||
CMOS
Time-Mode
Circuits—
and SySte‘ﬁmS :

| 4 L}
?; o
b [ ke e ;‘M
o R Rt i
. i
—




CMOS
Time-Mode

Circuits
aa OYStems

Fundamentals and Applications
eoiren BY FEI YUAN

Ryerson University, Toronto, Canada

KRZYSZTOF INIEWSKI

MANAGING EDITOR
CMOS Emerging Technologies Research Inc.
Vancouver, British Columbia, Canada

CRC Press
Taylor & Francis Group
Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business




MATLAB?® is a trademark of The MathWorks, Inc. and is used with permission. The MathWorks does
not warrant the accuracy of the text or exercises in this book. This book’s use or discussion of MAT-
LAB"® software or related products does not constitute endorsement or sponsorship by The MathWorks
of a particular pedagogical approach or particular use of the MATLAB® software.

CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W, Suite 300
Boca Raton, FL 33487-2742

© 2016 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works

Printed on acid-free paper
Version Date: 20151012

International Standard Book Number-13: 978-1-4822-9873-4 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable
efforts have been made to publish reliable data and information, but the author and publisher cannot
assume responsibility for the validity of all materials or the consequences of their use. The authors and
publishers have attempted to trace the copyright holders of all material reproduced in this publication
and apologize to copyright holders if permission to publish in this form has not been obtained. If any
copyright material has not been acknowledged please write and let us know so we may rectify in any
future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced,
transmitted, or utilized in any form by any electronic, mechanical, or other means, now known or
hereafter invented, including photocopying, microfilming, and recording, or in any information stor-
age or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copy-
right.com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222
Rosewood Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that pro-
vides licenses and registration for a variety of users. For organizations that have been granted a photo-
copy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are
used only for identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at

http://www.taylorandfrancis.com

and the CRC Press Web site at

http://www.crcpress.com

Printed and bound by CPI Group (UK) Ltd, Croydon, CRO 4YY



CMOS
Tl_me-_Mode
Circuits

ana OYStems

Fundamentals and Applications



Devices, Circuits, and Systems

Series Editor
Krzysztof Iniewski

Emerging Technologies CMOS Inc.
Vancouver, British Columbia, Canada

PUBLISHED TITLES:

Atomic Nanoscale Technology in the Nuclear Industry
Taeho Woo

Biological and Medical Sensor Technologies
Krzysztof Iniewski

Building Sensor Networks: From Design to Applications
loanis Nikolaidis and Krzysztof Iniewski

Cell and Material Interface: Advances in Tissue Engineering,
Biosensor, Implant, and Imaging Technologies
Nihal Engin Vrana

Circuits at the Nanoscale: Communications, Imaging, and Sensing
Krzysztof Iniewski

CMOS: Front-End Electronics for Radiation Sensors
Angelo Rivetti

CMOS Time-Mode Circuits and Systems: Fundamentals
and Applications
Fei Yuan
Design of 3D Integrated Circuits and Systems
Rohit Sharma

Electrical Solitons: Theory, Design, and Applications
David Ricketts and Donhee Ham

Electronics for Radiation Detection
Krzysztof Iniewski

Electrostatic Discharge Protection: Advances and Applications
Juin J. Liou

Embedded and Networking Systems:
Design, Software, and Implementation
Gul N. Khan and Krzysztof Iniewski

Energy Harvesting with Functional Materials and Microsystems
Madhu Bhaskaran, Sharath Sriram, and Krzysztof Iniewski

Gallium Nitride (GaN): Physics, Devices, and Technology
Farid Medjdoub



PUBLISHED TITLES:

Graphene, Carbon Nanotubes, and Nanostuctures:
Techniques and Applications
James E. Morris and Krzysztof Iniewski
High-Speed Devices and Circuits with THz Applications
Jung Han Choi

High-Speed Photonics Interconnects
Lukas Chrostowski and Krzysztof Iniewski

High Frequency Communication and Sensing:
Traveling-Wave Techniques
Ahmet Tekin and Ahmed Emira

Integrated Microsystems: Electronics, Photonics, and Biotechnology
Krzysztof Iniewski

Integrated Power Devices and TCAD Simulation
Yue Fu, Zhanming Li, Wai Tung Ng, and Johnny K.O. Sin

Internet Networks: Wired, Wireless, and Optical Technologies
Krzysztof Iniewski

Ionizing Radiation Effects in Electronics: From Memories to Imagers
Marta Bagatin and Simone Gerardin
Labs on Chip: Principles, Design, and Technology
Eugenio lannone
Laser-Based Optical Detection of Explosives
Paul M. Pellegrino, Ellen L. Holthoff, and Mikella E. Farrell

Low Power Emerging Wireless Technologies
Reza Mahmoudi and Krzysztof Iniewski

Medical Imaging: Technology and Applications
Troy Farncombe and Krzysztof Iniewski

Metallic Spintronic Devices
Xiaobin Wang

MEMS: Fundamental Technology and Applications
Vikas Choudhary and Krzysztof Iniewski
Micro- and Nanoelectronics: Emerging Device Challenges and Solutions
Tomasz Brozek
Microfluidics and Nanotechnology: Biosensing to the Single Molecule Limit
Eric Lagally

MIMO Power Line Communications: Narrow and Broadband Standards,
EMC, and Advanced Processing
Lars Torsten Berger, Andreas Schwager, Pascal Pagani, and Daniel Schneider



PUBLISHED TITLES:

Mixed-Signal Circuits
Thomas Noulis

Mobile Point-of-Care Monitors and Diagnostic Device Design
Walter Karlen

Multisensor Data Fusion: From Algorithm and Architecture Design
to Applications
Hassen Fourati

Nano-Semiconductors: Devices and Technology
Krzysztof Iniewski

Nanoelectronic Device Applications Handbook
James E. Morris and Krzysztof Iniewski
Nanomaterials: A Guide to Fabrication and Applications
Sivashankar Krishnamoorthy
Nanopatterning and Nanoscale Devices for Biological Applications
Seila Selimovic’

Nanoplasmonics: Advanced Device Applications
James W. M. Chon and Krzysztof Iniewski

Nanoscale Semiconductor Memories: Technology and Applications
Santosh K. Kurinec and Krzysztof Iniewski

Novel Advances in Microsystems Technologies and Their Applications
Laurent A. Francis and Krzysztof Iniewski

Optical, Acoustic, Magnetic, and Mechanical Sensor Technologies
Krzysztof Iniewski

Optical Fiber Sensors: Advanced Techniques and Applications
Ginu Rajan

Optical Imaging Devices: New Technologies and Applications
Ajit Khosla and Dongsoo Kim
Organic Solar Cells: Materials, Devices, Interfaces, and Modeling
Qiguan Qiao
Physical Design for 3D Integrated Circuits
Aida Todri-Sanial and Chuan Seng Tan

Radiation Detectors for Medical Imaging
Jan S. Iwanczyk

Radiation Effects in Semiconductors
Krzysztof Iniewski

Reconfigurable Logic: Architecture, Tools, and Applications
Pierre-Emmanuel Gaillardon

Semiconductor Radiation Detection Systems
Krzysztof Iniewski



PUBLISHED TITLES:

Smart Grids: Clouds, Communications, Open Source, and Automatiop
David Bakken

Smart Sensors for Industrial Applications
Krzysztof Iniewski

Soft Errors: From Particles to Circuits
Jean-Luc Autran and Daniela Munteanu

Solid-State Radiation Detectors: Technology and Applications
Salah Awadalla

Technologies for Smart Sensors and Sensor Fusion
Kevin Yallup and Krzysztof Iniewski

Telecommunication Networks
Eugenio lannone

Testing for Small-Delay Defects in Nanoscale CMOS Integrated Circuits
Sandeep K. Goel and Krishnendu Chakrabarty

VLSI: Circuits for Emerging Applications
Tomasz Wojcicki

Wireless Technologies: Circuits, Systems, and Devices
Krzysztof Iniewski

Wireless Transceiver Circuits: System Perspectives and Design Aspects
Woogeun Rhee

FORTHCOMING TITLES:

Advances in Imaging and Sensing
Shuo Tang, Dileepan Joseph, and Krzysztof Iniewski

Analog Electronics for Radiation Detection
Renato Turchetta

Circuits and Systems for Security and Privacy
Farhana Sheikh and Leonel Sousa

Magnetic Sensors: Technologies and Applications
Kirill Poletkin

MRI: Physics, Image Reconstruction, and Analysis
Angshul Majumdar and Rabab Ward

Multisensor Attitude Estimation: Fundamental Concepts and Applications
Hassen Fourati and Djamel Eddine Chouaib Belkhiat

Nanoelectronics: Devices, Circuits, and Systems
Nikos Konofaos

Power Management Integrated Circuits and Technologies
Mona M. Hella and Patrick Mercier



FORTHCOMING TITLES:

Radio Frequency Integrated Circuit Design
Sebastian Magierowski

Silicon on Insulator System Design
Bastien Giraud

Semiconductor Devices in Harsh Conditions
Kirsten Weide-Zaage and Malgorzata Chrzanowska-Jeske

Smart eHealth and eCare Technologies Handbook
Sari Merilampi, Lars T. Berger, and Andrew Sirkka

Structural Health Monitoring of Composite Structures Using Fiber
Optic Methods
Ginu Rajan and Gangadhara Prusty

Tunable RF Components and Circuits: Applications in Mobile Handsets
Jeffrey L. Hilbert

Wireless Medical Systems and Algorithms: Design and Applications
Pietro Salvo and Miguel Hernandez-Silveira



Preface

The rapid scaling of complementary metal oxide semiconductor (CMOS) technol-
ogy has resulted in the sharp increase of time resolution and the continuous decrease
of voltage headroom. As a result, time-mode circuits where information is repre-
sented by the time difference between the occurrence of digital events, rather than
the nodal voltages or branch currents of electric networks, offer a viable and technol-
ogy-friendly means to combat scaling-induced difficulties encountered in the design
of mixed-mode systems. Time-mode approaches have found a broad spectrum of
applications since their inception in time-of-flight measurement several decades ago.
These applications include digital storage oscillators, laser-based vehicle naviga-
tion systems, analog-to-digital data converters, signal processing, medical imaging,
instrumentation, infinite and finite impulse response filters, all digital phase-locked
loops, giga-bit-per-second (Gbps) serial links, and channel select filters for software-
defined radio, to name a few. Various architectures and design techniques of time-
mode circuits have emerged recently; a comprehensive examination of the principles
of time-based signal processing and the design techniques of time-mode circuits,
however, is not available. This book provides the fundamentals of time-based signal
processing with an emphasis on the design techniques and applications of CMOS
time-mode circuits.

Chapter 1 examines the fundamentals of time-mode circuits. The definition of
time-based signal processing is provided. The characteristics of time-mode circuits
are examined and compared with those of their voltage-mode and current-mode
counterparts. Challenges encountered in time-based signal processing are investi-
gated. The key building blocks of time-mode circuits are briefly examined with a
detailed study of these building blocks in later chapters. The applications of time-
based approaches in mixed-mode signal processing are discussed briefly.

Chapter 2 deals with voltage-to-time converters. An emphasis is given to the tech-
niques that improve the linearity of voltage-to-time converters. Voltage-to-time con-
verters using voltage-controlled delay units are studied, and their pros and cons are
examined in detail. Voltage-to-time converters using voltage-controlled delay units
and source degeneration are also investigated. Relaxation voltage-to-time convert-
ers that provide a better linearity are studied. Reference voltage-to-time converters
that also exhibit a good linearity are examined. The applications of voltage-to-time
converters in time-mode comparators are investigated.

Chapter 3 provides a comprehensive treatment of the principles, architectures,
and design techniques of time-to-digital converters (TDCs) with an emphasis on
the critical assessment of the advantages and limitations of each class of TDCs. It
first provides the classification of TDCs. The key performance indicators of TDCs
are then depicted. Sampling TDCs where time variables are digitized directly
such as counter TDCs, delay line TDCs, TDCs with interpolation, vernier delay
line TDCs, pulse-shrinking TDCs, pulse-stretching TDCs, successive approximation
TDCs, flash TDCs, and pipelined TDCs are investigated in detail. Noise-shaping
TDC:s that suppress in-band quantization noise such as gated ring oscillator TDCs,

xi



xii Preface

switched ring oscillator TDCs, gated relaxation oscillator TDCs, MASH TDCs,
and AZ TDCs are studied.

Chapter 4 starts with a brief review of TDC architectures. A three-step TDC with
phase interpolation is introduced to improve the resolution and reduce the power
consumption and die area. The resolution of the three-step TDC with phase interpo-
lation is improved by using a phase interpolator and a time amplifier for the improve-
ment of the in-band phase noise when used in all-digital phase-locked loops.

Chapter 5 introduces some important performance parameters of time inter-
val measurements. It is followed by the presentation of basic counting methods
for time measurement. Interpolation methods for performance improvement are
presented and analyzed in a greater detail. We show that the combination of the
counter method with the interpolation of timing pulse positions within the clock
period provides a very efficient method for realizing a high-precision, accurate
TDC with a wide operation range. This approach combines the inherently good
single-shot resolution of a short-range interpolator based on digital delay line
techniques with the excellent accuracy and wide linear range of the counting
method. It is shown that in a general measurement situation where the timing
pulses are asynchronous with respect to the system clock, the effect of interpola-
tor nonlinearities on the final averaged output is strongly suppressed due to the
inherent averaging effect of the interpolation method. On the other hand, these
nonlinearities widen the distribution of the measured single-shot results and in
many cases limit the single-shot precision of the TDC. It is also pointed out that
the careful synchronization of the timing signals is needed in order to get unam-
biguous measurement results that are free from systematic errors. Finally, two
case studies show that, with the aforementioned approaches, a TDC realized in
standard nonaggressive CMOS technologies can achieve a ps-level resolution and
a single-shot precision better than 10 ps (sigma value) over a wide operation range
of hundreds of microseconds.

Chapter 6 explores the time-mode techniques that overcome the difficulties
encountered in the realization of multibit voltage-mode analog-to-digital convert-
ers. The chapter starts with the close examination of the key parameters and figure
of merits that quantify the performance of analog-to-digital converters. It is fol-
lowed by the detailed study of the principles and properties of multibit quantizers
realized using voltage-controlled ring oscillators. Both voltage-controlled oscilla-
tor (VCO)-based phase and frequency quantizers are studied. The chapter contin-
ues with the investigation of open-loop analog-to-digital converters utilizing VCO
phase and frequency quantizers. The chapter first reviews the fundamentals of AZ
modulators in closed-loop time-mode analog-to-digital converters. Time-mode AZ
modulators are then introduced, and their characteristics are investigated in detail.
Time-mode AX modulators with VCO phase and frequency quantizers are explored.
AX modulators with phase feedback are also examined. AX modulators with pulse-
width modulation for linearity improvement are explored. Multistage, also known
as MASH time-mode AX modulators, both single-rate and multirate are examined.
Dynamic element matching, an effective technique to minimize the effect of the
mismatch of digital-to-analog converters, is briefly studied with the inclusion of an
exhaustive list of published studies on dynamic element matching. The chapter ends
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with the comparison of the performance of some recently reported time-mode AX
modulators.

Chapter 7 describes AZ converters that adopt time-mode signal processing tech-
niques. A key advantage of time-mode AZ converters is that they are realized using
digital circuits and process information in the form of time-difference intervals. As a
consequence of using digital circuits, this technique benefits from low-voltage opera-
tion without concern for reduced signal swings, sensitivities to thermal noise effects,
or switching noise sensitivity. Recently, several studies on time-mode AX convert-
ers are conducted showing that such methodology has high potential in low-voltage
design. The noise-shaping behavior demonstrated by this technique can be imple-
mented and extended in various ways, including voltage-controlled delay unit or
gated-ring-oscillator-based implementations of TM AZX converters. In this chapter,
after a brief review of AZ ADC specifications, the different architectures of TM AZ
converters that have been recently proposed are examined.

Chapter 8 covers the fundamentals of all-digital phase-locked loops. The chapter
starts with a close examination of the drawbacks of charge-pump phase-locked loops.
It is followed by a detailed examination of the phase noise of phase-locked loops.
The basic configuration of all-digital phase-locked loops is then studied. An inves-
tigation of digitally controlled oscillators is followed. The phase noise of all-digital
phase-locked loops is studied. The chapter ends with a brief examination of all-
digital frequency synthesizers.

Chapter 9 outlines the general concepts related to time-mode signal processing
and some of its state-of-the-art applications. These provide a very good alternative to
conventional techniques, which suffer from problems such as linearity and accuracy
limitations among others. The ultimate goal of this chapter is to arrive at all-digital
time-domain circuits that can be synthesized using existing digital computer-aided
design tools and to make the design process fully automated in contrast to its con-
ventional analog counterpart.

Chapter 10 studies time-mode-integrated temperature sensors. Both relaxation
oscillator temperature sensors and ring oscillator temperature sensors are investi-
gated. Temperature sensors that utilize TDCs are also studied. It further investigates
digital set point temperature sensors. The chapter ends with a comparison of the
performance of some recently reported time-mode temperature sensors.

The book provides a comprehensive treatment of the principles and design tech-
niques of CMOS time-mode circuits. Readers are assumed to have a fundamental
knowledge of electrical networks, semiconductor devices, CMOS analog and digi-
tal integrated circuits, feedback systems, signals and systems, and communication
systems. As time-mode circuits and systems are still a domain of active research,
new architectures and implementations continue to emerge. The book by no means
attempts to provide a complete collection of time-mode circuits and systems; it rather
provides the fundamentals of time-based signal processing and the design techniques
of CMOS time-mode circuits and systems and, therefore, is intended to serve as a
source for those who are interested in time-based signal processing to explore fur-
ther in this exciting field of research. A rich collection of recently published work on
time-mode circuits and systems is provided at the end of each chapter so that readers
can seek further information on the subjects covered in the book.
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Although an immense amount of effort was made in the preparation of the manu-
script, flaws and errors might exist due to erring human nature and time constraints.
Suggestions and corrections from readers are gratefully appreciated by the editors
and authors.

Fei Yuan
Krzysztof (Kris) Iniewski
Toronto, Ontario, Canada
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