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Abstract

The demand for low-power wireless communication systems has increased

significantly in recent years, driven by applications such as the Internet

of Things (IoT), wearable medical devices (WMDs), and wireless sen-

sor networks (WSNs). These systems, particularly transmitters, often

rely on batteries or energy-harvesting elements, making power consump-

tion a critical design constraint. While batteries have limited lifetimes

and require maintenance, energy-harvesting techniques offer a sustain-

able alternative, enabling self-sustaining operation for ultra-low-power

(ULP) sensor nodes. Consequently, minimizing power consumption is

paramount to extending operational longevity and enhancing energy ef-

ficiency in these systems.

This research focuses on the analysis and design of an ultra-low-power

transmitter in 130 nm CMOS technology, specifically targeting short-

range sub-GHz applications, including the MedRadio band at 400MHz

and ISM bands at 433MHz and 915MHz. By leveraging innovative cir-

cuit design techniques and system-level optimizations, this work achieves

significant advancements in power efficiency and system integration.

The thesis is structured into two key segments: low-power circuit block

design, whose results are utilized in the second segment focused on low-

power transmitter design. The first segment explores low-power circuit

design methodologies, emphasizing leakage reduction and energy-efficient

architecture optimization. A multi-stacked transistor topology is em-

ployed to mitigate subthreshold leakage, enabling the realization of a

sub-nanowatt clock generation circuit—an essential always-on block in

the transmitter. Additionally, a fast start-up crystal oscillator is intro-

duced, achieving a start-up time of 7.6 µs through the integration of

dynamic negative resistance boosting and initial motional current en-
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hancement. These techniques effectively reduce both start-up latency

and power consumption.

Beyond circuit implementation, this work contributes to the theoretical

foundations of ULP design by developing multiple mathematical models

that characterize key circuit parameters and guide systematic power opti-

mization. A subthreshold leakage current model is formulated for stacked

structures, providing insights into its effectiveness in leakage suppression.

Furthermore, mathematical models for start-up time and KVCO in ring

oscillators are derived. Based on these analyses, custom-designed low-

power voltage-controlled ring oscillators (VCOs) are proposed, achieving

power efficiencies of 0.18 nW/kHz and 1.53 nW/kHz for three-stage and

nine-stage topologies, respectively.

In the second segment the integration of the fast start-up crystal os-

cillator enables duty-cycling of the entire transmitter chain, marking a

significant step toward reducing average power consumption. By com-

bining aggressive duty-cycling strategies with the proposed low-power

circuit blocks, this work successfully demonstrates a sub-µW transmitter

solution suitable for energy-constrained sub-GHz sensor node applica-

tions. The transmitter achieves a power consumption of only 435 nW at

a data rate of 76.5 kb/s with a 0.9% duty-cycling rate, while it exhibits

a data rate of 85Mb/s in the continuous mode. Furthermore, its archi-

tecture is reconfigurable due to its tunable carrier frequencies, support

for two modulation schemes, and the flexibility to operate with either

integrated or external clock and reference signals, allowing adaptability

to various application requirements.



Zusammenfassung

Die Nachfrage nach drahtlosen Kommunikationssystemen mit geringem

Stromverbrauch hat in den letzten Jahren erheblich zugenommen, ange-

trieben durch Anwendungen wie das Internet der Dinge (IoT), tragbare

medizinische Geräte und drahtlose Sensornetzwerke (WSNs). Diese Sys-

teme, insbesondere die Sender, sind oft auf Batterien oder Energiegewin-

nungselemente angewiesen, was den Stromverbrauch zu einer kritischen

Designbedingung macht. Während Batterien eine begrenzte Lebensdau-

er haben und gewartet werden müssen, bieten Energiesammeltechniken

eine nachhaltige Alternative, die einen autarken Betrieb für Ultra-Low-

Power (ULP) Sensorknoten ermöglicht. Folglich ist die Minimierung des

Stromverbrauchs von entscheidender Bedeutung für die Verlängerung der

Betriebsdauer und die Verbesserung der Energieeffizienz in diesen Syste-

men.1

Diese Forschungsarbeit konzentriert sich auf die Analyse und das De-

sign eines Ultra-Low-Power-Senders in 130 nm CMOS-Technologie, der

speziell für Kurzstreckenanwendungen im Sub-GHz-Bereich abzielt, ein-

schließlich des MedRadio-Bands bei 400MHz und der ISM-Bänder bei

433MHz und 915MHz. Durch den Einsatz innovativer Schaltungsent-

wurfstechniken und Optimierungen auf Systemebene werden in dieser

Arbeit erhebliche Fortschritte bei der Leistungseffizienz und Systeminte-

gration erzielt.

Die Arbeit gliedert sich in zwei Hauptabschnitte: Entwurf von Schalt-

kreisblöcken mit geringem Stromverbrauch, deren Ergebnisse im zweiten

Abschnitt verwendet werden, der sich auf den Entwurf von Sendern mit

1 Note: The German abstract presented here is not a direct, literal translation of the English version.
Instead, it has been written to faithfully reflect the scope and depth of the original content. It
was prepared to the best of the author’s ability and understanding. For an accurate and complete
interpretation of the thesis abstract, readers are encouraged to consult the English version.
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geringem Stromverbrauch konzentriert. Das erste Segment befasst sich

mit den Methoden des stromsparenden Schaltungsentwurfs, wobei der

Schwerpunkt auf der Reduzierung von Schwellströmen und der energie-

effizienten Optimierung der Architektur liegt. Eine Topologie mit mehre-

ren gestapelten Transistoren wird eingesetzt, um Schwellströme im Un-

terschwellenbereich zu verringern, was die Realisierung einer Schaltung

zur Takterzeugung im Sub-Nanowatt-Bereich ermöglicht - ein kritischer,

ständig eingeschalteter Block im Sender. Darüber hinaus wird ein schnel-

ler Start-up-Quarzoszillator vorgestellt, der durch die Integration einer

dynamischen negativen Widerstandserhöhung und einer anfänglichen Be-

wegungsstromverstärkung eine Start-up-Zeit von 7,6 µs erreicht. Durch

diese Techniken werden sowohl die Anlauflatenz als auch der Stromver-

brauch wirksam reduziert.

Über die Schaltungsimplementierung hinaus trägt diese Arbeit zu den

theoretischen Grundlagen des ULP-Designs bei, indem sie mehrere ma-

thematische Modelle entwickelt, die wichtige Schaltungsparameter cha-

rakterisieren und eine systematische Leistungsoptimierung ermöglichen.

Für gestapelte Strukturen wird ein Unterschwellen-Leckstrommodell for-

muliert, das Einblicke in die Effektivität der Leckstromunterdrückung

bietet. Darüber hinaus werden mathematische Modelle für die Anlauf-

zeit und den KVCO in Ringoszillatoren abgeleitet. Auf Grundlage dieser

Analysen werden maßgeschneidert spannungsgesteuerte Ringoszillatoren

(VCOs) mit geringer Leistung vorgeschlagen, die eine Leistungseffizienz

von 0,18 nW/kHz bzw. 1,53 nW/kHz für dreistufige bzw. neunstufige To-

pologien aufweisen.

Im zweiten Segment, das sich auf das Design von Sendern mit geringem

Stromverbrauch konzentriert, ermöglicht die Integration des schnell an-

laufenden Quarzoszillators das Duty-Cycling der gesamten Senderkette,

was einen bedeutenden Schritt zur Reduzierung des durchschnittlichen

Stromverbrauchs darstellt. Durch die Kombination aggressiver Duty-

Cycling-Strategien mit den vorgeschlagenen stromsparenden Schaltungs-

blöcken demonstriert diese Arbeit erfolgreich eine Sub-µW-Senderlösung,

die für energiebeschränkte Sub-GHz-Sensorknotenanwendungen geeignet

ist. Der Sender erreicht eine Leistungsaufnahme von nur 435 nW bei
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einer Datenrate von 76,5 kb/s und einer Duty-Cycling-Rate von 0,9%.

Darüber hinaus ist seine Architektur rekonfigurierbar, da sie abstimm-

bare Trägerfrequenzen, die Unterstützung zweier Modulationsschemata

sowie die Flexibilität bietet, entweder mit integrierten oder externen

Takt- und Referenzsignalen zu arbeiten. Dies ermöglicht eine einfache

Anpassung an unterschiedliche Anwendungsanforderungen.
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1 Introduction

1.1 Motivation

Throughout history, the transmission of data has been vital for the func-

tioning and advancement of societies, enabling the dissemination of infor-

mation, coordination of activities, and preservation of knowledge across

generations. Efficient data transmission has been important in domains

ranging from commerce and governance to science and technology. For

example, the development of postal systems allowed for reliable long-

distance message exchange, while the printing press revolutionized data

dissemination by enabling the mass production of books and newspapers.

As societies grew increasingly complex, the demand for faster, more re-

liable means of transmitting data became more pressing, driving the

evolution of communication systems and methods.

The evolution of communication systems accelerated during the In-

dustrial Revolution and beyond, with groundbreaking innovations that

fundamentally transformed how people share information. The invention

of the telegraph enabled near-instantaneous communication over vast

distances through electrical signals, while the telephone allowed for real-

time voice transmission. Radio and television further expanded the reach

of communication by enabling audio and visual broadcasts to large au-

diences. In the 20th century, the advent of digital communication and

the internet ushered in an era of rapid, data-rich connectivity, revolu-

tionizing how people access and exchange information. The ability to

transmit data in digital form facilitated the rise of computing networks,

email, and multimedia communication, laying the foundation for today’s

interconnected digital world.

Today, the demand for short-range and wireless communication tech-
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nologies has become particularly prominent, driven by the need for mo-

bility, convenience, and ubiquitous connectivity. Short-range communi-

cation technologies, such as Bluetooth, Wi-Fi, and Near Field Communi-

cation (NFC), have enabled seamless and flexible data exchange between

devices in close proximity. These innovations have led to a host of ap-

plications, from wireless earbuds and smart home automation systems

to contactless payment methods and health monitoring wearables. Wi-

Fi provides high-speed internet access in homes, workplaces, and public

spaces, facilitating the use of mobile devices and cloud services. Wire-

less communication is also a key enabler of the Internet of Things (IoT),

where interconnected devices and sensors communicate autonomously to

optimize efficiency and enhance user experiences across diverse sectors,

such as healthcare, transportation, and industrial automation. These ad-

vances highlight the essential role of short-range and wireless communica-

tion technologies in meeting modern data transmission needs in a digital,

interconnected world.

1.2 Scope and Functional Specifications

This scientific research investigates novel integrated circuit solutions in-

cluding topologies and hardware level transmitter design for sub-GHz

wireless communication.

The primary research questions explored in this thesis are:

- What are the methods to reduce the power consumption of a trans-

mitter while maintaining still enough data rate for short-range wireless

communications?

- Is it feasible to design an ultra-low-power transmitter operating in

the sub-µW range for short-range communication that can be powered

by very small harvesting elements?

To answer these questions, the scope of this work is limited by the

following specifications and characteristics of the transmitter:

� Low energy consumption: The reduction of the power consumption

of the transmitter is the main goal. Therefore, all building blocks
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of the transmitter must adhere to low-power design principles. The

entire transmitter should consume very small power so that op-

eration from a sub-µW supply or a miniature energy harvester is

possible.

� Communication range: Reducing power consumption should be

achieved while wireless communication with standard receivers of

at least 1m is possible.

� Integration and data rate: While integration is a fundamental re-

quirement for all research carried out in the information era, com-

munication must be possible within a range from a few bits per

second (b/s) to a few hundred kilobits per second (kb/s) required

for common IoT, sensor networks, and wireless networks.

� Theoretical modeling and knowledge contribution: This research

aims to develop theoretical models and analytical frameworks for

ultra-low-power transmitter design. Techniques such as leakage re-

duction, duty-cycling, start-up energy minimization, voltage scal-

ing, subthreshold operation, and energy-efficient modulation are

systematically evaluated. The study encompasses both system-level

analysis of power-performance trade-offs and device-level model-

ing of energy-constrained circuits. The resulting insights aim to

advance design methodologies and contribute to the theoretical

foundations of low-power wireless communication in the sub-GHz

bands.

1.3 Objectives and Structure

This thesis presents a transmitter concept based on radio frequency in-

tegrated circuits (RFICs) to address the key questions outlined in Sec-

tion 1.2 and to make new contributions to the field of low-power sub-GHz

transmitters. The work concentrates on the analysis, design, and char-

acterization of an ultra-low-power sub-GHz transmitter for short-range

wireless communication.
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This research emphasizes the analysis, design, and characterization

of CMOS-based integrated circuits and blocks developed using SiGe-

BiCMOS technology for an ultra-low-power sub-GHz transmitter. The

key RF components are analyzed, designed, and characterized at the

circuit level to ensure optimal performance. The communication link is

evaluated and tested through the use of commercially available off-the-

shelf components, and laboratory measurement equipment.

The primary contributions of this research include:

� Theoretical foundation and knowledge gain: This work contributes

to scientific knowledge by providing a comprehensive theoretical

foundation supported by mathematical analysis and system-level

modeling. Equations and analytical expressions are used to derive

key design parameters, enabling insight into trade-offs and guid-

ing circuit design decisions. The methodology enhances the under-

standing of ultra-low-power RF transmitter design, offering gener-

alizable approaches valuable beyond this specific implementation.

� System level design: The system level requirements are discussed

with equations and analytical expressions.

� Circuit block design: Circuit blocks and sub-blocks satisfying sys-

tem level requirements and specifications are analyzed and de-

signed. Novel typologies and methods are introduced to meet sys-

tem specifications, including ultra-low-power clock circuits, fast

start-up crystal oscillators, and duty-cycled sub-systems.

� Practical assessment: Involves characterizing individual sub-blocks

and blocks independently. Once assembled within the transmitter

system, these components are further evaluated, with the results

compared to theoretical analyses, simulations, and models, wher-

ever applicable. This comprehensive process aims to validate and

demonstrate the underlying concept.

This work is organized as follows. Chapter 2 explores the fundamentals

and key features of transmitters reported in the literature. It identifies
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and compares key system-level specifications to determine optimal cir-

cuit blocks, as well as system topology and architecture. Additionally,

it provides an overview of relevant technologies and processes to select

the most suitable technology for implementing and fabricating the de-

signed system. Chapter 3 presents a detailed analysis, design, and char-

acterization of low-power and ultra-low-power circuits, including essen-

tial sub-circuits, building blocks, and their sub-components required for

the transmitter. This chapter explores various design techniques and op-

timization strategies, including leakage reduction and optimization of

start-up energy and time in crystal oscillators, to minimize power con-

sumption while maintaining performance. Chapter 4 focuses on the anal-

ysis, implementation, and characterization of the ultra-low-power trans-

mitter. Building on the findings of previous chapters, it examines key

design specifications and methodologies required to achieve ultra-low-

power operation. The chapter discusses various circuit- and system-level

optimization strategies to enhance energy efficiency while maintaining

performance. Additionally, measurement and evaluation techniques are

presented to assess the transmitter’s functionality and compliance with

design objectives. Chapter 5 summarizes the key findings and contribu-

tions of this work, providing a review of the achieved results. Addition-

ally, the chapter discusses potential future research directions and de-

sign improvements, highlighting opportunities for further advancements

in ultra-low-power transmitter technology.
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