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Preface

Charge pumps are finding increased attention and novel diversified
usage in the new era of nanometer-generation chips used in different
systems, specifically those incorporating nonvolatile memory. Many of
the present and future nanometer-generation chips’ performance depend
heavily on the ability to efficiently generate high voltages on-chip while
meeting stringent power and area requirements. And yet, charge pump
design, being purely analog in nature and involving high voltage, needs
meticulous design techniques, intensive semiconductor device analysis,
careful design layout planning, and accurate parasitic extraction process
to produce excellent results in real implementation on silicon.

This book is a product of our years of quest for a practical book on
charge pump circuit design. Having made significant contributions in
different successful projects at various companies, we have always felt
the need for a book on the topic of charge pump design. From our early
days we constantly felt the challenge of working on a subject where
there are no books and our sources of information were limited to only
a few pages of description on various text books and different IEEE-
published papers and journals. Most of these documents, while giving
us skeletal ideas about the basic architecture and enhancements of
charge pumps, did nothing to guide us intricately through different
design conceptions and implementation processes. Charge pump, being
a pure analog design, carries an inherent risk of unanticipated effects,
which when overlooked can significantly reduce circuit performance or
cripple the circuit operation.

Both of us have individually looked for books or materials on this topic
and asked colleagues and veterans for any published materials, but we
soon found out that everyone wished there was a book on this particular
topic. By writing this book we have tried to bring our combined personal
design experiences along with the knowledge assimilated from our study
of different journals and research papers. This book covers the basics
of charge pump circuits in detail and provides a thorough mathemati-
cal derivation and analysis of charge pump operation. It also strives
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to explain the different aspects for an excellent charge pump design,
and explains each step in detail. Every effort has been made to provide
enough hands-on design information, potential pitfalls to avoid, and
practical ideas harnessed from our years of designing charge pumps,
which are being used in many chips, finding mass scale adoption.

This book assumes a basic knowledge of semiconductor device physics
and MOSFET operation and is targeted toward almost every semicon-
ductor chip design engineer who is involved in analog circuit design
and memory circuit design. The book takes a relatively novice reader
through various aspects and gives sufficient information to enable him
or her to complete their design from conception to actual layout imple-
mentation. Further audiences include systems designers and board
level integrators. Also this book should be essentially helpful to almost
all electrical engineering professors and students at all levels.

This book is organized into nine chapters. Chapter 1 starts with a
history of charge pump evolution from the Noble award winning work
of Cockeroft and Walton to the eventual adaptation of John F. Dickson.
Chapter 2 is intended for a quick refresh of basic MOS device physics
and different second order effects relevant to charge pump operation.
It also discusses SPICE simulators and BSIM models while providing
suggestions to avoid the dreaded SPICE convergence issue. Chapter 3
dives straight into the heart of charge pump operation and quantita-
tively analyzes the pump characteristics. Chapter 4 is where the basic
implementation details are discussed along with different charge pump
controlling blocks. It analyzes the different pump regulation schemes
and quantifies them. Chapter 5, a prelude to Chapter 9, introduces
the different parameters for charge pump specifications and discusses
various implementation details. Now, once the basic operation of a
2-phase charge pump and its many characteristics and specifications
have been understood, Chapter 6 takes it to the next level and discusses
how to design a better charge pump. Chapter 7 discusses various charge
pump architectures, such as the modified 2-phase charge pump, the
4-phase charge pump, and the CTS charge pump. Chapter 8 provides
future design references and discusses different circuit and system effects
that affect the performance of the pump. Finally, Chapter 9 provides a
practical design example and discusses the influence of different param-
eters while analyzing the characteristics of a charge pump.

It is believed that if the reader applies appropriate techniques, which
have been presented here, he or she should be able to design charge
pumps that meet design and performance specifications and produce
excellent operating circuits on silicon.

Feng Pan
Tapan Samaddar
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Introduction

The approaching nanometer generation of large-scale integrated (LSI)
circuits requires power-supply voltages of less than 2 V to enable low-
power operation and increased battery life. In addition, because low-
power technology has become a primary target for the mainstream LSI
designs to meet with the nomadic computing era, oxide thickness, tran-
sistor dimensions, and voltage-scaling approaches that are most effec-
tive for low power are accelerating and spreading at an unprecedented
pace. Therefore, low-voltage circuit technologies for processors, memory,
and analog circuits are intensively being investigated.

Many of the system blocks—such as EEPROMs, Flash memories, power
management blocks, audio and video codecs, image sensor circuits, and
displays—require internal voltages higher than the system supply volt-
age. This internal high-voltage supply needs to be generated in-system
or on-chip. The traditional approach of switch-capacitor circuits or induc-
tor-based linear regulators consumes too much power and silicon area to
justify today’s shrinking needs. An on-chip charge pump design provides
an excellent solution and eliminates the need for an inductor. Having no
inductor alleviates any potential electromagnetic-interference concerns
that could have an impact on sensitive RF receivers or wireless chipsets.
Another advantage is to reduce the cost of using discrete off-chip compo-
nents. The charge pump solution eliminates the need for DC/DC boost
converters and expensive low-profile inductors that are required to meet
the size limitations of handheld devices and cellphones.

The advent of personal information devices, digital cameras, and MP3
players has fuelled a boom for nonvolatile memories, particularly Flash
memories, because of their high-density, moderate power consumption
and high endurance for mechanical shock and vibration. Solid state
memories, such as Flash, contain no moving parts and allow for easy
and fast data storage. EEPROMs and Flash memory have been some
of the biggest drivers to create better and efficient charge pumps. Even
though the supply voltage is decreasing, a Flash memory will still need
a high internal programming/erase voltage, up to 30 V, regardless of the

xiii
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power supply trend, and this voltage also needs to be controlled precisely
to achieve a narrow deviation in the threshold voltages of its memory-cell
transistors.

A familiar problem in system engineering is the subsystem whose power
requirements are not met by the main power supply. In such cases, the
available supply rails are not directly usable, nor is the direct use of bat-
tery voltage (when available) always an option. Lack of space can prevent
inclusion of the optimal number of batteries, and in other cases the gradu-
ally declining voltage of a discharging battery is not acceptable for the
application. Voltage converters can generate the desired voltage levels, and
charge pumps are often the best choice for these applications requiring
some combination of low power, simplicity, and low cost. Charge pumps
are easy to use, because they require no expensive inductors or additional
discrete components. Further, charge pumps can be the only option for
certain applications, such as those in telecom applications, which require
generating +5 V from the available —-48 V.

With the increasing popularity of color LCD displays in cellphones,
PDAs, and digital cameras, white LEDs are becoming popular illumina-
tion sources. Whereas monochrome displays can use colored light sources,
such as electroluminescent backlights or colored LEDs, color displays
require a white light source to properly display color. The ubiquitous red
and green LEDs have a typical forward-voltage drop of about 1.6 V to
2.4V and can be driven by a simple battery pack. White LEDs, however,
typically have a forward-voltage drop of 3 V to 4 V and are more likely
to need a separate power supply. The traditional direct LED drivers and
inductor-based boost converters have their own limitations. Charge pumps
are increasingly finding ground in these applications due to their better
performance—they provide the smallest and lowest-cost solution because
they rely only on small capacitors for high voltage generation. As video
features become more integrated into mobile phone use, improvements
in power consumption for LCD backlighting are essential for the mainte-
nance and improvement of overall battery life. Chip vendors competing
for a share of this red-hot white LED driver market are pitching advanced
charge pump sources that deliver greater backlighting power for the color
displays in larger and more complex portable/wireless devices.

Therefore, much of the present and future chip performance will depend
heavily on the ability to efficiently generate high voltages on-chip while
meeting stringent power and area requirements. And yet, charge pumps,
being purely analog in nature and involving high voltage, need meticulous
design techniques, intensive semiconductor device analysis, careful design
layout planning, and an accurate parasitic extraction process to produce
excellent results in real implementation on silicon.

To summarize, charge pumps are finding increased attention and novel
diversified usage in the new era of nanometer-generation chips used in
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different systems. This book strives to explain the different aspects for
an excellent charge pump design, and explains each step in detail. It is
full of extra hands-on design information, potential pitfalls to avoid, and
practical ideas harnessed from the authors’ years of charge pump design
experience, which are currently being used in many chips, finding mass
scale adoption.
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