GHz.

5.3.2 Experimental Results
To prove the proposed concept, a chip was implemented and experimentally characterized.
The circuit was fabricated in a 130 nm SiGe BiCMOS technology with fT and fmax up to
300 GHz and 500 GHz, respectively [6]. Figure 5.14 shows a labeled micrograph of the
fabricated circuit, with a total area of 0.87 mm2.

The circuit was measured on wafer using the configuration shown in Figure 5.15. The OSC
node was connected using RF signal probes to a spectrum analyzer through an RF power
splitter/combiner to measure the output signal. The second combiner port was connected to a
signal generator for the much weaker input signal. A pulse generator was connected at the
SW node to provide the quench signal for SRO operation. The instruments were provided the
same 10 MHz reference signal to ensure a common phase reference. The results were power
calibrated by removing the losses of the cables and the setup.

Figure 5.16 shows the frequency tuning characteristics and output power of the free-running
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Figure 5.14: Micrograph of the 60-GHz SRO chip (area = 970 × 900 µm2) [80]♠ ©2022
IEEE
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SRO circuit when no quench signal was applied at SW. The tuning voltage Vtune was varied
between 1.8 V and 3.4 V, and the oscillation frequency and output power were recorded. A
good fit between measurement and simulation results is shown. The output power varies by
approximately 2 dB in this range to reach a maximum of 3.1 dBm.

To test the super-regenerative operation of the circuit, a 10 MHz frequency pulse was used
at SW node to facilitate the characterization. The pulse had an amplitude of 0.5 V and a duty
cycle of 30% for periodic quenching of the oscillator, corresponding to a dc power dissipation
of 25 mW. A weak input signal with frequency fin j = 57 GHz was applied to the power
combiner at OSC node, as shown in Figure 5.15. The output was measured in frequency
domain using a spectrum analyzer.

An input signal that is too weak to be coherently regenerated by the SRO appears indis-
tinguishable from noise in the spectrum. Due to the quenching action, the noise floor is
superimposed by a sinc envelope, which is centered around the oscillation frequency of the
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SRO. This can be seen when the input power Pin j = -82.5 dBm as in Figure 5.17 (a). Increasing
the power by 3 dB to Pin j = -79.5 dBm as in Figure 5.17 (b), a Dirac comb trail of impulses
with 10 MHz is becoming visible, which indicates a phase-coherent regeneration of the input
signal [19].

This defines the minimum detectable signal Pin j,min of the SRO as -79.5 dBm. Reaching
a steady-state output power of 1 dBm at 57 GHz, as shown in Figure 5.16, this Pin j,min
corresponds to a maximum regenerative gain capability of 80.5 dB. Figure 5.18 shows further
spectrum measurements at higher input power Pin j = -38.5 dBm and an additional input
frequency fin j = 57.1 GHz. The noise around the center frequency is low at higher input
power as the phase regeneration error is reduced, and the peak amplitude is also higher.

A sweep of the input power was performed and the maximum of the spectral envelope
Penv,max was recorded for every input power Pin j. The result is shown in Figure 5.19. The
plot shows the transition of the circuit from linear mode at low input levels to logarithmic
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mode at high input levels due to output level saturation. The parameter Pi,N , at which the input
power corresponds to the transition from linear to logarithmic mode, is calculated from the
intersection of the extrapolated lines as Pi,N = -58 dBm [19].

Table 5.3 shows a comparison of the proposed SRO with the current state of the art, including
one non-SRO active reflector circuit. The proposed circuit shows the highest maximum gain
in this frequency range around 60 GHz, largely owing to the optimized quenching circuit for
high sensitivity. It is worth noting that [3] employs quench waveform shaping techniques,
which further enhance the sensitivity of the SRO. Similar techniques can also be combined
with this work to achieve higher gain. This work also shows very competitive dc power
dissipation, which is the best among the SiGe BiCMOS circuits, and is only surpassed by the
CMOS circuits. Achieving this high efficiency was possible through the design of a passive
load optimization network, leading to improved dc-to-RF efficiency. This work also achieves
far higher gain and output power than non-SRO active reflectors, showing the advantages of
the SRO concept over non-SRO active reflectors, which face stability issues with high gain
performance.
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6 Conclusion and Outlook
To address the rising demands of a smart interconnected world, the communication and sensing
devices are becoming increasingly numerous and power hungry. New innovative approaches
are needed to improve the efficiency of electronic systems and save precious energy, while
maintaining competitive levels of performance. This work presented the analysis, modeling,
design, and characterization of super-regenerative receivers, and complementary system
components, and discussed how these techniques can be useful for wireless communication
and radar applications. This work advanced the state of the art in the following ways:

• Modeling and analysis were performed for SRO circuits, which are the main building
blocks of super-regenerative receivers. The analysis covered aspects of SRO design that
were previously unexplored in the literature, including amplitude start-up behavior, and
the factors affecting phase sampling effectiveness. Design guidelines were drawn from
the results of this analysis, such as how to characterize SRO circuits in spectrum, how
to increase symbol rate for high data rate communication, and how to improve phase
sensitivity in order to increase the regenerative gain.

• Millimeter-wave SRO circuits have been designed, implemented, and characterized,
which proved the ability to perform simultaneous phase and amplitude modulation in
SRO integrated circuits. Consequently, this has had a significant positive effect on the
spectral efficiency and the maximum attainable data rate from such circuits, increasing
the maximum data rate by a factor of 80 to 16 Gbit/s.

• For the previous advancement, it was also necessary to increase the operation frequency,
in order to reach the respectively high bandwidth and symbol rate requirements. This
work presented the characterization results of a phase sampling SRO that operated at a
frequency of 180 GHz, which is an improvement by a factor of 3 against the state of the
art. Additionally, the SRO frequency reached a challenging 36% of the peak technology
fmax, which is known to complicate the SRO design due to the low transistor gain at this
frequency. A highly competitive regenerative gain of 58 dB was achieved at 180 GHz,
and another SRO presented here reached a gain of 80 dB at 60 GHz, which are better
than any other phase sampling SRO above 35 GHz.

• Among millimeter-wave wireless communication systems around 200 GHz, this work
improved the energy efficiency in wireless transmission experiments to 0.6 pJ/bit for a
moderately high data rate of 16 Gbit/s. This is due to the large and highly efficient gain
from the SRO circuit, with a pulsed dc power consumption of only 8.8 mW. Large gain
in the SRO also allows the use of passive mixing in the following stage, which does not
add to the power consumption and further improves the energy efficiency.

• In order to achieve high symbol rates, circuit techniques for generating high-speed
rectangular quench waveforms have been explored. Two broadband circuits have
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been designed and characterized, which were able to generate quench signals up to a
frequency of 25 GHz. One of these circuits was an RF Schmitt trigger operating up
to 18 GHz, which corresponds to an improvement by a factor of 18 compared to prior
work.

The use of super-regenerative receivers in millimeter-wave communication and radar
applications is a relatively new application, and many of the underlying challenges are still
largely unexplored. Thus, the research presented in this work can be carried forward in a
number of ways. Some of the key areas where millimeter-wave super-regenerative receivers
can be better understood and improved are listed below:

• The theory of phase sampling in SROs can be extended to include all the factors
affecting sampling effectiveness, including SRO transfer function, quench waveform,
and noise. A comprehensive noise analysis could clarify the dependence of phase
sampling errors on noise temperature and bandwidth, and would explain the dependence
of SRO performance on noise figure and phase noise. Only then would the noise
performance of SROs as a first gain stage in the receiver, similar to LNAs, and its impact
on following stages be fully understood. Additionally, more careful quench waveform
design could lead to better SRO phase sensitivity in FMCW radar active reflectors, but
this might prove to be difficult in high data rate communication systems due to their
high clock speeds.

• The energy efficiency of pulsed SRO systems could be further drastically improved
by building them into wake-up receivers, which have the potential to reduce their
power consumption to a few microwatts. SROs are exceptionally adapted for this type
of systems as they inherently have an OFF-switch through their quenching circuits.
Furthermore, if combined with passive mixers, this would even reduce the number of
active components that have to be turned off in order to save power.

• The design of transmitters that are based on SRO circuits could be very beneficial to
build a complete energy-efficient system using super-regenerative techniques. Several
interesting research topics would arise, as in this case, SROs would be used as power
amplifiers and would have different challenges to overcome. The output power would
need to be improved, and the SROs would have to be designed as power oscillators,
while still fulfilling the requirements of fast start-up and good phase sensitivity. Another
challenge would be the synchronization of transmit and receiver pulses, which could be
resolved using peak search algorithms in the receiver.

• IQ mixers could be designed and integrated into millimeter-wave super-regenerative
receivers, which would facilitate the processing of quadrature modulation techniques.
In turn, this would improve the spectral efficiency of SROs and enable higher data rates,
but might increase the chip area and place higher requirements on SNR.

• Research on antennas could be done to determine their influence on high data rate SRO
pulses, and to draw design guidelines. Such SRO pulses are short in time and have very
fast transients, and could benefit from research that has already been done on antennas
for UWB systems. Another interesting aspect could be the phase linearity over the large
SRO bandwidth.
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