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Preface

Emerging ultra-low power applications such as wireless sensor nodes and
implantable biomedical devices employ sophisticated energy harvesting tech-
niques to extract power from the ambient environment. However, the power
extracted can fluctuate considerably based on the intensity and availability of the
power sources. Thus, modern self-powered devices require low power and efficient
power converters to regulate the harvested energy appropriately, in order to
effectively extend their operating lifetime.

Reconfigurable switched-capacitor (SC) DC—DC power converters are tailored to
power these applications, due to advantages such as monolithic implementation, low
power and low cost operation. Advanced reconfigurable charge pumps can optimize
their operating structure ‘on-the-fly’ to provide various conversion gains. This can
optimize the efficiency and provide a large dynamic range of output voltages.
Moreover, interleaved charge pump topologies can minimize the output voltage
ripples, enhance the load regulation and improve the robustness of self-powered
devices. Hence, sophisticated modeling techniques, control algorithms, circuit
design principles are urgently required to enable the development of state-of-the-art
SC power converters, thereby advancing the growth of self-powered devices.

To cater to this need, this book combines in-depth theoretical analyses and
principles with practical power IC designs, presenting a comprehensive study on
state-of-the-art SC power converters. Each chapter presents several case studies
and investigates various practical implementation issues in SC DC-DC converters.
This will aid not only in validating the underlying fundamental principles, but will
also promote the understanding of actual power IC chip designs. As a result, this
book is jointly targeted towards university researchers, students and practicing
industry design engineers.

This book provides an opportune venue to present key SC power converter
principles and practical designs. Chapter 1 presents fundamental concepts in power
management, energy harvesting and power converter designs. Chapter 2 addresses
device level concepts in power converter designs. This includes a detailed
discussion on several devices used in the field of power electronics such as power
diodes, MOSFETs, BJT, IGBT and thyristors. Following this, Chap. 3 introduces
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the premise behind fundamental charge pump topologies and their designs.
The chapter also discusses on-chip implementation issues, such as integrated
capacitors and power switches. Chapter 4 focuses on various power loss mecha-
nisms in charge pumps, in order to better understand the efficiency optimization of
SC power converters. The chapter investigates mechanisms causing switching
power loss, conduction power loss, reversion and redistribution power loss in
modern charge pumps. In Chap. 5, various state-of-the-art reconfigurable SC
power converters are introduced. This chapter includes an in-depth discussion on
reconfigurable charge pump topologies, corresponding control schemes and
various case studies. Interleaved SC power converter designs are then presented in
Chap. 6. Through interleaving regulation schemes, these power converters are
capable of improving the output voltage ripples, input current ripples and the load
regulation performance. Lastly, Chap. 7 presents the modeling and design of SC
power converters in z-domain. By modeling the transfer function of the power
stage, corresponding feedback controller and compensation circuits can be
designed to better understand and further improve system closed-loop operation.

The work presented in this book is due to the research outcomes from current
members from the Integrated Systems Design Laboratory (ISDL) at the University
of Texas at Dallas and past alumni from the University of Arizona. The authors
would like to acknowledge the contributions of Dr. Ling Su, Dr. Inshad Chowdhury,
Minkyu Song, Mohankumar Somasundaram, and Chen Zheng.
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Chapter 1
Fundamental Concepts

1.1 Background

Over the last decade, the semiconductor industry has experienced phenomenal
growth, which has resulted in unprecedented research and technological devel-
opments in numerous domains of science and engineering. As per Moore’s Law,
the emergence of the nanometer generation of very-large scale integrated (VLSI)
systems has led to chip densities of over a million transistors per square millimeter,
which can operate at extremely high frequencies. This rapid growth has culmi-
nated in significant performance gains and breakthroughs in a plethora of fields
ranging from advanced computing platforms, to communication, security,
healthcare, biomedical systems and ultra-low power devices such as wireless
micro-sensors. However, this tremendous growth has incurred extremely high
levels of power dissipation, resulting in an energy crisis in modern ICs. High
power dissipation levels also leads to significant heat generation, increasing risk of
transistor breakdown effects. This places a tremendous stress on corresponding
cooling and packaging solutions, thereby adding to size, cost and weight of the
entire system. Moreover, the energy crisis is further exacerbated by a much slower
pace in battery technology development.

In order to overcome the aforementioned crisis, advanced power management
techniques are urgently required. It is expected that future VLSI systems should
continuously monitor its own operating conditions and optimize its parameters
including power dissipation. The associated power management techniques are
applied into the system, circuit and/or device level, in order to tune in the
parameters such as supply voltages, clock frequencies, biasing conditions, active/
sleep time durations, critical path delays, etc. These techniques minimize energy
consumption while maximizing the operation lifetime, by meeting necessary per-
formance constraints. One representative technique is dynamic power management,
wherein the device is shut down during periods of inactivity [1-3]. Other more
sophisticated power management techniques exist, such as power moding, where
each device is operated in one of several functional modes depending on its
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instantaneous workload. Among these, the most effective one is recognized as
dynamic voltage/frequency scaling (DVFS) [4-8]. In this technique, the power
delivered to a device is adaptively varied based on the instantaneous workload.
This is achieved by continuously adjusting the supply voltages and operation fre-
quencies to their optimal values. This leads to maximized power savings due to
their quadratic and linear dependency on dynamic power, respectively.

Power management techniques require corresponding hardware enabling
circuits, which directly influence the operation and performance of VLSI systems.
As major power flow usually passes through power devices in these circuits, they
should operate with high efficiency over a wide input and output voltage and power
ranges, as determined by the working environment, energy sources and power
management techniques. In addition, low volume and cost are highly desirable.

1.2 Renewable Energy Harvesting

Traditional electronic devices employ primary batteries as their main energy
resource, as they require little or no environmental calibration, they do not depend
on ambient conditions and have a very predictable behavior. However, batteries
are associated with a very limited operation lifetime and require constant
replacements. Further exacerbating this issue is that due to ageing effects, the
energy stored in a battery is not completely usable and in the worst case, can be
even lower than half the battery capacity [9]. Secondly, as a result of their bulky
size, the use of batteries leads to an increase in system volume. This is undesirable
for microsystems that place strict requirements on small form factor, such as
biomedical implants and wireless sensor nodes. Moreover, battery technology has
not improved with respect to energy density or size over the last decade, especially
for low power applications. Lastly, the use of batteries has severe environmental
implications, since they typically employ toxic metals as the chief constituent
material of their electrodes. For example, Ni—Cd batteries employ nickel and
cadmium metals, which are both toxic and generate hazardous residues. Moreover,
their inadequate disposal is a potential source of contamination in soil and water
bodies [10].

To overcome these drawbacks and to extend the operation lifetime, emerging
electronic devices are becoming self-powered. These devices employ advanced
energy harvesting techniques to supplement the battery or even operate as the
entire power supply. To implement this, modern devices exploit the availability of
the abundance of energy resources in the ambient environment, through sources or
mechanisms such as solar, vibration energy, heat, etc. Corresponding harvesting
and storage techniques are employed to extract and store this as useful electrical
energy. Since many of these energy sources are ubiquitous, device operation
lifetime can be largely enhanced. This section discusses the most widely used
energy harvesting methods in modern self-powered, low power devices.
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1.2.1 Solar Energy Harvesting

Solar energy is one of the most important and abundant renewable energy sources
on earth. While a wide variety of harvesting modalities are now feasible, solar
energy harvesting through photovoltaic conversion provides the highest power
density and ubiquitous availability [9]. Moreover, since a DC voltage is directly
available from solar cells, additional rectification circuits are not required. Solar
energy is also clean and free of emissions, since it does not produce pollutants or
byproducts that are harmful to the environment. Thus, these advantages make solar
energy harvesting very popular for portable applications, such as wireless sensor
networks, which are frequently operated in outdoor environments and have power
consumption requirements in the order of mW.

The design of a solar energy harvesting system is quite sophisticated and
involves complex tradeoffs due to the interaction of various factors. Firstly, the
I-V characteristics define key parameters of the solar cell, such as the open circuit
voltage, the short circuit current and the maximum power point (MPP). The MPP is
the operating point at which the harvested power of the system is maximized.
However, the I-V characteristics of the solar cell are strongly dependent on
environmental conditions. For example, a change in the irradiation levels signif-
icantly alters the short-circuit current, while a change in ambient temperature
affects the open-circuit voltage. This significantly varies the MPP of the solar cells,
making it quite challenging to effectively harvest energy in a non-stationary
environment. Secondly, under partial shading conditions, it is also possible for the
I-V curves to have multiple local maxima. However, there still exists only a single
global MPP. Thus, to ensure that the energy efficiency and operating lifetime of the
entire system is optimal, the solar energy harvesting system requires sophisticated
power tracking, conditioning and management modules. This involves a cross-
layered design effort, from the device level to the circuit and system level.

1.2.2 Vibration Energy Harvesting

Another popular energy harvesting technique is to extract energy from vibrations,
which are pervasive to all mechanically moving sources. It is possible to convert
and condition vibration energy into electrical energy by harnessing the damping
forces produced by piezoelectric materials [11, 12], electric fields [13, 14] or
magnetic fields [15, 16]. In piezoelectric energy harvesting systems, mechanical
strains due to pressure, vibrations or force leads to the generation of a surface
charge. An oscillating mechanical strain leads to this charge being accumulated
periodically. This results in the formation of an AC voltage across the piezoelectric
device, which can be subsequently harnessed. In inductive systems, the mechanical
motion can be applied to a magnet moving through a wound coil. The coil cuts
through the magnetic flux of the magnet periodically, thereby creating an induced
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voltage at the terminals of the coil. Lastly, electrical energy can also be harvested
from mechanical motion through the electric fields between a parallel plate
capacitor. Typically, charge is injected into the capacitor at maximum capacitance
and pulled off at minimum capacitance. Between these points, external vibrations
separate the plates against their attractive force, performing work on the injected
charge, which is then harvested.

While significant research progress has been observed towards developing
vibration energy harvesting methods, challenges continue to exist. Firstly, power
densities achieved through current harvesting techniques are quite low at low
frequencies and is traditionally limited by the vibrating kinetic source. In practical
systems, typically only a small percentage of the initial mechanical energy can be
effectively converted into viable electrical energy. Moreover, most designs are
extremely sensitive to frequencies and can provide peak power only in a narrow
bandwidth. While a network of energy harvesting systems operating over multiple
vibration bands can be employed, this decreases the overall power density of the
device. Another design challenge in vibration energy harvesting is associated with
subsequent power conditioning systems. Since this energy harvesting method
essentially generates an AC signal, it requires additional circuitry for rectification.

1.2.3 Thermal Energy Harvesting

A third method to harvest energy is to exploit temperature differences in the
environment, through the use of thermoelectric generators (TEGs) [17]. A TEG
converts thermal energy in the form of temperature differences into electrical
energy and vice versa. The fundamental physical process involved in thermo-
electrics is the Seebeck effect, which is observed in devices known as thermo-
couples [18]. A thermocouple is composed of an n-type material electrically
connected in series with a p-type material. When a temperature difference applied
across this material, charge carriers diffuse across the device, from the hot end to
the cold end. This leads to a buildup of charge carriers at the cold end, resulting in
an electrostatic potential. Equilibrium is reached when the thermal potential for
diffusion equals the electrostatic repulsion due to the net charge at the cold end.
The voltage that is generated is then harvested, conditioned and used to power load
applications.

The implementation of thermal energy harvesting systems involves significant
system and circuit design challenges. Firstly, the output voltages that are generated
by TEGs are quite low, of the order of tens of millivolts. It is not possible to start
up and ensure normal device operation directly from these low voltages. Typically,
CMOS circuits require significantly higher voltage levels to guarantee robust
operation. Moreover, changing external conditions cause the voltage and power
generated by the TEG to vary considerably. This necessitates the development of
efficient power conditioning and management systems that can extract the maxi-
mum power from these devices. Furthermore, the low power densities extracted
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from TEGs necessitates aggressive low power circuit design techniques and effi-
cient power delivery mechanisms, in order to meet system level power constraints.

1.2.4 Other Energy Harvesting Alternatives

Apart from the aforementioned energy harvesting methods, other alternatives
exist. One alternate method is RF wireless powering [19]. This energy harvesting
method involves the use of an inductive link between two resonant systems.
An external electrical power source is used to drive a primary coil loop, which
couples RF energy into a secondary loop through magnetic coupling. This is
different from inductive based vibration energy harvesting technique, which
converts mechanical energy imposed on a magnet moving through a coil, into an
electrical current. RF wireless powering has become popular in advanced appli-
cations such as embedded biomedical systems, for in vivo diagnostic devices.
In such devices, the secondary coil is implanted within human tissue and receives
RF power from an external coil. However, numerous design challenges exist in
this power delivery modality. Primarily, low power inductive links are typically
characterized by very unfavorable coil coupling conditions. This can either be due
to a large physical separation between the two coils or due to a very small coil
diameter. The coupling factor can also vary significantly and unpredictably, with
variations of the order of one decade, due to coil misalignments. This severely
affects the coupled voltage and power levels, thereby placing challenging design
constraints on corresponding power management circuits.

Another type of alternative energy harvesting method is from radioactive
sources [20]. Radioactive materials have been used as a large scale energy source
for decades. Recently, power sources for wireless sensor nodes that employ the
radioactive decay of elements such as nickel (Ni) have been developed [21].
However, the use of such radioactive materials can pose a serious health and
environmental hazard. Moreover, while the reported energy density numbers have
been quite attractive, effective methods of converting this power to electrical
energy, especially at small scales do not exist. Thus, currently the efficiencies of
such methods are quite low and require further research and development.

1.3 Power Conditioning and Management for Energy
Harvesting Applications

In contrast to traditional electronic devices, self-powered systems must ensure the
reliability of energy harvesting, storage and facilitate efficient power conditioning
and management. This introduces several new challenges that are essential for
robust and efficient operation.
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Fig. 1.1 Block diagram of an energy harvesting microsystem

The block diagram of an energy harvesting microsystem is illustrated in
Fig. 1.1. The voltages generated and power extracted from energy harvesting
modalities is typically low and fluctuate largely due to the varying intensity and
availability of the energy sources. As a result, it cannot be directly used by load
devices and requires suitable power conditioning circuits. These circuits guarantee
the functionality and efficiency of the energy harvesting technique, through desired
power conversion and voltage regulation. The energy extracted from the ambient
environment is then stored in a storage device such as a rechargeable battery,
supercapacitor or fuel cell, before being used to power load applications. However,
to ensure the efficient operation of the load device, advanced power management
schemes are essential. These schemes function at the system level, circuit or the
device level to enhance the operation lifetime and robustness, and minimize the
power consumption of the load. Hence, this section discusses each of these sub-
systems and their roles in energy harvesting microsystems.

1.3.1 Power Conditioning

The primary role of power conditioning circuits is to guarantee the functionality of
energy harvesting from renewable energy sources. These circuits ensure that the
harvested energy, which is typically unusable in its direct form, is appropriately
conditioned so that it can subsequently be used to power load devices. As a result,
their designs are closely dependent on the harvesting modality being exploited.
For example, in solar energy harvesting systems, the voltages generated by the PV
cell can vary largely based on the environmental conditions. Power conditioning
circuits ensure that the power generated by solar cells is harvested and converted
to a desired fixed voltage. On the other hand, due to the nature of vibration based
energy harvesting, the voltages generated are alternating in nature. Power condi-
tioning circuits provide necessary voltage rectification, in order to convert the AC
voltage into a DC value. For thermal energy harvesting, the generated voltages are
quite low, typically of the order of tens of millivolts. In such harvesting methods,
these circuits boost the harvested voltage to desired levels.
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Since the power levels generated through energy harvesting is typically low,
power conditioning circuits rely on additional control techniques and strategies to
enhance the system efficiency. Depending on the type of harvester being used,
various strategies can be employed, such as tracking the MPP in solar cells,
resonant frequency tuning in piezoelectric devices, thermal impedance matching in
TEGs and so on. In each of these strategies, power tracking circuits are used to
monitor ambient environmental conditions, based on which the optimal operation
points are identified. This enables power conditioning circuits to present an opti-
mal electrical load by working at the desired operating point, thereby ensuring
maximum power extraction from the energy transducers.

From Fig. 1.1, it can be seen that the energy extracted from the transducer is
temporarily stored, before being further processed and supplied to the load
applications. The storage element can either be a rechargeable battery, superca-
pacitor or fuel cell. Batteries are a relatively mature technology and have a higher
energy density than supercapacitors. On the other hand, supercapacitors have
higher power densities and are ideal for handling short bursts of power demands
that are observed in self-powered applications. Moreover, supercapacitors are also
more power-efficient and offer higher operation lifetime in terms of charge—dis-
charge cycles. However, they undergo leakage, which prevents their use for long
term energy storage. While it is possible to implement a tiered energy storage
mechanism, this leads to the tradeoff in the efficiency of the energy conditioning
and power management circuitry, due to the increased overhead of energy storage
management. Lastly, depending on their internal chemistry, the storage mediums
are associated with unique characteristics. They differ with respect to parameters
such as charging current requirements, self-discharge rates, ageing effects,
temperature dependencies, etc. [9]. Thus, to achieve synergetic operation, high
efficiency and robustness of the overall energy harvesting system, the design of
power conditioning circuits have to be geared towards application-specific
requirements, from both the energy transducers and storage media.

1.3.2 Power Management

Apart from the power conditioning systems, modern self-powered electronic
devices require cross-layer power management to achieve efficient operation and
long system runtime. From the system level, in order to effectively utilize the
limited harvested energy, these devices are operated under various different power
management techniques such as DVFS or dynamic power management. These
techniques are highly application-dependent and utilize parameters such as
processor workload, timing deadlines, data interdependencies, and so on, in order
to determine optimal operation voltages and speeds. Hence, this requires the
availability of unique voltage levels, which are different from the battery voltage,
to ensure that the power and energy consumption is minimized.
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From the circuit level, state-of-the-art self-powered embedded and portable
systems are an integrated collection of numerous, highly sophisticated analog and
digital modules. Depending upon its function and design, different modules such
as the processor, radio transmitter and receivers, power amplifiers, etc., operate at
different optimal supply voltages. Thus, from circuit function perspective, such a
system requires multiple voltage levels delivered by corresponding power man-
agement systems.

As a result, advanced power management systems are critical for modern self-
powered devices and can be classified as system level, circuit level and device
level power management.

1.3.2.1 System Level Power Management

Power management is achieved at the highest level of abstraction through system
level optimization techniques. These methods are algorithmic-based and depen-
dent on the type of application being catered to. One of the most important system
level algorithms for power management is dynamic power management (DPM).
DPM is a design methodology that achieves energy-efficient operation by selec-
tively turning off system components when they are idle and by operating them at
peak performances when active. The fundamental premise of DPM is that most
systems experience non-uniform workloads during their run time, which is valid
for both systems operating in isolation and when inter-networked. Such power
management schemes are widely employed in low duty cycle electronic circuits,
such as RF transceivers and other communication circuits. These devices are
operated in a time-division multiple-access mode, which is also known as a burst
mode. In this mode, the system is powered only when data is transmitted and
received in very small time slots. In order to maximize battery lifetime, DPM
based power management algorithms have to ensure that the standby power of the
computation and communication circuits is minimized. To solve such issues,
several workload observation and prediction-based algorithms have been devel-
oped which are capable of predicting periods of inactivity, with a certain degree of
confidence. Hence, by turning off system components, power consumption can be
significantly reduced during these periods of inactivity.

While DPM based techniques are beneficial for systems that are inactive for a
sufficiently long period of time, in certain applications, tasks are fine-grained and
will have relatively short idle period. Such applications will not benefit from
shutting down system components temporarily between different tasks, which are
traditionally associated with additional energy overheads and delays. To overcome
these drawbacks, several other system level power management techniques have
been developed, with the most widely used being dynamic voltage/frequency
scaling (DVES). As illustrated in Fig. 1.2, with such a technique, a system is able
to continuously monitor individual workloads, and then deliver the most suitable
supply voltage and operating frequency accordingly to each module, and thus
minimize dynamic power dissipation. Compared to DPM based techniques,
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Fig. 1.2 DVES vs. DPM system level power management schemes

a DVFS-based system completes all tasks on the critical path just within their
timing deadlines, thereby eliminating any slack periods.

The fundamental operation of DVFS algorithms can be understood by classi-
fying all tasks that are performed by computing systems as either computation-
intensive, low speed or idle, depending on the workload. For computation-inten-
sive tasks, short latency periods are critical, causing them to be executed at high
frequencies. For low speed or idle tasks, only a fraction of throughput is required,
as completing them ahead of their timing deadline leads to no discernible benefits.
While reducing the operating frequency decreases dynamic power dissipation, it
does not affect the total energy consumed, which is independent of the frequency
to a first order approximation. Therefore, reducing the frequency alone does not
improve operation lifetime, which is especially critical for portable and embedded
applications. By reducing the supply voltage along with the frequency, energy
savings can also be achieved along with power minimization. Similarly, reducing
only the supply voltage of a system, while maintaining constant frequency,
improves only the energy efficiency, but compromises the throughput. As a result,
to achieve maximized power and energy savings, both clock frequency and supply
voltage have to be dynamically varied in response to the instantaneous workload.

While DVFS and DPM techniques are the most widely used and fundamental
system level power management techniques, other application-specific techniques
also exist. For example, techniques such as vector quantization minimize the
number of operations required to perform a given function. Cache delay and turning
off cache lines can also be employed, in microprocessor based systems. Various
other algorithms, from predictive policies, stochastic methods, workload sharing to
clock gating, leakage reduction, adaptive body biasing and voltage scaling have all
been derived from these fundamental system level power management algorithms.
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1.3.2.2 Circuit Level Power Management

While system level power management techniques are employed to identify
optimal operation conditions, they require a coordinated effort with hardware-
enabling circuits to perform power sensing, power computing and power man-
agement. Power sensing involves the use of low power sensor circuits to determine
various energy/power related parameters such as harvested voltages, stored battery
voltage and current levels. This aids system level power management algorithms
to ascertain optimal operation conditions. Hardware-based circuits are then used to
perform power computing and subsequent power management, in order to deter-
mine the appropriate power delivery mechanisms to load applications. To achieve
this, one of the most important circuit level power management modules are
DC-DC converters. DC-DC converters are sophisticated closed loop power sup-
plies. They convert an unregulated input DC voltage into an output voltage that is
regulated at a desired reference value with high power efficiency, for varying line
and output loading conditions. While traditional power converters are capable of
delivering only fixed voltages, modern converters can deliver either a variable or
multiple voltage levels. Hence, they are used as the hardware-enabling platforms
for corresponding system level power management techniques such as DVFS. As a
result, these circuits directly influence key factors such as the energy and power
efficiency, operating lifetime, cost and size of self-powered microsystems.

As the energy harvested from the ambient environment is low, emerging
applications have energy as their primary concern, instead of performance.
A popular technique to achieve low power consumption for energy-constrained
CMOS circuits is to operate them in the subthreshold or weak inversion region
[22]. This is desirable for self-powered applications because it allows minimum
energy operation, under low-performance situations. In this mode, circuits are
powered with a supply voltage that is lower than the threshold voltage of a
transistor, thereby considerably reducing the dynamic power. Moreover, sub-
threshold operation allows circuits to work at the theoretic minimum energy point
(MEP), at which the total energy consumption is minimized [23]. Subthreshold
operation has also been exploited for more advanced power management strategies
such as ultra dynamic voltage scaling (UDVS) [24].

However, although operating in the subthreshold region considerably reduces
the dynamic power consumption, it leads to a significant increase in the leakage
power of CMOS circuits. Leakage power losses are critical for advanced semi-
conductor technologies, which have thinner silicon dioxide layers and lower
threshold voltages [25]. Moreover, as numerous modules in self-powered devices
typically operate in the sleep/idle mode, leakage power can be comparable or even
dominate the total power consumption. Hence, circuit-based techniques are
required to minimize the leakage power. One of such techniques is called adaptive
body biasing [6, 26], which involves adaptively tuning the body bias voltage of
transistors. During idle periods, the threshold voltage is increased so that leakage
currents are minimized, while threshold voltages are decreased during active
periods, in order to obtain the desired performance. Other circuit techniques also
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exist, such as multi-threshold CMOS (MTCMOS) [27]. In this technique,
low threshold voltage transistors are used to implement logic circuits. In contrast,
high threshold voltage transistors are employed as power gating switches, in order
to eliminate leakage currents.

Lastly, in self-powered applications, the aforementioned power management
circuits are required to operate in a highly dynamic ambient environment.
Depending on the varying environmental conditions, the voltages generated by
energy harvesting can change significantly. This severely influences their perfor-
mance and in the worst case, it can lead to circuit failure. Traditional power
management circuits are designed and operated with fixed voltages. However,
those methods do not suffice in emerging applications. Therefore, adaptive
DC-DC converters with variable output and superior line regulation capability are
highly expected. In addition, due to their impact at the system level, circuit level
power management is highly critical.

1.3.2.3 Devices in Power Management Systems

At the device level, self-powered systems require energy transducers to convert
energy from the ambient environment into useful electrical energy. Thus, under-
standing the characteristics of these devices is critical to obtain high efficiency,
performance and robustness.

As discussed in Sect. 1.2.1, solar energy harvesting systems employ photo-
voltaic (PV) cells to convert light into electrical energy, through a process known
as the photoelectric effect. However, although solar energy is one of the most
plentiful energy sources, the energy conversion efficiencies of traditional PV cells
are quite low. To overcome this drawback, material and device science research
into improving the conversion efficiencies of PV cells has been developed, such as
using semiconducting-polymer based photovoltaic devices and multi-junction
solar cells [28, 29].

Another important device used in energy harvesting systems is piezoelectric
materials, which are used to harvest vibration energy. A piezoelectric device is one
that produces an electric charge when a mechanical stress is applied. Conversely,
a mechanical deformation is produced when an electric field is applied. However,
conventional piezoelectric energy harvesters have narrow operating bandwidths
making them impractical when deployed in a real world environment with varying
vibration spectra. This has led to research into improving the energy conversion
efficiencies of these systems. A popular technique is resonance tuning, which can
be performed by altering the physical properties of the vibrating device [30], active
tuning by applying an electrical input to the piezoelectric material [31], by
applying an axial compressive load [32], etc. Other material-based techniques also
exist, such as developing non-uniform thickness piezoelectric cantilevers that can
generate high power outputs, MEMS scale piezoelectric harvesters with improved
power densities for on-chip implementation, and so on.
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Lastly, a solid state device that is ideal for small-scale distributed power gen-
eration is the thermoelectric generator. These devices have a small form factor, are
highly reliable and scalable, do not employ moving parts, making them attractive
for ultra-low power portable applications. The drawbacks of existing TEGs are low
output voltage, efficiency and large size. To overcome these drawbacks, numerous
device level solutions have been explored. For example, polymer foil TEGs
arranged in a coil structure allows for larger voltages to be generated in a smaller
generator area [33]. Considerable research has also been conducted into devel-
oping thin-film thermoelectric devices. These materials are known for their
extremely high heat fluxes, low thermal resistances and can generate significantly
higher output voltages [34].

1.4 DC-DC Power Converters

As described in Sect. 1.3.2, the most important component in a circuit-based power
management system are DC-DC converters. A DC-DC converter converts a DC
input voltage to a regulated DC output voltage, with either a larger or a smaller
magnitude, and either same or opposite polarity. Integrated DC-DC converters can
broadly be classified into three categories: linear regulators, switch mode power
converters and switched-capacitor power converters. Each of these converters
regulates the output voltage, from an input voltage source. The output voltage is
regulated with reference to a known reference voltage, with the aid of a closed
loop feedback controller. DC-DC converters are key components in modern low
power applications. They operate as the primary hardware-enabling platforms for
several system level power management techniques, by delivering either multiple
or variable supply voltages as the new control factor to optimize operation per-
formance, power dissipation and energy efficiency. Hence, understanding certain
key parameters involved in the design of DC-DC converters is necessary.

The most critical parameter in the design of DC-DC converter is the efficiency
(1), which is defined as,
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where P, is the output power, P;, is the input power and Py is the power loss of
the converter itself. Under ideal conditions, step-up or step-down voltage con-
version takes place with no power loss, resulting in an efficiency of 100%.
However, due to various power loss mechanisms in practical power converter
designs, the actual power efficiency is lower than the ideal value. Efficiency is a
critical parameter, especially for ultra low power applications that rely on energy
harvesting mechanisms where the input power generated can be very low.

There are primarily two parameters measuring a DC-DC converter’s regulation
performance: line regulation and load regulation. Typically the output voltage V
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of a DC-DC converter changes with a change in the input voltage V;,. Hence, one
figure-of-merit for the steady state voltage regulation of a power converter is line
regulation. This is the measure of the converter’s ability to maintain the desired
nominal output voltage, under varying input voltage conditions. It can be defined
as the ratio of the output voltage change AV, to a corresponding change in the

input voltage AV;,.
v
<m>. (1.2)
Iyt = const. v

Line regulation is an essential parameter, especially for energy harvesting based
systems, where the generated input voltage can fluctuate considerably with varying
environmental conditions.

Typically, the output voltage V,,, of the converter decreases as the load current
1, increases, due to a varying load resistance. Load regulation is used to evaluate
such a behavior. It represents the ability of the converter to maintain a constant
output voltage under varying load conditions, over a certain range of load current.

It is given by,
\Y
(m—> (1.3)
Vin = const. A

Another important parameter in modern DC-DC converters with variable
outputs is their reference tracking speed. The parameter defines the rate at which
the output of a power converter tracks the change in the reference voltage and is
critical for DVFS-enabled systems. It is given by,

s
— 1.4
(5): (14)

where AT is the time required for the output voltage to settle within 95 % of the
final targeted output voltage defined by V.. The reference tracking speed is
defined for a constant load current value. Note that, with different design stan-
dards, the settling time AT varies with reference to the acceptable output voltage
accuracy, which is normally chosen between 90 and 99 % of the ideal value.
Apart from these parameters, another critical requirement of state-of-the-art
portable microsystems is system miniaturization. Many advanced applications
such as biomedical implants and wireless sensor nodes are required to have a very
small form factor. As mentioned earlier, the choice of the power supply has a
critical impact on system volume, as it determines key parameters such as pin and
pad requirements, PCB footprint, on-chip silicon area, etc. Hence, for these
advanced applications, the ability to integrate the entire power supply on a single
chip becomes highly attractive, leading to a completely monolithic solution.
Reconfiguration of power supplies is another highly attractive feature for
energy harvesting systems. This is because modern converters that power such
applications are expected to operate in a highly dynamic environment, consisting
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of fluctuating input voltage levels, varying load power demands, and changing
output voltage levels determined by power management algorithms. It is quite
challenging to design a single power converter with a fixed topology and control
scheme, which can operate with high efficiency under all these varying conditions.
Reconfiguration enables the power converter to adaptively restructure its topology
or control scheme, based on the instantaneous operating scenario. This results in a
highly robust and power-efficient DC-DC converter design.

Lastly, noise characteristics of the DC-DC converters are critical. This is
because many low power microsystems, such as wireless sensors, contain RF
components. If the power converter has a sufficiently large noise component, this
noise can be easily coupled into devices such as transceivers, power amplifiers,
etc., which is highly undesirable. Typical sources of noise in power converters can
be due to switching inductors that generate electromagnetic interference (EMI)
noise, and switching noise in the output voltage. Hence, for noise-sensitive
applications, a low noise power supply is highly desired.

Since power converters are critical for the power-efficient operation of self-
powered devices, the remainder of this section discusses three major power con-
verters designs, the linear regulator, the switch mode power converter and the
switched-capacitor power converter.

1.4.1 Linear Regulators

Driven by perpetual improvements in efficiency and voltage regulation, modern
power ICs have undergone several transitions and considerable development. Early
power supply designs involved the application of linear regulator based solutions.
Linear regulators are active linear analog circuits that are used to convert an unstable
and noisy DC power source into a well-regulated power output. This is achieved
through a simple and low cost design that is not associated with any magnetic
components, making them very desirable for certain noise-sensitive applications.
Some popular linear regulator topologies include the standard linear regulator
and the low-dropout (LDO) regulator, as illustrated in Fig. 1.3. The dropout
voltage here refers to the minimum voltage drop required across the linear regu-
lator, between the input and output voltages, to maintain valid output voltage
regulation. The fundamental structure of a linear regulator consists of an error
amplifier (EA) and a pass power transistor, which operates as a voltage-controlled
current source. The EA continuously monitors the output voltage against a
bandgap voltage reference. Based on the regulation error, the amount of current
delivered to the load is controlled, in order to maintain the output voltage at the
desired value. Irrespective of their advantages, the major drawback of linear
regulators lies in their topological limitations. Only step-down voltage conversion
can be achieved. In the meantime, the efficiency of a linear regulator is highly
determined by the dropout voltage. High efficiency is achieved at low dropout
voltage, but drops significantly for higher dropout values. Frequency compensation
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Fig. 1.3 a Standard linear regulator and b low-dropout (LDO) linear regulator

for such a circuit could be sophisticated and noise/process variation sensitive.
Therefore, this type of regulator is not the most desirable hardware implementation
for a self-powered environment, where the ability to operate over a large dynamic
range of voltages is highly preferred.

1.4.2 Switch Mode Power Converters

A second type of power converter that is broadly employed in modern VLSI
systems is switch mode power converters. Switch mode power converters consist
of a power stage and a closed loop feedback controller to regulate the output
voltage. Modern converters can also employ feed-forward controllers. These
controllers ensure that the output voltage is highly regulated under varying input
voltage conditions, which is typical to energy harvesting systems. The power stage
employs switches along with an inductor-based temporary energy storage element.
They convert one DC voltage level to another higher or lower voltage level. This is
achieved by storing the input energy temporarily during the charge phase of the
inductor and then releasing that energy to the output at a different voltage, during
the discharge phase. Figure 1.4 illustrates the power stage implementations for the
three most common switch mode converters, the buck, boost and the non-inverting
buck-boost power converters. In order to regulate the output voltage to a desired
reference voltage, the power stage is controlled by a feedback controller. The
feedback controller determines the duty cycle of the power stage, in order to obtain
the desired output with high accuracy, regardless of line, load or component
variations. These converters are highly sophisticated, multi-mode power delivery
modules, capable of operating at efficiencies of over 90 % for a wide range of
power levels. The most traditional controller employs the pulse-width modulation
(PWM) technique. This technique provides negative feedback to control the
switching actions of the power stage. It requires the use of an error amplifier to
determine the voltage regulation error, along with complex compensation circuitry
to achieve system stability.
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While traditional switch mode DC-DC converters generate fixed DC output
voltages, state-of-the-art power converters are also capable of delivering variable
output voltages, which are suitable for DVFS-based systems. However, the design
of such an adaptive power supply is significantly more challenging than the
traditional fixed-output counterparts. These converters should have fast transient
response to minimize latencies and losses to ensure optimal and robust operation
of load applications. The reference voltage tracking speed is required to be
significantly enhanced from the state-of-the-art designs, in order to be able to
suitably power DVFS applications. Stability issues of adaptive power converters is
also considerably more challenging, as the locations of the poles and zeros of the
closed loop system are non-stationary, as they are dependent on the output voltage
and load current. Lastly, the operating point of the switch mode converter varies
with the voltage levels and load currents, thereby affecting its speed, efficiency and
power-transistor sizing. Thus, the desired adaptive power supply should be capable
of maintaining high efficiency, while providing good line and load regulation over
a wide range of voltage and load current levels.
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1.4.3 Switched-Capacitor Power Converters

The third type of DC-DC converter is the switched-capacitor (SC) power con-
verter. Similar to the switch mode power converter, a SC converter also consists of
two major components, the power stage (also known as the charge pump), along
with a closed loop feedback controller (and/or a feed-forward controller). The
charge pump is an array of capacitors, which act as energy storage elements.
An example of the voltage doubler and a charge pump topology with a conversion
gain (CG) of 2/3 is illustrated in Fig. 1.5a and b respectively. The use of power
switches and clock control signals leads to appropriate switching actions that cause
charge storage on the pumping capacitors and then charge transference to the
output load, with an ultimate goal to maintain a desired voltage value. The major
advantage of SC power converters is their capability for monolithic integration at
low power levels, since they employ capacitors as energy storage devices, instead
of bulky, off-chip inductors.

One major drawback of traditional SC DC-DC converters is their ability to
provide only a single CG, which is defined as the ratio of the output voltage to the
input voltage of the converter. For example, as illustrated in Fig. 1.5a and b, the
SC converters are capable of efficiently delivering supply voltages that are equal to
only two times and two-thirds of the input voltage, respectively. If the output
voltage deviates from this desired level, the efficiency of the SC converter drops.
If the variation is large, the power loss becomes unacceptably high due to charge
redistribution. Hence, to accommodate a large output voltage range and to be
capable of powering DVFS-based applications, a SC power converter with a fixed
CG does not suffice. To overcome this drawback, state-of-the-art SC power
converter designs involve the use of reconfigurable power stages to supply variable
output voltages. While such converters are capable of delivering multiple voltage
levels, it is done so efficiently only at certain discrete levels, depending on the
topology of the reconfigurable charge pump and its corresponding switching
actions.
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1.5 Discussion and Organization

The joint effort on system miniaturization and efficient power management has
culminated into new frontiers in the areas of wireless sensing, implantable bio-
engineering, homeland security, ubiquitous computing, and so on. As described
earlier, in many of these emerging applications, renewable energy that is harvested
by a variety of mechanisms and modalities such as thermal, vibration, and solar
cells, has been successfully utilized, supplementing traditional batteries. However,
in contrast to conventional electronic devices, these self-powered systems have
certain critical operational requirements. Primarily, power supply circuits which
interface high level power management algorithms to device level transducers and
output load applications are highly desired to provide a multi-mode, reconfigurable
system operation. This enables its robust design with high efficiency, fast load
transient response, superior line regulation and low noise performance over a wide
input and output voltage and power range.

Hence, choosing the appropriate power supply becomes paramount. As men-
tioned in Sect. 1.4.1, linear regulators are not preferred for such self-powered
applications due to their limited operating voltage range and dropout voltages. With
respect to switch mode and SC power converters, switch mode power converters
require an inductor to efficiently transfer power over different output voltages,
whereas SC converters use capacitors as the temporary energy storage elements.
The inductor allows for efficient voltage conversion over a wide input and output
voltage range, whereas the capacitor can only provide efficient conversion only for
certain CGs. However, with continued transistor scaling in each generation of
semiconductor processes, MOSFET devices have significantly reduced their turn-
on resistance in the power path, while maintaining small sizes. In addition, with
smaller transistor sizes needed to implement switches, more switches can be
employed for a given silicon real-estate. This increase in switch count allows for
more efficient CGs to be realized, leading to more supply voltages that can be
delivered to the output efficiently. Secondly, state-of-the-art SC power converters
employ capacitors that have a smaller footprint and are very cost-effective.
Moreover, it is also feasible to fully integrate a SC power converter on-chip. This is
highly desirable for self-powered applications such as implantable biomedical
devices, which place considerable impact on low area and volume requirements.
SC power converters are also preferred for noise-sensitive applications. This is
because it does not involve the use of an inductor in its power stage, which can
introduce considerable EMI noise. This noise can be easily coupled into the RF
components of the self-powered system, which is undesirable. Lastly, portable
devices operate in either sleep or standby modes, for majority of their operating
time. During such periods of operation, the load power demand is low and the
power dissipated by the controller circuit becomes comparable to the output power.
Since this power consumption directly relates to the battery lifetime, it is very
important to employ controller circuits with low quiescent current. The quiescent
current in SC power converters is significantly lower, due to its simple controller
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Hence, the remainder of this book focuses on the various issues related to the
design of state-of-the-art SC power converters. Chapter 2 addresses on funda-
mental device level concepts in power converter designs, including a discussion on
power diodes, MOSFETs, BJT, IGBT and thyristors. Chapter 3 introduces the
premise behind fundamental charge pump topologies, their design principles and
practical implementation issues. Chapter 4 focuses on various power loss mech-
anisms in charge pumps, in order to maximize the efficiency of SC power con-
verters. In Chap. 5, various state-of-the-art reconfigurable SC power converters are
introduced. This chapter will include an in-depth discussion on the design prin-
ciples involved in reconfigurable charge pumps and corresponding control
schemes for these converters. Interleaved SC power converter designs are then
presented in Chap. 6. Through an interleaving regulation scheme, these power
converters are capable of improving the output voltage ripples, inductor current
ripples and the load regulation performance. Lastly, Chap. 7 presents the modeling
and design of SC power converters in z-domain. By modeling the transfer function
of the power stage, corresponding feedback controller and compensation circuits
can be designed to further enhance the performance and accuracy of voltage
regulation.
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Chapter 2
Power Semiconductor Devices

2.1 Introduction

Power semiconductor devices are one of the core constituent elements of state-of-
the-art power electronic applications. They are employed in a plethora of appli-
cations ranging from DC-DC converters, rectifiers, inverters, AC-AC converters,
and so on. Modern semiconductor devices are designed to operate accurately and
robustly over a large range of operating conditions, while striving to achieve the
desired balance between their breakdown voltages, turn-on resistance and
switching characteristics. Therefore, they are optimized with respect to physical
structure, doping profiles, fabrication and packaging techniques, which jointly
define their steady state and dynamic operating performance. As a result, each
power semiconductor device exhibits a unique set of operating characteristics.
Understanding their device level fundamentals therefore has critical implications
on design of efficient, reliable, cost-effective, power IC systems. This chapter
focuses on the review of various power semiconductor devices in modern power
electronics.

2.2 Power Semiconductor Devices

Power semiconductor devices can be generally classified into two major catego-
ries, which are two-terminal passive and three-terminal active devices.

Passive power semiconductor devices are generally diodes, whose operation is
dependent on the external circuit that the device is connected to. Two types of two-
terminal passive devices are widely used in power electronic applications. The first
is the minority charge carrier based power diode, while the second type is the
Schottky diode, which is a majority charge carrier device [1].

The second class of power semiconductor devices is active devices. These
devices traditionally employ three terminals and their operation is not only
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dependent on the external circuit, but also on separate control signals that drive the
power device. Different types of three-terminal power devices exist. The most
widely used power device, especially for low power applications, are power
MOSFETs. These are majority charge carrier devices, which are known for their
high input impedance, fast switching characteristics and low power losses. Apart
from these majority charge carrier devices, minority charge carrier based three-
terminal devices are also employed, especially for high power electronic appli-
cations. These are the power bipolar junction transistors (BJTs), insulated gate
bipolar transistor (IGBTs) and thyristors. Hence, the remainder of this section will
discuss each of these devices, with respect to their physical structure, steady state
operation and switching characteristics.

2.2.1 Power Diodes

Power diodes were the first type of power semiconductor device ever developed, in
order to provide an uncontrolled rectification of power. Hence, they are employed in
applications that require unidirectional flow of current, such as battery charging, AC
and DC power supplies and feedback and freewheeling functions in power con-
verters. Figure 2.1 illustrates a typical diffused power diode, along with its standard
electrical symbol, a typical distribution of the active impurity concentration along a
cross-section and its /-V characteristics. It can be observed that a typical power
diode consists of a lightly-doped n-type region (n~) and a more heavily-doped
p-type region (p). This forms a p-n junction that is capable of withstanding a large
reverse breakdown voltage. The device also contains heavily doped p* and n* layers,
which provides a low contact resistance at the metal-semiconductor interface.
Hence, this results in a p*pn~n" structure for the power diode.

The static operation of the power diode is similar to that of a traditional p-n
junction diode [2]. In the forward-biased condition, holes are injected across the
junction, and become minority carriers in the n~ region. The injected minority
carriers lower the effective resistivity of the n~ region through conductivity
modulation. An increase in the applied positive voltage at the anode terminal leads
to greater minority carrier injection, thereby resulting in a further decrease in
resistivity. Hence, as seen from the I-V characteristic curves in Fig. 2.1c,
an exponential increase in diode forward current is observed, with an increase in
the forward voltage. In the reverse bias condition, the diode conducts a small
leakage current, due to the flow of minority carriers. The leakage current increases
gradually with voltage, until a threshold value is reached, called the breakdown
voltage. Beyond this voltage value, the device undergoes avalanche breakdown.
Under this condition, the reverse current increases rapidly and the diode can be
damaged by heat, due to the large power dissipation at the junction.

An alternate structure for the power diode, for applications where fast switching
characteristics are desired, over the capability to handle very high power levels, is
the epitaxial power diode. Its structure and doping profile is illustrated in Fig. 2.2.
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Fig. 2.3 Turn-off switching
characteristics of a power
diode

The power diode consists of a heavily doped n* substrate over which a lightly
doped n~ epitaxial layer is deposited. A p* surface layer is then diffused onto the
n~ layer, in order to form the p-n junction. During static operation, the /-V curves
of the epitaxial diode are similar to Fig. 2.1c.

While the -V characteristics of the power diode accurately represent its
operation during equilibrium, during transient operation, considerable differences
in device operation are observed. This is illustrated in Fig. 2.3, which shows the
turn-off characteristics of the epitaxial diode [3]. Initially, at time ¢t = 0, the diode
operates in the forward biased condition and is saturated with minority charge
carriers. Hence, the voltage across the diode is the forward conduction drop. Then,
the diode is switched from the on state to the off state. However, the presence of
minority charge carriers at the p-n~ junction maintains the diode in the forward-
biased condition and will turn off only after this charge is completely removed.
This can be achieved by either applying a reverse voltage to the diode terminals, or
through charge recombination. As observed in Fig. 2.3, applying a negative
voltage to the anode terminal changes the direction of current flow. At time ¢t = 14,
the diode current becomes negative. This initiates the removal of minority charge
carriers from the p-n~ junction. The total charge stored in the depletion region is
illustrated in the negative portion of the diode current waveform, and is known as
the recovered charge Q. At the time interval ¢ = 1,, the minority charge carriers
in the p-n~ region are removed and the diode junction becomes reverse-biased.
Hence, the diode becomes capable of blocking a negative voltage. The remainder
of the recovered charge, from 7, to #3, charges the depletion region capacitor, to the
negative off-state voltage. After #3, the diode blocks the entire applied reverse
voltage. Therefore, the total time duration from #; to #; is known as the reverse
recovery time, Tg. This is a critical parameter as it directly influences the
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Fig. 2.4 Structure of a
Schottky power diode
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maximum operating frequency of power electronic applications and determines the
switching power losses in diode-based switch mode power supplies.

Another type of power diode employed in power electronic applications is the
Schottky diode. The Schottky diode is employed when a very low forward voltage
drop is desired and a high blocking potential is not necessary. These diodes are
made with a metal-semiconductor junction. As a result, they are majority carrier
devices, where the diffusion of minority charges is negligible. The structure of the
diode is illustrated in Fig. 2.4. The semiconductor adopts an n-type material, due
to higher mobility of electrons over holes. The semiconductor at the anode
terminal is lightly doped to form a rectifying contact, and is of the order of
Np = 10"-10"° cm™? for silicon. At the cathode end, the doping level of the
n-type material is very high, to form a non-rectifying ohmic contact between the
metal and n* semiconductor. The flow of electrons into the metal creates a region
in the n~ semiconductor, adjacent to the metal-semiconductor interface that is
depleted of majority charge carriers, thereby forming a depletion region. Unlike a
traditional p-n junction diode, where the depletion region is formed based on the
difference in the doping concentrations, the depletion region in the Schottky diode
is dependent only on the work function of the metal and semiconductor materials.
Hence, during forward-biased condition, electrons flow from the n-type semi-
conductor into the metal, similar to a traditional p-n junction diode. However, for a
Schottky diode, the flow of current is due to the injection of majority charge
carriers from the n-type material into the metal. These charge carriers drift in
response to the applied electric field. As a result, the need to accumulate or remove
excess minority charges is eliminated, thereby avoiding the forward and reverse
recovery phenomena. Hence, the time constants associated with the switching
actions of the diode are limited only by the times required to charge and discharge
the depletion region capacitor at the metal-semiconductor interface. As a result,
very fast switching speed can be achieved.

However, one of the major drawbacks of Schottky diodes occurs during the
revere-biased condition. The diode suffers from much larger leakage current than
traditional diodes. Leakage currents increase with temperature and can cause
thermal instability. This limits the maximum applicable reverse voltage, which is
considerably lower than the actual voltage rating.
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2.2.2 Power MOSFET Transistors

One most widely used semiconductor device today is the metal-oxide semicon-
ductor field effect transistor (MOSFET). Due to features such as being a voltage-
controlled device, having high input impedance and being capable of switching at
high speeds, the MOSFET has revolutionized the IC industry. For power supply
applications, the power MOSFET is widely employed, which has characteristics
similar to that of a traditional MOSFET. The cross-section of the device is illus-
trated in Fig. 2.5, which shows an enhancement-type n-channel power MOSFET.
This structure is known as the vertical double-diffusion MOSFET (DMOS) tran-
sistor, due to the presence of source and drain contacts on opposite sides of the die
and since two diffusions are required to fabricate the p-wells and the n* sources. As
seen from Fig. 2.5, the transistor is fabricated on an n* substrate, which is tradi-
tionally a single crystal wafer that provides the required physical support to the
device. An n™ epitaxial layer is then grown on top of the n* substrate. The size of
this layer depends on the maximum blocking voltage required, when the transistor
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is turned off. A power MOSFET usually consists of multiple parallel-connected
cells. Hence, this requires the diffusion of p-wells and n™ regions along the surface
of the wafer. The p—wells form the body terminal of the MOSFET and are all
internally connected to the source, through source metal contacts.

The operation of the power MOSFET can be explained with the aid of the
I-V characteristics curves, illustrated in Fig. 2.6. When the potential at the gate
terminal is less than the threshold voltage, the MOSFET remains off. Under this
condition, both the p-n* and the p-n~ regions are reverse-biased. Any applied drain-
to-source voltage Vpg appears across the p-n~ region. When a sufficiently large gate-
to-source voltage, Vs, is applied, a channel is formed at the surface of the p-region,
underneath the gate terminal. This channel conducts current, leading to the flow of
electrons from the n~ region, through the channel, into the n* source, and out of the
external source contacts. As illustrated in Fig. 2.6, when the power MOSFET is
turned on, it can operate in two different regions, similar to the traditional MOSFET.
It operates in the saturation region when Vpg > Vgs — Vry and Vgg > Vg,
and operates in the linear region when Vpg < Vgs — Vg and Vgg > Vry.

One of the major differences between the traditional and the power MOSFET is
the presence of a body diode, which is in parallel with the channel. The body diode
is present due to the p-n~ junction between the p-type base and the n™ - epitaxial
layer. It can be turned on when a negative voltage is applied across the gate-to-
source terminal. While the body diode is capable of conducting the full rated
current of the power MOSFET, it is not optimized with respect to its switching
speed. As a result, when the body diode has to be turned off, it undergoes a reverse
recovery process. The resulting reverse current flowing through the MOSFET
generates heat due to its turn-on resistance. Moreover, the collapsing electric field
at the p-n junction of the body diode leads to a large voltage across the diode,
which jointly raises the risk of heat damage on the transistor. To overcome this
drawback, many modern power MOSFETSs are designed with fast recovery body
diodes. These body diodes are characterized by their soft reverse recovery process
that requires smaller reverse recovery current [4].

The overall structure of a power MOSFET is thus illustrated in Fig. 2.7. It
depicts the parasitic capacitances along with the body diodes. The parasitic
capacitances for the power MOSFET are critical since it affects the switching
characteristics directly. From Fig. 2.7, it can be observed that Cgg is the gate-to-
source capacitance. It is created due to the overlap of the source and the channel
regions by the poly-silicon gate and is independent of the applied voltage. Cgp is
the gate-to-drain capacitance and consists of the capacitance due to the overlap
between the poly-silicon gate and the n~ silicon underneath and the capacitance
due to the depletion region immediately below the gate terminal. Lastly, Cpg is the
drain-to-source capacitance and is associated with the body diode. It varies
inversely with the square root of the drain-to-source voltage.

A power MOSFET is a majority carrier device, and hence minority charge
carriers do not influence the switching speeds. The switching characteristics of
such a device is determined based on the time duration required to charge and
discharge the parasitic capacitances.
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Fig. 2.8 Structure of a power BJT transistor with its symbol

2.2.3 Power Bipolar Junction Transistors

A power bipolar junction transistor (BJT) is a three-terminal, two-junction, self-
controlled device. Its physical structure is illustrated in Fig. 2.8. It consists of the
emitter, the base and the collector terminals. However, unlike a traditional BJT,
the flow of current is vertical through the silicon wafer. Moreover, the collector
region consists of a heavily doped n* region along with a lightly doped n™ region,
which is inserted to achieve a sufficient breakdown voltage. A power BJT operates
in the on-state (saturation) when both the p-n* base-emitter junction and the p-n~
base—collector regions are forward-biased. Under this condition, both the p and the
n~ regions contain a significant amount of minority charge carriers, and thus have
a low turn-on resistance. On the other hand, the transistor operates in the off-state,
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also known as cut-off, when both the base-emitter and the base—collector regions
are reverse-biased. The third region of operation for the power BJT is the well-
known forward-active region, where the base-emitter region is forward-biased,
while the base—collector region is reverse-biased. In the active region, the collector
current of the BJT is proportional to the base minority charge current. Lastly, the
transistor can also operate in the quasi-saturation region. In this region of opera-
tion, the base current is not large enough to saturate the device. As a result, the
minority charge carriers present in the n~ region is not sufficient to increase the
conductivity of this region. Hence, the transistor has a high turn-on resistance.
Figure 2.9 illustrates the static characteristics of the power BJT. Figure 2.9a
illustrates the collector current /- with respect to the collector-emitter voltage Vg,
for different values of base current Ig. The different regions of operation are also
highlighted. As discussed earlier, it can be observed that for a given value of I, the
transistor will function as a switch, by operating in the saturation region, only for a
sufficiently large base current Iy. Figure 2.9a also illustrates the breakdown
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Fig. 2.10 a Circuit schematic to demonstrate BJT switching characteristics and b its switching
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voltages for the transistor. Firstly, when the transistor operates in the forward-
active region, the base—collector p-n junction is reverse-biased. Hence, if a suffi-
ciently large voltage is applied to this reverse-biased junction, it will undergo
avalanche breakdown. The voltage at which this occurs is the breakdown voltage
BV o, which is defined when the emitter is open-circuited, or for a large negative
base current. The breakdown voltage BVcggp is the collector-emitter breakdown
voltage. As illustrated in Fig. 2.9a, this breakdown voltage is smaller than BV g0,
and is measured when the base current is zero. For majority of applications, the
collector-emitter voltage Vcg should not exceed BVcgo during the off-state.
Figure 2.9b illustrates the collector current I as a function of the base current I,
for different Vg voltages. From this figure, it can be observed that in the saturation
region /- remains approximately constant with respect to Iz and is dependent only
on Vcg. In the forward-active region, I increases linearly with Ig, and is defined
by the slope dI/dlg, which is also called the forward current gain f5. § decreases at
high values of the collector current, due to the difficulty in saturating the transistor.

In power electronics, the BJT is usually employed as a switch, and has to
function between the saturation and the cutoff regions. Hence, it is critical to
understand its switching characteristics, which is illustrated in Fig. 2.10.
Figure 2.10a illustrates the circuit set-up to demonstrate the switching character-
istics of a BJT. Vj,(t) is the varying supply voltage, which is used to control the
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base current Iz, while V¢ is the power supply and R; is the loading resistor. As
illustrated in Fig. 2.10b, at the instant ¢t = 0, V;,(f) = —V, due to which the tran-
sistor operates in the cutoff region. Iz and I are both zero, and the entire input
voltage appears across the base-emitter junction. At ¢ = f;, Vi (f) = +V, which
starts the turn-on process of the BJT. The input power supply provides a base
current to the BJT, which starts to charge the depletion region capacitance of the
base-emitter junction. This causes Vgg to rise from —V to zero, at f,. The time
duration At = t, — t; is known as the turn-on delay period. After t,, the base-
emitter junction becomes forward-biased, causing minority charge carriers to be
injected into the base. Ic thus increases proportionally. At #;, the base—collector
region becomes forward-biased. The transistor operates in the saturation region.

To describe the turn-off characteristics of the power BJT, at #,, the voltage
Vin(®) = —V. Similar to the p-n junction diode, the BJT does not turn off imme-
diately due to the presence of minority charge carriers at the base-emitter junction.
However, a negative base current of —(V — Vpg)/Rp is present, which actively
discharges the minority charge carriers, along with recombination. At ¢, all excess
minority charge carriers, which are required to saturate the BJT, are removed.
Hence, the time duration At = t5 — t, is known as the storage time. At ts, the
transistor begins to operate in the forward active mode. The presence of the
negative base current continues to remove minority charge carriers from the base.
As a result, I decreases and eventually reaches zero, allowing the base-emitter
junction to be reverse-biased at f. The time duration At = t4 — t5 is known as the
turn-off time of the BJT. The base-emitter region eventually becomes fully dis-
charged, thereby completely turning off the device at #;.

2.2.4 Insulated Gate Bipolar Transistors

Insulated gate bipolar transistors (IGBTs) were introduced in the mid-1980s, and
are extremely popular in high power electronics applications, with a power rating
ranging from a few kWs to several MWs. They have replaced power BJTs as the
preferred semiconductor device in the high power range, and are used mainly in
applications such as DC/AC drives and power supply modules. An IGBT is
essentially a hybrid MOS-gated bipolar transistor. It combines the advantages of
both a MOSFET and a BJT. It is a voltage-controlled, high input impedance
device, similar to a MOSFET, but has a much lower turn-on voltage drop, espe-
cially at high voltage ratings. Moreover, unlike a BJT, its switching time durations
are considerably shorter [5].

The structure of an IGBT is illustrated in Fig. 2.11. It can be observed that its
construction is very similar to that of a power MOSFET, except with a p* layer
that is fabricated at the collector instead of the n* drain layer. The operation of this
device is as follows. When a positive voltage is applied at the gate terminal, with
respect to the emitter, an n-channel is induced in the p-region. This leads to the
flow of a drain current in the effective NMOS transistor, thereby forward biasing
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the emitter—base junction and turning on the PNP transistor. This causes minority
charge carriers to be injected from the p*-collector region into the n~ epitaxial
layer. As a result, the resistivity of the n~ region decreases considerably due to
conductivity modulation, which leads to a significant reduction in the conduction
loss of the IGBT. In order to turn off the IGBT, a zero or negative voltage is
applied to the gate terminal. This prevents the formation of the channel in the
p-region. As a result, the PNP transistor of the IGBT is turned off. The I-
V characteristic curves of the IGBT is illustrated in Fig. 2.12, from which it can be
observed that the characteristics resemble that of a power BJT. Moreover, the
device does not experience any secondary breakdown characteristics, making it
highly preferable for high power, high temperature applications.

As described above, one of the key advantages of the IGBT is that its n™
epitaxial layer undergoes conductivity modulation, which significantly reduces the
voltage drop and conduction losses when turned on. However, this phenomenon
also leads to one big limitation—increased switching time durations. When the
IGBT has to be turned off, the potential at the gate terminal is reduced to zero or a
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negative value. While this turns off the effective MOSFET transistor quickly, the
PNP transistor will continue to stay on as long as minority charge carriers exist in
its base terminal. From Fig. 2.11, it can be observed that this base terminal is the
n~ epitaxial layer, which is not accessible externally. Hence, the turn-off speeds of
the IGBT cannot be improved through the use of external gate drive circuitry. The
presence of minority charge carriers stored in the base leads to the generation of a
characteristic tail in the current waveform of the IGBT [6], which is illustrated in
Fig. 2.13. It can be observed that the collector current initially drops rapidly, when
the gate voltage goes to zero. This is because the effective MOSFET turns off,
thereby ceasing the flow of electrons. However, the remainder of the holes in the
epitaxial layer is removed only through electron-hole recombination, hence
leading to the current tailing effect. This tail leads to significant switching losses in
the IGBT, and thus necessitates the use of longer dead-times in modern power
supplies.

2.2.5 Thyristors

The last power semiconductor device discussed in this chapter is the thyristor.
It features a family of devices, including silicon controlled rectifiers (SCRs), gate
turn-off thyristor (GTO), the MOS-controlled thyristor (MCT) and integrated
gate-commutated thyristor (IGCT). Of all power semiconductor devices, the SCR
is known to handle the largest amount of power, with voltage and current ratings of
the order of several thousands of volts and amperes, respectively. Hence, these
devices are traditionally employed in applications such as DC transmission lines.
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Figure 2.14 illustrates the structure, the schematic symbol and the equivalent
circuit of a SCR. The device is a three-junction PNPN type device, which can be
represented as two bipolar junction transistors connected through a regenerative
feedback. The transistor Q, is formed by the n, p, and n™ regions, while the second
transistor O, is formed by the p, n~ and p layers. The SCR is known for its
symmetric voltage blocking nature, due to its ability to block voltages in both the
forward and reverse directions. This is because one of the p-n~ junctions is always
reverse-biased, causing a depletion region to be formed in the n~ layer. The SCR
can conduct current only when a positive voltage is applied to the anode terminal,
relative to the cathode terminal. However, the device starts to conduct only when a
positive gate current is supplied. This current causes the transistor Q; to turn on.
Since Q; and Q, are connected in a regenerative feedback manner, the collector
current of O, provides the necessary base current to Q,, thereby turning on Q5.
Hence, a positive feedback mechanism is created, causing minority charge carriers
to be injected into all four semiconductor layers. As a result, due to conductivity
modulation, the turn-on resistance of the device is lowered considerably and the
device is latched to the on-state. When I is greater than the latching current, the
current flowing through the SCR becomes independent of /. It behaves similarly
to a conventional p-n junction diode and with the current varying exponentially
with V. In order to turn off the SCR, a reverse current can to be applied at the
anode or a negative anode-to-cathode voltage will force the device into the off-
state.

The I-V characteristics of the SCR are illustrated in Fig. 2.15. It can be observed
that for forward-biased condition at zero gate current, the device will initially
conduct a leakage current. If the anode voltage V, is increased to a sufficiently
large voltage level, the device starts to conduct. This is the breakover voltage of
the SCR. If a base current is applied to the device, due to the regenerative feedback
mechanisms, the forward breakover voltage is reduced. Eventually, at a sufficiently
large base current /g5 in Fig. 2.15, the SCR behaves like a traditional p-n junction
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Fig. 2.15 Static I-V curves of a SCR

diode, with the forward blocking region removed. The device will be turned on
successfully if a minimum gate current, called the latching current, is maintained.
During conduction, if the gate current is zero and the anode current falls below a
critical limit, called the holding current, the device reverts to the forward blocking
state. When a negative voltage is applied to the anode terminal, the p-n~ junction of
the device becomes reverse-biased and the -V curves behave similarly to the
traditional diodes.

The switching characteristics of the SCR are similar to those of the epitaxial
diode, illustrated in Fig. 2.3. During the turn-off transition, a negative anode
voltage reverses the direction of current flow in the SCR. However, the inner p-n—
junction continues to be forward biased as long as minority charge carriers con-
tinue to exist in this junction. These charge carriers are removed with the aid of the
negative current and through charge recombination. As a result, a minimum turn-
off time is always required before a positive voltage can be applied again at the
anode. If a positive voltage is applied before this, the presence of minority charge
carriers could retrigger the SCR, without the need for an external gate current.
However, this is not desired in traditional switching operations.

One of the major limitations of SCRs is the inability of the device shutdown
through gate control. To overcome this drawback, the gate turn-off thyristor (GTO)
was developed, which can be turned on by the application of a gate current pulse
and turned off by a negative gate current pulse. The GTO is capable of being
turned off by a negative current pulse, by diverting the collector current of the
effective PNP transistor. This prevents the positive feedback effect between the
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two BJTs. However, the GTO cannot be turned off under all operating conditions,
as it is dependent on its turn-off current gain. This is defined as the ratio of the
anode current, when the device is turned on and conducting, to the negative gate
current required to turn off the device. As a result, a negative current of the order
of several hundreds of amperes would be required to turn off a GTO, which can
typically conduct several thousands of amperes of current when operating in the on
state.

Lastly, the third type of thyristor which attempts to provide gate control on the
switching process is the MOS-controlled thyristor (MCT) [7]. As the name sug-
gests, the MCT is a hybrid device that can be turned on or off by applying a
voltage pulse at the gate terminal of the device. The operation of the MCT can be
explained with the aid of Fig. 2.16, which illustrates its equivalent circuit. The
MCT is turned on by applying a negative pulse at the gate terminal, relative to the
anode. This negative voltage turns on the PMOS transistor M,, which provides the
necessary base current to the NPN transistor Q;. Once Q; is turned on, the
regenerative action between Q; and Q, causes the MCT to conduct current. In
order to turn off the MCT, a positive voltage is applied to the gate terminal, with
respect to the anode. This turns on the MOSFET M, which interferes with the
positive feedback mechanism between the two BJTs. As a result, the MCT is
turned off.

2.3 Conclusions

This chapter introduces certain fundamental semiconductor devices that are
employed in modern power electronic applications, from ultra low power portable
devices to extremely high power systems. The various types of devices that are
discussed can be generally classified into passive and active devices. Passive
devices are traditionally two-terminal devices such as the p-n~-n diode and the
Schottky diode, whose operation is dependent solely on the circuit operating
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conditions. On the other hand, the second class of power semiconductor devices is
active devices such as MOSFETs, BJTs, IGBTs and thyristors. These devices
include a third terminal which is used to control device operation, apart from
external circuit conditions. In order to achieve the desired steady state and tran-
sient switching operations, each of these devices is optimized with respect to their
physical design and fabrication. Hence, the chapter provides a brief overview of
these power semiconductor device principles. With a thorough understanding of
these underlying concepts, reliable and high-performance SC power converters can
be designed.
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Chapter 3
Fundamental Charge Pump Topologies
and Design Principles

Switched-capacitor (SC) DC-DC converters are a class of power converters that
are used to convert one voltage level to another, through the use of switches and
capacitors. They consist of two parts, a power stage, which is also known as a
charge pump, and a feedback/feed-forward controller that regulates the output to
the desired voltage value. In general, a charge pump employs pumping capacitors
as the temporary energy storage medium. To achieve the desired power conver-
sion, the capacitors are initially energized from the input power source, during
their charge period. The stored energy is then transferred to the output, during the
discharge period. This is implemented with the aid of the controller, which
appropriately turns on the power switches for one or more phases in a clock period,
to obtain the desired charge pump topology. Hence, each switching period
comprises of n separate non-overlapping clock phases. In each phase, the charge
pump is configured as a network of capacitors and switches and by correctly
switching between these phases, the required voltage conversion is obtained.

Since charge pumps handle the power transfer operations, they are critical for
the efficiency, robustness and operation performance of SC DC-DC converters.
Thus, a fundamental understanding of charge pumps is essential. To facilitate this,
this chapter will focus on various charge pump topologies, their design principles
and practical implementation issues. The chapter will begin by introducing the
concept of charge transfer between capacitors. To characterize the performance of
charge pumps, critical parameters are investigated. Elementary charge pumps then
are introduced, followed by a thorough discussion on more advanced topologies
and their corresponding operation principles. Lastly, following the theoretical
analysis, practical issues in the design and implementation of integrated charge
pump designs are investigated.
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Fig. 3.1 Charge conservation between two capacitors

3.1 Principle of Charge Transfer

This section discusses the principle of charge transfer between capacitors, which is
the most fundamental concept in the operation of charge pumps. To understand it,
it is important to understand the concept of charge distribution. Consider two
capacitors Cy and C,, which are initially charged to voltages V; and V, respec-
tively, as illustrated in Fig. 3.1. This generates an electric field E; between the
capacitor plates, which is related to the potential difference V; by

E-di=Vi(i=1,2), (3.1)

where d; is the distance between the plates of the capacitor C;. Let the two
capacitors be then connected in parallel, by turning on the switch S. The potential
difference between the two capacitors forces charge redistribution. To understand
this, let W be the work done on the stored charges, due to the voltage difference
between the two plates. Its value is given by

w
ia (Vi = V). (3.2)

This work is done by an electrostatic force F, which redistributes charges between
the two capacitor plates. From Gauss’ Law [1], the expression for the work done
can be written as

E

-

W:—/—-@:—/f’-%, (3.3)
q

where F is the electrostatic force exerted on the charge along a path ds. For the
scenario shown in Fig. 3.1, assuming V| > V,, the electrostatic force redistributes
charge from capacitor C; to C,. By substituting Eqgs. 3.3 into 3.2, we get

w 1/—> —
Vi—-Vo))=—=—— | F -ds. 3.4
(Vi = Va) , p (3.4)
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Hence, from Eq. 3.4, it can be seen that, as long as a potential difference exists
between the two capacitors, an electrostatic force continues acting upon the stored
charges. This force redistributes the stored charges until the voltage of both
capacitor plates are equal. Once charge redistribution is complete, each capacitor
is charged to a voltage V.., wWhich can be determined based on the principle of
conservation of charge. From this law, it is known that when two charged
capacitors are connected together, the total charge on the parallel combination is
equal to the sum of the original charges on the capacitors. The total original charge
QOioral ON the two capacitors is given as

Qo = C1V1 + G V). (3.5)

After the charge is re-distributed, the resulting voltage Vg, across each capacitor
is given as

Orotal _ Vi + GV,
Ci+C Ci+ G

C &)
<C1 + C2> : <C1 + Cz) 2

The principle of charge distribution can be employed to analyze the operation
of a charge pump. Figure 3.2a illustrates a basic voltage replicator charge pump,
whose ideal voltage at steady state should be equal to the input voltage supply.
In this charge pump, C; is the pumping capacitor, while C, is the output capacitor,
which is initially charged to zero. The operation of the charge pump is as follows.
During the first charge cycle, S, is on and S, is off, causing C| to be charged to Vj,,.
During the discharge cycle, when C, and C, are connected in parallel, charge
redistribution takes place. Ideally, V, is charged up to a voltage V! , which can be
calculated from Eq. 3.6 as

Viinal =
(3.6)

’ C]
Vst = Vin. 3.7
out <Cl + C2> ( )
If Cl . C2, V/

tut = Vin/2. In the second charge transfer cycle, during the charge
phase, C; charges up to V;,. During the discharge phase, charge redistribution
takes place once again, resulting in V,, being charged to a higher voltage level

V! given by
C G
VI =|—=—— ]V VL 3.8
out (Cl + CZ) + (Cl _|_ C2> out ( )
For equal values of capacitances, V"

out
ot = Vin/2 + Vin/4. During the third charge
transfer phase, V, is charged up to a voltage level given by V,,/2 + V,/4 + Vi/
8. Thus, in such a continuous manner, V., approaches the input voltage V;,, as
illustrated in the switching waveform in Fig. 3.2b.
From the above analysis, it can be observed that during each switching cycle,
the charge pump undergoes a charge phase and a discharge phase. This concept is
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inherent to all charge pump designs. While the voltage replicator charge pump is
capable of charging up only to Vj,, advanced SC converters can employ several
charge pump stages to achieve different topologies, allowing them to generate a
wide range of output voltages, both higher and lower than the input supply, with
either the same or opposite polarity.

3.2 Charge Pump Parameters

An understanding of certain fundamental parameters in charge pumps is necessary
before various topologies can be investigated. To aid this discussion, consider a
generic charge pump, illustrated in Fig. 3.3. V;, is the input voltage of the charge
pump, while the output voltage is V,,, and supplies a load current /. The charge
pump employs pumping capacitors C; to C, along with switches S; to S, to
achieve the desired voltage conversion.

The most critical parameter in the design of charge pumps is its efficiency (),
which is defined as

Poy Poy
=M % 100% = ——— x 100%, (3.9)

in Ploss + Pout
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where P, is the output power, P;, is the input power and P is the power loss of
the charge pump itself. Under ideal conditions, voltage conversion takes place with
no power loss, resulting in an efficiency of 100 %. However, due to various power
loss mechanisms in practical power converter designs, the actual efficiency is
lower than the ideal value.

A second critical parameter in defining charge pumps is the conversion gain (CG).
It is defined as the ratio of the output voltage to the input supply voltage, as given by

Vout
Vin

CG =

(3.10)

The CG of a SC DC-DC converter is dependent on the topology of the charge
pump and also the duty ratio of the clock signals employed.

To measure the voltage regulation performance, two parameters are line and
load regulation [2]. Line regulation is the measure of the SC power converter’s
ability to maintain the desired nominal output voltage, under varying input voltage
conditions. It is defined as the ratio of the output voltage change AV, to a
corresponding change in the input voltage AVy,, for a constant load current Iy,.

v
<m—) . (3.11)
Loy = const. \4

As I, increases, typically the output voltage V,,,, decreases. This is because the
output capacitor C,,, delivers the required load current until the charge pump
responds to the change in output power demand. To evaluate such a regulation
behavior, load regulation is defined and is the ability of the charge pump to
maintain a constant output voltage under varying load conditions, over a certain

range of load current. It is given by
\%
(m—> (3.12)
Vin = const. A

Another important parameter in charge pumps is the output voltage ripple,
which is defined at steady state for a constant load current. It value is dependent on
the value of the output capacitor C,,,, its equivalent series resistance (ESR) and the
switching frequency f;. Typically, the ripple is expected to be less than a few tens
of millivolts. A large ripple voltage impacts the operation performance and
robustness of load applications and is of critical concern in noise sensitive modules
such as RF communication and signal processing circuits.

AV,
Line Regulation = <—°m>

in

AVou
Load Regulation = (—t>

Iout

3.3 Fundamental Charge Pump Topologies and Operations

In order to obtain the required CG in the charge pump, power switches are
appropriately controlled in order to obtain several capacitor configurations. These
configurations form different charge pump topologies, which are used to provide
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Fig. 3.4 a Circuit schematic, and b voltage and current waveforms for a voltage inverter

different voltage levels. Hence, this section introduces several fundamental
topologies, along with their operation schemes.

3.3.1 Voltage Inverter

The first charge pump topology to be discussed is the voltage inverter, which
provides a CG of —1. The circuit of the voltage inverter and corresponding
waveforms are illustrated in Fig. 3.4. The operation of the voltage inverter is as
follows. In the charge phase, the clock signal ®; = 1 which causes the switches S,
and S3 to turn-on, while S, and S, are turned off. This connects the pumping
capacitor Cp to the input, thereby charging it to V;,. The average value of the input
current over the switching period is equal to the load current /,,. However, its
initial value is dependent on the voltage across Cp, the ESR of the pumping
capacitor and the turn-on resistance of the power switches S; and S3. As illustrated
in Fig. 3.4b, due to the discontinuous nature of the charge current, its initial value is
greater than 2/, and decays as the voltage across the pumping capacitor approa-
ches V;,. In the discharge phase, ®, = 1, which causes the switches S, and S, to be
on, while S; and Sj are turned off. The pumping capacitor is disconnected from the
input and connected to the output capacitor C,, and the load. The voltage stored in
Cp is inverted and used to charge C,,, and provide the required load current.

Similar to all power converters, the voltage inverter undergoes a start-up pro-
cess initially, after which the steady state is reached and the output voltage of —V;,
is obtained. Under this condition, the amount of charge transferred from Cp to Cy
is dependent on the switching frequency and the load current.

Furthermore, from Fig. 3.4, it can be observed that the output consists of a ripple
voltage along with the nominal DC value. Typically, the output ripple in a SC power
converter is attributed to the impulse-like charge transfer operation discussed in
Sect. 3.1. During the charge phase, C,, supplies the load current, while during the
discharge phase it is supplied by the charge pump. Hence, these charge and discharge
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actions lead to the generation of ripples in the output voltage. For integrated charge
pumps, conventionally, the ripple voltage can be analyzed by considering its
behavior in the slow switching limit (SSL) operation [3]. In this operating mode, the
RC delays, due to the switches, capacitors, and their ESR, are small compared to the
switching period. Thus, the output voltage ripple is dependent on the switching
frequency f;, Coy and load current /.. The maximum peak-to-peak voltage ripple
for the voltage inverter supplying a current source load can be determined as follows.
From Fig. 3.4b, it can be observed that when the charge pump transits from the
charge phase to the discharge phase, a step change of —21,, is observed in the
pumping capacitor discharge current Icp 4. This creates a step change in V,,,, equal to
2154 X ESRcou, Where ESRc,, is the ESR of the output capacitor. After the initial
step change, C,,, is then charged by the charge pump. As the first order approxi-
mation, this voltage is equal to I,,/(2 f;-Cp). As a result, the peak-to-peak output
ripple voltage AV, for the voltage inverter is given by

1,
AViou = 2oy - ESRCou + zf—c : (3.13)

During the charge phase, when Cp is connected to Vj,, the ripple waveform
reverses its direction. The current Icp 4 increases to zero at the instant when phase
@, occurs, after which C,,, is discharged by the load current /.

3.3.2 Voltage Doubler

While the voltage inverter provides a negative CG, many charge pumps accom-
plish positive CGs. One widely used example is the voltage doubler, as illustrated
in Fig. 3.5. During the charge phase when ®; = 1, the operation of the doubler is
identical to the voltage inverter. The pumping capacitor Cp is connected to the
input supply, thereby charging it to the voltage level V;,. However, during the
discharge phase when @, = 1, the input voltage is connected in series with Cp.
This enables the voltage doubling operation to be realized. However, one major
difference of the voltage doubler, when compared to the voltage inverter, is that
the input current waveform has an average value of 2/,,. This is because Vj, is
connected to Cp during the charge phase and to the load during the discharge
phase.

From Fig. 3.5b, it can be observed that the output current of the voltage doubler
is discontinuous and similar to that of the voltage inverter. As a result, the peak-to-
peak output ripple voltage AV, for the voltage doubler is also given by

I
AVout = 2ou - ESRcout -+ rét (3.14)
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3.3.3 Step-Down Charge Pump

While the voltage doubler in Sect. 3.3.2 achieves a higher voltage at the output in
comparison to the input voltage, some charge pumps are also capable of generating
output voltages that are lower than the input power supply. An example is the
charge pump with a CG = 1/2, whose circuit diagram and voltage and current
waveforms are illustrated in Fig. 3.6. Its operation is described as follows. During
the charge phase when ®; = 1, the switches S, and S5 are turned on, while S, and
S, are turned off. As a result, the pumping capacitor Cp is connected in series with
the output capacitor. During the discharge phase when ®, =1, S, and S, are
turned on, while S| and S5 are turned off. The energy stored in Cp is delivered to
the output. From the charge pump operation, it can be observed that the two
capacitors are connected in series during the charge phase, and then discharged in
parallel. Hence, for a 50 % duty ratio clock signal, an output voltage equal to 1/
2V, is obtained.
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One of the major advantages of this charge pump, when compared to the previous
two topologies, is that charge is delivered to the output during both the charge and
discharge phases. As a result, the contribution of the ripple component 2/, ESR oy
to the total output ripple voltage, is eliminated. Thus, the ripple voltage performance
of the charge pump is significantly enhanced and is ideally given by

IOLIt
AV = ——. 1
out 2f; - Cout (3 5)

3.4 Practical Charge Pump Circuits

In order to achieve various CGs, Sect. 3.3 discussed several charge pump topol-
ogies and their corresponding operation principles. Each of the charge pumps
employs ideal switches and capacitors. However, for their practical circuit real-
izations, charge pumps employ on- or off-chip capacitors and power semicon-
ductor devices for implementation. These components are associated with various
non-idealities such as turn-on resistances, parasitic capacitances and inductances,
leakage currents, and so on. Therefore, this section discusses several practical
circuit implementations of the charge pump topologies discussed in Sect. 3.3,
along with operation and design principles.

3.4.1 Dickson Charge Pumps

3.4.1.1 Diode-Based Implementation

One of the most well-known charge pump topologies is the Dickson charge pump
[4]. Its contribution to modern charge pump designs has been remarkable and has
triggered many innovations in this field. The earliest circuit implementation of the
Dickson charge pump employs diodes as switches, as illustrated in Fig. 3.7. The
charge pump employs two clocks, ®; and ®,, which are anti-phase and with a
voltage amplitude of V. The diodes operate as self-timed switches and are
characterized by a forward bias voltage Vp. C; is the stray parasitic capacitance
present at each node. The charge pump operates by pumping charge along the
diode chain, causing the capacitors C to be successively charged and discharged
during each clock cycle. For example, when the clock ®; = 0 and @, = 1, the diode
D, conducts until the voltage at node 1 becomes equal to V;, — Vp. When the clock
@, = 1, the voltage at node 1 increases to Vi, + (Vo — Vp). This causes the diode
D, to conduct until the voltage at node 2 becomes equal to Vi, + (Vo—Vp) — Vp.
Then, when ®; = 0 and @, = 1 again, the voltage at node 2 becomes equal to
Vin + 2(Vg — Vp). At the output of the nth stage, the voltage is

Vou = Vin + N - (Vo — Vp) — Vp. (3.16)
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Fig. 3.7 Circuit schematic of the Dickson charge pump

From Eq. 3.16, it can be observed that for N = 1 and V4 = Vj,, the output voltage
of the Dickson charge pump is approximately equal to twice the input voltage.
Hence, it can be used to implement a voltage doubler. Furthermore, cascading
more stages allows for higher CGs to be realized.

While Eq. 3.16 accounts for the diode voltage drop, the effect of stray parasitic
capacitances on V,, is not addressed. Stray capacitances reduce the amount of
charge transferred from each stage to the next, by a factor equal to C/(C + Cs). As
a result, the actual output voltage is given as

C
Vot N ([ Vo=V ) — V. 17
Vout Vin+ N <<C+Cs> (] VD> VD (3 )

Equations 3.16 and 3.17 are valid when no load is connected to the output of
the charge pump. However, when the charge pump has to deliver a load current
L4, the output voltage is reduced by an amount that is inversely proportional to the
switching frequency, f;, and is given by

C Lo
Vour = Vin +N - Vo—Vp—————F7——] — Vb. 3.18
out in + ((C+Cs> () D (C—FCs)fg) D ( )

Based on the operation of the Dickson charge pump, it can be observed that
when @, = 1, charge is delivered to the output capacitor C,,, while during the
phase @, = 1, C,,, delivers the required current to the load. This leads to a voltage
ripple at the output and for a resistive load Ry, it is given by

Iout — V()l][
fs : Coul fs : Rout : Cout .

AVoul = (319)
3.4.1.2 MOSFET-Based Dickson Charge Pump

The main advantage of the diode-based Dickson charge pump is that additional
switch control signals are not required. However, the main drawback is the
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Fig. 3.8 MOSFET-based Dickson charge pump

reduction in Vg, due to the voltage drop Vp. In addition, in many semiconductor
processes, isolated diodes are not available. To overcome these issues, a MOSFET
transistor based implementation for the Dickson charge pump is illustrated in
Fig. 3.8, in which diode-connected NMOS transistors replace isolated diodes.
Hence, the diode forward voltage drop Vp is replaced by the NMOS threshold
voltage, Vry, in Eq. 3.18. While the MOSFET-based topology of the Dickson
charge pump solves issues related to silicon integration, the advent of sub-micron
fabrication technologies introduces further challenges and constraints. In modern
technologies, transistor threshold voltages have not decreased commensurately
with the reduction of the maximum supply voltage levels. Moreover, from
Fig. 3.8, it can be observed that the substrate terminals of each NMOS transistors
are connected to ground, while the voltage at the source terminal varies at each
stage. Hence, due to the body effect, the threshold voltages of MOS transistors are
not constant [5]. For the Dickson charge pump illustrated in Fig. 3.8, the voltage
gained at the nth stage is given by

Vn - Vn,1 = (CC:F% — VTN[VSB(n)]- (320)
Here V1 is the threshold voltage of the NMOS transistor, which is dependent on the
source to body voltage Vgg. It can be observed from Eq. 3.20 that the voltage gained
at each stage decreases, due to the increase in the threshold voltage. As a result, the
output voltage becomes lower than the value obtained by the diode-based charge
pump. The output voltage is not a linear function of the number of stages and its
efficiency decreases as the number of stage increases. Hence, considerable research
effort is still required in order to develop novel strategies to overcome this loss.

3.4.1.3 Dickson Charge Pump with Bootstrap Gate Control

Although conceptually simple, implementing a switch using a MOSFET is chal-
lenging. This is because typically the voltages at the drain and source terminals of
diode-connected NMOS transistors are higher than the supply voltage. In some
cases, the voltage generated at the next stage is used to control the MOSFET in the
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b corresponding timing diagram

previous stage. However, this introduces certain challenges at start-up, when the
voltage at the next stage is lower than the previous stage. The most prominent
solution developed so far is shown in Fig. 3.9, which is the Dickson charge pump
with bootstrap gate control. It employs a bootstrap circuit in order to provide the
necessary gate control signals to drive its switches. The bootstrap circuit is realized
by adding a supporting capacitor Cg and MOS transistor My to each stage. This
circuit operates in conjunction with the pass transistors M, and pumping
capacitor C, in order to generate the necessary output voltage. The operation of
this topology can be described with the aid of Fig. 3.10, which illustrates a single
stage of the charge pump and its corresponding timing diagram.

During the first half period, charge transfer does not occur since the clock signal
®g; = 0, causing the transistor M, to be turned off. From Fig. 3.10b, during this
period, the clock signal ®@; = 1. This causes the bootstrap transistor My to be
turned on, since its Vgg voltage is equal to 2V;,. The capacitor Cy is thus charged
up to a voltage equal to V; _ ; = (i — Vi, — (i — 2)-AV, where AV is the
voltage transferred from one stage to the next, when M, is turned on. During the
next half period, the clock signal ®; = 0, while ®, = 1. It can be observed from
the timing diagram that during this phase, the clock signal ®g; = 1. Due to the
charge injected into Cg during the previous phase, the gate voltage of M, is
boosted up significantly, causing it to be turned on. This enables charge transfer
from node i — 1 to i.

While this charge pump solves one of the major challenges associated with the
gate drivability of the power switches, one drawback does exist. This circuit
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Fig. 3.11 a Schematic diagram of the cross-coupled voltage doubler, and b its timing diagram

requires a 4-phase clock signal, with two of the phases requiring the doubled
voltage swing, when compared to the traditional clocking scheme used in tradi-
tional Dickson charge pumps.

3.4.2 Cross-Coupled Voltage Doubler

Among all the CGs provided by charge pumps for various advanced applications,
the most widely used is the voltage doubler. Many voltage doubler solutions have
been developed, but face several drawbacks. One of the most straightforward
techniques to implement such a circuit was discussed in Sect. 3.3. In this imple-
mentation, an amplitude of 2V, or higher is required as the gate drive signals for the
power switches. This significantly increases switching power losses in the charge
pump. Moreover, the voltage drop across each power switch is equal to one Vpg,
which is typically 150 mV or less, when turned on. This results in a voltage drop of
2Vps in both the charge and discharge paths, which contributes to considerable
conduction loss in the charge pump. To overcome these drawbacks, the cross-
coupled voltage doubler is developed and is considered as one of the most efficient
topologies for low-voltage applications. In this charge pump, the gate drive signal
for each power transistor is internally generated. Therefore, the amplitude of the
clock signals is always V;,. Secondly, in both the charge and discharge paths only a
single power transistor is turned on. As a result, the total voltage drop is equal to a
single Vpg instead of 2Vpg, thereby reducing the conduction power loss.

The schematic of the cross-coupled voltage doubler is illustrated in Fig. 3.11a,
and its operation can be explained with regard to the timing diagram in Fig. 3.11b.
In the steady state, the voltages across the two pumping capacitors Cp; and Cp, are
almost equal to the input voltage V,. As shown in Fig. 3.11b, when ®; = 1 and
@, = 0, the voltage of V is equal to 2V}, and the voltage of V; is V;,. As a result,
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the NMOS transistor My, controlled by V; and the PMOS transistor Mp; con-
trolled by V, are turned on, while My; and Mp, are turned off. The pumping
capacitor Cp; is connected to the input voltage and charged to V;,,. Meanwhile, Cp,
is connected in parallel with the output capacitor C,, and the charge stored at Cp,
is transferred to the output. Eventually, the voltage across Cp, will be V;, and the
voltage across Cp; will be V, — Vi,. Similarly, when ®; = 0 and ®, = 1, the
switches My; and Mp, are turned on and My, and Mp; are turned off. Cp; is
connected to the input supply and charged to Vj,. Cp, is connected to C,,, and
discharged. At the end, the voltage across Cp; will be V;, and the voltage across
Cp2 will be vout — Vin-

In the steady state, the total net charge difference on the two pumping capac-
itors Cp; and Cp, should be equal to the charge consumed by the output load in one
switching cycle. This is represented as

Vout

(CPI + CPZ)[Vin - (Voul - Vi )] - R_Tsv (321)
out

where T is the switching period of the voltage doubler. If Cp; = Cp, = Cp, then,
VOUI 2

SR (3.22)
Vin 1 + TS/ZRoutCP

If T, <<2Ry,,Cp, then V,,; ~ 2V;,. Hence, a CG of 2 is achieved. From
Eq. 3.22, it can be observed that a higher switching frequency and lower output
load allows the use of smaller capacitors for the same output voltage ripple. It is
also shown that a higher switching frequency, lower output load and larger
pumping capacitors lead to a higher output voltage.

3.5 Design Issues in Integrated Charge Pumps

Advancements in semiconductor fabrication technologies have led to the devel-
opment of several advanced charge pumps, involving monolithic implementations.
Such designs employ integrated switches and capacitors and are highly beneficial
for ultra-low power applications, such as wireless sensor nodes and implantable
devices. This is because integrated charge pumps rely fully on on-chip compo-
nents. As a result, the number of off-chip pins and pads are significantly reduced,
thereby decreasing the PCB footprint and system volume. Hence, such charge
pumps are attractive for portable applications that place considerable emphasis on
small form factor. Moreover, an integrated implementation allows for the reali-
zation of sophisticated feedback/feed-forward controllers, which can considerably
enhance operation performance and system robustness. However, the implemen-
tation of integrated charge pumps introduces certain critical issues that have to be
considered. Thus, this section discusses these factors and their influence on
modern charge pump designs.
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Fig. 3.12 Charging of an a ideal, and b practical capacitor

3.5.1 Practical Capacitor Implementations

The first issue in practical charge pump designs is related to the charging char-
acteristics of capacitors. Typically, if an ideal capacitor is charged from an input
voltage source, it charges instantaneously, resulting in an impulse current, as
shown in Fig. 3.12a. However, all capacitors have an equivalent series resistance
(ESR) and an equivalent series inductance (ESL). These parasitic components
limit the peak charge current, resulting in an increased charge time of the
capacitor. Moreover, MOS switches are also associated with a turn-on resistance,
which further limit the charging current. The charging characteristics of a practical
capacitor are shown in Fig. 3.12b.

In addition, all integrated capacitor implementations are associated with stray
parasitic capacitances, which degrade the efficiency of the charge pump, as dis-
cussed in Sect. 3.4. Depending on the fabrication process being used, integrated
capacitors can be constructed in different ways. For example, Fig. 3.13 depicts
three types of linear capacitors that are available in CMOS processes, the poly-
diffusion capacitor, the double-polysilicon capacitor and the metal-polysilicon
capacitor. Traditionally, a relatively thin oxide layer is deposited between the two
conducting plates, leading to a large capacitance implementation. However, it can
be observed that a parasitic stray capacitance exists between each plate and the
substrate. Typically, the bottom-plate parasitic capacitance Cs can be approxi-
mately 10-20 % of the actual capacitance, as shown in Fig. 3.14. The presence of
C; has adverse effects on the steady state output voltage level of the charge pump,
along with its efficiency. As a result, most integrated charge pump designs employ
topologies in which the voltage swings at the bottom plates of the capacitors are
not high.
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3.5.2 MOSFET Transistors as Switches

As discussed in Sect. 3.4, practical charge pumps employ power semiconductor
devices to implement switches. For integrated charge pump designs, MOSFET
transistors are commonly used. Figure 3.15 illustrates the switching behavior of a
MOSFET transistor My. Let the initial voltage across the capacitor be zero. V, is
the gate control signal for the NMOS transistor, with an amplitude equal to V.
Thus, to charge Cp, let V, = Vg at time t = #,. This causes My to turn-on, thereby
charging Cp until V,,, approaches V;,. For Vo > V;,, My will operate in the triode
region, with an effective turn-on resistance given by

1

Ron = .
o ,un COX (%) N(V‘D - Vout - VTH)

(3.23)

Similarly, the pumping capacitor Cp can be discharged from a voltage V;, to zero,
as illustrated in Fig. 3.16. To achieve this, at time ¢ = #,, V, equals Vg to turn-on
My. However, in this scenario, since Cp is initially charged to V;,, My will operate
in the saturation region. As a result, the discharge current is limited by the Vgg
voltage of the transistor and is given by

1 w
Tgeh = E:unCOX (-) (Vin — VTH)Z- (3.24)
N

L
This current causes the output capacitor Cp to discharge. When V,,,, discharges
below V;, — Vry, My operates in the triode region, eventually discharging Cp to
zero volts.
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From the above discussion, it can be observed that an NMOS transistor can be
employed to both charge and discharge capacitors effectively. However, in
the above discussion, it was assumed that Vg > V;,. When Vg = Vi, during the
charge phase My will operate in the saturation region. However, as V,,, approa-
ches Vj,, the gate to source voltage Vg, of My approaches the threshold voltage
Vru of the NMOS transistor. When Vg, = Vi, — Vru, the transistor enters the
sub-threshold region. As a result, My is not capable of charging the pumping
capacitor to the full input voltage V;,. Hence, NMOS transistors can provide
effective switching for charge pumps only when the upper bound voltage of V;, is
limited to V@ — VTH.

The inability of NMOS transistor to charge capacitors to large voltages can be
overcome by replacing them with PMOS transistors. From Fig. 3.17, it can be
observed that the overdrive voltage for the PMOS switch Mp is V,,, — V. As a
result, for large output voltages, sufficient overdrive voltage exists, thereby allowing
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Vou to faithfully track V;,. However, while PMOS transistors can effectively operate
as switches for charging capacitors, they face a similar issue during the discharging
process. As seen from Fig. 3.17, as V,,, discharges from a voltage Vi, the overdrive
voltage of Mp reduces. Eventually, when V,u = Vrup, the overdrive voltage
becomes zero, preventing further discharge of V.. To overcome both of these
drawbacks, a parallel connection of both NMOS and PMOS power transistors can be
employed. The PMOS transistor can effectively charge the capacitors in the charge
pump, while the NMOS transistors are effective during its discharge.

3.6 Conclusions

This chapter introduces fundamental topologies and operation principles in the
design of charge pumps. A charge pump consists of a network of switches and
capacitors, which are controlled to achieve the desired voltage conversion and
power regulation. A thorough understanding of the theoretical and practical con-
cepts of charge pump design is essential for the development of robust, area- and
power-efficient SC DC-DC converters.

The chapter first introduced the concept of charge transfer, which is the primary
mechanism for energy and power conversion in charge pumps. The chapter then
covers various critical parameters in charge pump designs. Following this, various
fundamental topologies such as the voltage inverter, the voltage doubler and the
charge pump with CG = 1/2 are introduced. Practical circuit designs of these
charge pumps are then discussed, with primary focus on a few well-known
topologies. At last, practical implementation issues in integrated charge pump
designs are investigated. The principle of employing on-chip capacitors and power
switches are addressed.
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Chapter 4
Power Loss in Switched-Capacitor Power
Converters: Causes and Analysis

The design of modern switched-capacitor (SC) power converters entails the gen-
eration of highly precise and efficient power supply modules, which can operate
over a large range of input and output voltage levels and load power demands. The
development of a highly efficient power supply should thus involve an in-depth
investigation on the various power loss mechanisms in the power stage, gate drive
buffers and controller. This is especially critical for the SC power converters
designed for self-powered microsystems, wherein the losses should be reasonable
compared to the energy harvested and load power demands.
In general, the efficiency (1) of a SC power converter can be defined as

Pout

o %100 %, 4.1
Pout"'Ploss ’ ( )

]” =
where P, is the output load power and P, represents the total internal power loss
caused by the SC power converter itself. Py, is comprised of the power losses due
to the power stage, the gate drive buffer circuits and the feedback/feed-forward
controller. When P, is minimized, maximum efficiency can be achieved. Among
these, the power dissipated by the gate drive circuits and the controller is usually
much lower than the power losses incurred by the power stage. This is due to
advancements in modern semiconductor technologies, which enable the develop-
ment of integrated controllers that operate at very low power. Gate drive buffers can
also be designed with much smaller transistor sizes than their corresponding power
switches. Hence, this chapter focuses on various power loss mechanisms in the
power stage, since understanding these mechanisms is essential to maximize its
efficiency. Typically, these losses can be classified as conduction loss, switching
loss, redistribution loss and reversion loss. A detailed study of each power loss
mechanism and their inter-relationships enables the efficiency optimization of
modern SC power converters.
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4.1 Redistribution Power Loss

Redistribution loss occurs due to the fact that energy is lost when two capacitors
with different voltages are connected together. To quantify the lost energy, we start
with Kirchhoff’s current law (KCL), which states that “At any point in an elec-
trical circuit where charge density is not changing in time, the sum of currents
flowing towards that point is equal to the sum of currents flowing away from that
point”. This law can be applied to a system of capacitors, as follows. Consider
currents I,(t), I,(¢)... In(?), flowing into a certain node. From KCL,

L(t)+L()+ ...+ In(t) =0. (4.2)
Integrating Eq. (4.2) leads to

5]

/(Il(t)+12(t)+...+IN(t)) -dt =0 (4.3)

151

Equation (4.3) can be applied to a system of capacitors that are connected to a
single node, and can be stated as “In a system of capacitors, the sum of all charges
leaving a node in any instance of charge transfer is equal to zero”. This law is
called as Kirchhoff’s charge law (KQL) [1]. Equation (4.3) can be rewritten as

[01(tn) + Qa(tn) + ... 4+ Ou(tn)] — [Q1(tv—1) + Qa(tv—1) + ... + Qu(tv-1)] = 0.
(4.4)

To understand how this leads to power loss, consider Fig. 4.1, which applies KQL
to a system of capacitors, Cy, C,...Cy, which are connected together at node 1.
Prior to charge transfer at t = 1, let the voltage across each of the capacitors be
Vi(ty), Va(tp) ... Vn(to). At t = 1, charge redistribution takes place. The voltages
across the capacitors change to Vi(#1), Va(#;) ... Vn(#1). According to KQL,

(%! ([0) + C2V2(t()) + ...+ CNVN(t()) =1V (11) + C2V2([]) —+ ...+ CNVN(I]).
(4.5)

A simplified version of this scenario can be described with two capacitors C; and
C,. The capacitors, which are initially charged to the voltages V; and V,, are
connected in parallel. After charge redistribution, let the capacitor voltages be
Vinal- According to Eq. (4.5), Vina 1s given by
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Thus, the energy loss due to charge redistribution is
1 1 1
Eioss = 5Ci Vi+ 3 CV; — (G Co)Viar: (4.7)

Minimizing the power loss due to charge redistribution is highly critical in prac-
tical charge pump designs. This is due to the presence of a load current, which
constantly draws charge from the output filter capacitor C,,. This causes a con-
tinuous change in the output voltage level, thereby leading to charge redistribution
between the pumping capacitors and C,,, during each clock cycle. This operation
scenario is demonstrated for a traditional voltage doubler, from which the impact
of charge redistribution can be further appreciated.

In a SC voltage doubler, during the charge phase when ®; = 1 and @, = 0, the
pumping capacitor Cp is charged to the input voltage Vi, as illustrated in Fig. 4.2a.
During the discharge phase when @, = 1 and ®, = 0, as illustrated in Fig. 4.2b,
Vin is connected to the bottom plate of Cp. As a result, the effective voltage at the
top plate of Cp is equal to 2V;,. However, V,,, is lower than 2V, since the output
capacitor C,, is constantly discharged by the load current /... Hence, this voltage
difference between 2V;, and V,, causes charge redistribution from Cp to Cgy,
leading to a redistribution power loss. To determine the power loss, let the output
voltage before and after charge redistribution be Vi, and V..o, respectively.
Applying KQL at the output node gives

CP Vin + Cout Voutl = CP(VoutZ - Vin) + Coulvout2~ (48)

Note that V,,, is taken as a constant while calculating the output voltage of the
converter because (Vouo — Voua) 1s negligible compared to its nominal value.



62 4 Power Loss in Switched-Capacitor Power Converters

However, in calculating the redistribution loss, it becomes important. Once Cy,, is
charged to V., it is then discharged to V,,; by the load current /., over one
switching period. Hence, if Coy > Cp, the two voltages are related as

Cout(voutZ - voutl) = LouTs. (49)

Solving for Vi, and Vi from Egs. (4.8) and (4.9) gives

I

Vouz = 2Vin — Cm;‘ )

s (4.10)
1% 1_2‘/ _ Iout _ Iout
utl — m .
° Cpﬂ Coutfs
Thus, the redistribution loss is given by
1 2 2 2 2

Ploss - Efs CPVin + Coutvoutl - CP<V0ul2 - Voutl) _Coutvoutz . (41 1)

Hence, from Eq. (4.11), it can be observed that the redistribution power loss for a
SC voltage doubler is dependent on the values of the Cp, Cy, and f;.

4.2 Conduction Power Loss

In SC power converters, the power switch is a fundamental device that is used to
establish the necessary connections between the input power source, pumping
capacitors and the output load. In the ideal scenario, these power switches are
desired to operate with zero turn-on resistance. However, all practical switches are
associated with an internal turn-on resistance. Due to the flow of current, the turn-
on resistance leads to a conduction power loss in the SC power converter. Another
source of conduction loss is the parasitic equivalent series resistance (ESR) of the
pumping capacitors. Together, the conduction loss in the charge path of the typical
SC power converter is given by

» m nT+DT
Ploss == <2}: ESRCP + z}:Ron> 'f? / i- dta (412)
= J= nT

where D is the duty ratio and i is the instantaneous current through the switches in
the charging path. R, is the turn-on resistance of the power switches, while ESR¢,,
is the equivalent series resistance of the pumping capacitor. Using a similar
method, the conduction loss can be calculated in the discharge path. By adding
both the charge and discharge path conduction loss, the total conduction loss of the
system can be determined.

Equation (4.12) provides the conduction power loss for a general switch
implementation. However, as discussed in Chap. 2, modern power supply designs
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can employ different switch implementations. A widely used switch implemen-
tation for SC power converters is the MOSFET transistor, for which the total
conduction loss can be determined. When turned on, these transistors are operated
in the linear region where the current—voltage relationship is given by [2]

w
Ip =~ MCon(VGs — Vru)Vbs, (4.13)

where Ip is the drain current, u is the mobility of the majority charge carriers
(electrons for NMOS and holes for PMOS transistors), C,, is the gate-oxide
capacitance, W and L are the width and length of the transistor, respectively, Vry is
the threshold voltage, Vg is the gate to source voltage and Vpg is the drain to
source voltage of the transistor. This equation implies a linear relationship between
Vps and Ip. This indicates that the path from the drain to the source can be
modeled by a resistor, whose resistance is controlled by Vgs. The resistance is
calculated to be

1

Ry, = .
" uCox ¥ (Vs — Vru)

(4.14)

A flow of current through the transistor thus leads to conduction loss, due to R,,.
Thus, for example, the conduction loss in the charge path of a traditional SC
voltage doubler is given by

i=12

| | nT+DT
)-Jg/ i-dr, (4.15)

Pioss = | ESRc, +
loss ( Cp HCOX Z Lm,l (VGS — VTH)

nT

If the drain current Ip and switch sizes are assumed to be constant and for a low
ESR pumping capacitor, the conduction loss can be expressed as

13D
1Cox ¥ (Vas — Viu) |

From Eq. (4.16), it can be observed that the conduction loss in MOSFET switches
can be minimized by increasing the width of the transistors. However, this has a
conflicting effect on the switching power loss of the transistor, which will be
discussed next.

Pioss =

(4.16)

4.3 Switching Power Loss

As discussed in Sect. 4.2, one technique to minimize conduction losses in SC power
converters with MOSFET switches is to increase the width of the power transistor,
which effectively reduces the turn-on resistance R,,. However, this design strategy
has an adverse effect on the switching power loss of the charge pump.
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For a MOSFET transistor, switching power loss is incurred due to the charge and
discharge mechanisms of the parasitic capacitances. As illustrated in Fig. 4.3,
MOSFETs are associated with various parasitic capacitances [3]. Of these, the
gate-to-source parasitic capacitance Cgg dominates the switching behavior of the
transistor and contributes significantly to this power loss component. The switching
power loss due to Cgg is given by

Piossces = Y _ Casi - Vasi =fiCox _ WiLi - Vs, (4.17)

where Cgs; and Vg ; are the gate-source capacitance and voltage swing at the gate
of the power transistor i. From Eq. (4.17), it can be seen that the switching power
loss for a MOS transistor is directly proportional to the width and length of the
transistor. A larger width leads to a higher gate-source capacitance and more
parasitics. Hence, from the perspective of switching power loss, it is not desirable
to choose a very large size for the power transistor.

Thus, the size of the power switch is critical in optimizing the efficiency of the SC
power converter. From the above discussion, it is observed that the conduction power
loss and the switching power loss have opposing trends with respect to the size of the
power switch. As a result, there exists an optimal size W, for each switch in the SC
power converter, which can minimize the total power loss. This is determined when
the condition, 0P, /OW; = 0, is satisfied. The value of Wy, is highly determined by
parameters such as the configuration of the charge and discharge paths, the input and
output voltages, the load current and the switching frequency. Thus, by carefully
designing and optimizing the size of the power switches, it is possible to minimize
the sum of the switching and conduction losses in a SC power converter.

4.4 Reversion Power Loss

The fourth type of power loss in SC power converters is reversion loss. This type
of loss occurs when shorting a node at a higher potential to a second node at a
lower voltage. This leads to a reversion current, which is opposite to that of the
original power flow. Hence, it is similar to redistribution power loss, but with a
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Fig. 4.4 a Reversion shoot-through current generation in cross-coupled voltage doubler and b its
switching waveforms

reverse current flow. An example is demonstrated for a conventional cross-coupled
voltage doubler, in Fig. 4.4. It can be observed that when ®, and @ are both low,
voltages V5 and Vp are equal to the input voltage V;,. This causes the PMOS
transistors Mpa and Mpg to be turned on, while the NMOS power switches Mya
and Mg are both turned off. As shown in Fig. 4.4a, reverse shoot-through currents
3 and 4 are generated, which flow from V., through Mp, and Mpg and back to Cpa
and Cpg. This leads to the degradation of the efficiency of the charge pump. The
reversion power loss due to the shoot-through current can be determined by
applying KQL to the charge pump,

VinCpa + VoutCout + VinCrg = Vour(Cra + Cout + Crg), (4.18)
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Fig. 4.5 Cross-coupled voltage doubler with gate-drive enhancement

where V., is the voltage across the pumping and output capacitors after charge
redistribution. If Cpy = Cpg = Cp, then the total reversion power loss can be
expressed as

1 1
Ploss :.f@CP‘/]i + Ef@coutvsm - ifs(zCP + Cout)vgutT (419)
From Egs. (4.18) and (4.19), it can be shown that the reversion loss due to this
shoot-through current is equal to

CP Coul

P (Vo — Vi), 4.20
2o+ Cou o0~ Vi) (420

Pioss :f:%
where Vo, ~ 2Vi,. Thus, Vo — Vin & Vi, which causes this reversion loss
component to be much larger than the redistribution loss in Eq. (4.12). Figure 4.4b
also indicates that in the shaded region 5 and region 6, the reverse shoot-through
current leaks from V,,, through Mp, and Mya (Mpg and Myg) to the input supply,
during the simultaneous conduction. This leads to a large reversion power loss,
which has to be minimized in order to obtain high efficiency.

In summary, power losses in the power stage of a SC converter can occur
through four major mechanisms: conduction loss, switching loss, redistribution
loss and reversion loss. Significant research effort has been invested in order to
minimize these power loss components, thereby obtaining state-of-the-art power
supplies for advanced self-powered microsystems.

4.5 Practical Case Studies

While Sects. 4.1-4.4 focused on different causes of power loss in SC power
converters, this section will investigate various power loss mechanisms that are
observed in practical SC power converter designs. The discussion will use cross-
coupled SC power converters and voltage doublers as examples.
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To improve the efficiency of the cross-coupled voltage doubler, a few new
charge pump topologies have been proposed. A cross-coupled voltage doubler is
presented in [4] and shown in Fig. 4.5, is an enhanced version of the traditional
cross-coupled voltage doubler. In the traditional cross-coupled voltage doubler
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illustrated in Fig. 4.4a, the transistors Mpa and Mpg are driven by control signals
Vg and V,, respectively. Both these signals swing between V;, and 2V;,. From the
expression for conduction loss in Eq. (4.16), it can be observed that the conduction
loss in the PMOS transistor pair can be reduced with higher gate overdrive volt-
ages. Hence, in [4], a new pair of gate control signals @,y and Pgy is employed.
These signals swing between 0 and 2V;,, by using a level shifter, thereby reducing
the conduction loss considerably.

However, the major drawback with this design is the resulting increase in the
switching power loss. From Eq. (4.17), it can be observed that an increase in the
Vs voltage swing leads to a considerable increase in the switching loss of the
PMOS transistor pair. Moreover, no additional circuit design techniques were
applied to minimize reversion loss. Lastly, in order to drive the PMOS power
transistors, two additional buffers and level shifters are required, leading to an
increase in silicon area and power consumption.

To reduce reversion loss, a charge pump topology is proposed in [5] and
depicted in Fig. 4.6. It consists of two identical cross-coupled voltage doubler cells
that are connected in parallel between V;, and V,,. All NMOS switches are
controlled by the clock signals ®, and ®g, while the PMOS switches are managed
by their complementary clock counterparts @, and ®5. To reduce reversion loss,
the operation of the charge pump is as follows. As shown in the timing diagram in
Fig. 4.6b, it can be observed that a non-overlapping period exists between the
charge and discharge phases in each sub-cell. In this period, both the clocks @4
and ®p are low.

As aresult, Vo and Vi, are equal to V;,, while V,, and Vg, are charged to 2V;,.
Hence, all the power switches are effectively turned off. Since a reverse current
path does not exist, charge cannot be transferred from V, and Vg, (from Cp, and
Cg») back to V,,, or from C,, back to V4, and Vi, (Ca; and Cg;). Reversion loss
is thus substantially reduced. Nevertheless, this loss still exists during simulta-
neous transitions.

4.6 Conclusions

Minimizing the power loss in the charge pump of a SC power converter is essential
to maximize its efficiency. Hence, this chapter discusses the four major power loss
components, which are the conduction loss, switching loss, redistribution loss and
reversion loss. A detailed study of each power loss component and their interde-
pendencies enables the efficiency optimization of modern SC power converters.
Following the discussion of each of these power loss components, the chapter
further discusses power loss mechanisms in practical SC power converters, with
emphasis on various cross-coupled voltage doubler topologies.
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Chapter 5
Reconfigurable Switched-Capacitor
Power Converters

The proliferation of self-powered devices and implantable biomedical microsystems
has led to the growth of highly-efficient, multi-mode power supply designs.
SC power converters are invaluable to such applications since they enable robust
operation at ultra-low-power levels, enhance the operation lifetime and achieve
monolithic implementation, thereby reducing the size, cost and PCB footprint of the
overall system.

However, certain new challenges are introduced in such a power system due to
the unique operation environment and design specifications. To understand this,
first consider the expression for the efficiency of a SC power converter. If all the
power losses, such as redistribution loss, conduction loss and switching loss in the
power stage, buffer and controller are neglected, the efficiency is given by

Vout

= 5.1
CG Vi’ (1)

n
where Vi, and V,, are the input and output voltages, respectively and CG is the
conversion gain of the SC power converter. As described in Chap. 1, modern self-
powered systems scavenge energy from the ambient environment, through sources
such as solar, vibration energy, heat, etc. The power generated through these
energy harvesting mechanisms is quite low and the voltage levels can fluctuate
largely due to the varying intensity and availability of the energy sources. Hence,
even for a fixed V,, the efficiency can change considerably due to the fluctuating
input voltage level, as observed from Eq. (5.1).

In addition, in order to effectively utilize the limited harvested energy,
self-powered devices are operated under various power management techniques,
such as DVFS. This requires the adaptive variation of V, with respect to the
instantaneous operating conditions, such as the system workload. However, one of
the major drawbacks with traditional SC power converters is their ability to
provide only a constant CG. If V,, deviates from this desired level, due to a
change in the reference voltage, the efficiency of a SC converter drops. If the
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variation is large, the power loss becomes unacceptably high due to charge
redistribution. Hence, to accommodate a large input and output voltage range and
to be capable of powering DVFS-based applications, a SC converter with a fixed
CG is insufficient and impractical. To overcome this drawback, state-of-the-art SC
power converter designs involve the use of integrated, reconfigurable power stages
to supply a variable output voltage, for varying input voltage levels. Based on the
instantaneous operating conditions, these modern SC converters are capable of
undergoing dynamic reconfiguration into the optimal power stage topology. This
minimizes their power losses and provides enhanced power regulation.

Accordingly, this chapter discusses various reconfigurable SC power converter
designs. Each power converter is discussed in detail, with regards to system
architecture, control schemes, power stage reconfiguration mechanisms and design
strategies.

5.1 Topologies and Optimization Strategies

To begin the discussion on reconfigurable SC power converters, this section
presents key design principles involving reconfigurable charge pump topologies
and control strategies. In order to accommodate variable input and output voltages,
a SC converter’s power stage must be reconfigurable with variable CGs to achieve
high efficiency. Few research efforts have been reported on this subject. Although
the prior arts in [1-3] can provide multiple CGs, similar to traditional SC doublers,
they suffer from high output voltage ripples, a large input in-rush current and slow
transient response. For example, the power regulation scheme of the reconfigu-
rable SC power converter in [1] is illustrated in Fig. 5.1, using a CG of 3/2 as an
example. It can be observed that the converter operates in two phases. During the
phase ®; = 1, the pumping capacitors Cp; and Cp, are connected in series across
Vin- If Cpy and Cp, are identical, each capacitor is pre-charged to V;,/2. During the
phase @, = 1, Cp; and Cp, are connected in parallel between V;, and V. The
output capacitor C,y, is charged to 3/2V;, (=V;i, + Vin/2). However, some of the
drawbacks associated with this design are: (1) the separation of the charge and
discharge paths leads to large current and voltage ripple problems, and (2) the
capacitor Cp; remains idle during the entire operation. To overcome these issues, a
generic multi-gain step-up/down SC power converter is presented, along with a
systematic study on the charge pump topology and an interleaving regulation
scheme for closed loop operation.

Figure 5.2 illustrates the operation of the interleaving regulation scheme, which
is used to overcome the drawbacks of large output voltage ripple and in-rush
current. In this scheme, the charge pump is regulated in three different phases,
which are controlled by clock signals @, ®, and ®;, with a phase difference of
120°. The interleaving regulation scheme can be described for a CG of 3/2. During
phase ®; = 1, the charge pump follows the same operation as described in
Fig. 5.1, wherein Cp; and Cp, are connected in series and pre-charged to V;,/2.
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However, during phase @, = 1, instead of keeping Cp; idle, the charge pump
undergoes dynamic reconfiguration. The pumping capacitor Cp; is connected
between V,, and V;, and delivers charge to C,,, while Cp, and Cp; are pre-
charged to V;,/2. Similarly in phase ®3; = 1, Cp, delivers charge to C,,, while Cp;
and Cp; are pre-charged to V;,/2. Hence, the output voltage V,,, is regulated at
3/2Vi,. Moreover, there always exist two pre-charged capacitors that are capable of
immediate power delivery to the output during any clock phase. This continuous
pre-charge operation leads to continuous input charge current and thus low in-rush
current ripple. Meanwhile, the presence of the third pumping capacitor that powers
Cou during each clock phase leads to a continuous output discharge current. This
reduces the output voltage ripple and ensures a fast load transient response.

As shown in Fig. 5.3, a reconfigurable power stage design is proposed to
facilitate the interleaving regulation mechanism. In general, the circuit consists of
a switch-capacitor array. Each of the capacitors in the array is associated with six
switches, which can flexibly connect either of the plates of the capacitor to Vi,
Vout OF another capacitor. For example, the top plate of Cp; can be connected to Vi,
by Si1, to Voue by S12, or to the bottom plate of Cpy by S16. Meanwhile, the bottom
plate of Cp; can be connected to V;, by S;3, to Vo, by Sy4, to the top plate of Cp, by
S6, Or to ground by Sis.
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Fig. 5.3 Generic architecture of the multi-gain reconfigurable SC power converter

In general, with N pumping capacitors and 6/N switches, the converter can
achieve 4N — 5 different CGs, with the options of 1 to N interleaving phases.
For step-up conversions, the CG can be represented as i/j, where j = 1, 2... N, and
i =j,j+ l... N. For step-down voltage conversions, the CG can be represented as
ilj, where j = 1,2... N, and i = 1, 2... j. In practical implementations, in order to
reduce the number of switches, this generic architecture can be simplified to satisfy
application requirements. For example, if only step-down conversions are needed,
the switches S;3 can be eliminated, where i = 1, 2... N. The SC power converter
then offers 2N — 2 step-down CGs with N capacitors and SN switches. Similarly,
the switches S;; can be removed for if only step-up conversions are required.
In this case, the charge pump can provide 2N — 3 CGs with N capacitors and
5 N switches, where i = 1, 2... N. Compared to the prior arts, this architecture
achieves more CG options.

To address the major design strategies and optimization issues, Fig. 5.4
demonstrates the detailed reconfiguration mechanism of the SC power converter.
As an example, the power stage is designed to have N = 3 pumping capacitors.
However, the system design methodology is generic to charge pumps with any
number of capacitors. As discussed earlier, with three pumping capacitors, the SC
power converter can achieve 7 CGs (1/3, 1/2, 2/3, 1, 3/2, 2 and 3).

To optimize the design of the SC power converter, the charge and discharge
behavior of the pumping capacitors have to be analyzed, since it directly affects the
regulation performance. If the capacitance of each pumping capacitor in Fig. 5.4 is
equal to Cp, then as depicted in Fig. 5.5, Cp is charged and discharged exponen-
tially from Vi to Vi during the charge time ¢, and discharge time 74, respectively.
The net charge (AQ) that is delivered to the load I, is given as

AQ = Cp(Vy — V1) = CpAVep = ooy T, (5.2)
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where « is the capacitor charge multiplier vector of the corresponding CG and T is
the switching cycle. The boundary voltages Vi and Vi are given as

Vi = Vit — Vit — B(Vou — 7Vin)] (1 - e*Wfd) and (5.3)

Vir = Vi + [0(Via — (Vou) — Vi (1 - em"), (5.4)

where . = D-Tyand ty = (1 — D)-Ty and D is its duty ratio. 7. and t4 represent the
respective charge and discharge time constants, which are determined by the
equivalent path resistance and capacitance. The parameters f3, y, 0, and ( are circuit
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related coefficients that are determined by the CG configurations. For example,
consider the CG of 1/3, which is illustrated in Fig. 5.6. During the charge phase,
if . > 1., then the capacitors Cp; and Cp, on the charge path are each charged to a
voltage of Vy given by

Vin - Vout

Vg =, (5.5)

From Eq. (5.4), this voltage is defined as
VH = VL + [5<Vm - évout) - VL] = 5(Vin - Cvoul)~ (56)

Based on the structure of the power stage at a CG of 1/3, the two conditions are
satisfied when 6 = 1/2 and { = 1. Similarly, during the discharge phase, if
tq > 14, then Cpsz discharges until the voltage Vi = V. From Eq. (5.3), this
voltage is defined as

VL = VH - [VH - B(Voul - VVm)] = ﬁ(vout - va) (57)

The voltage Vi in Eq. (5.7) is equal to V,, when /= 1 and y = 0. To determine the
remaining parameters, a transistor-based implementation of generic architecture of
Fig. 5.3 has been designed, and is illustrated in Fig. 5.7.

To achieve CG = 1/3, 3 pumping capacitors and a 3-phase interleaving regu-
lation are employed. For instance, as depicted in Fig. 5.7a, during the phase
@, = 1, the capacitor Cp, is connected to V,, by the transistors Mp,, My, and
M5, and delivers charge to the output V.. Meanwhile, Cp, and Cps are charged
between V;, and V., through a charge path formed with the transistors Mp,;,
MP36’ MN36’ MP34 and MN34' In the next phase (I)z = 1 as shown in Flg 57b, the
capacitors are reconfigured. Cp, is connected to V,, while Cp; and Cpz are
charged between V;, and V. Lastly, as illustrated in Fig. 5.7c during phase
®; = 1, similar reconfiguration takes place. Capacitor Cp; and Cp, are charged by
connected them between V;, and V,,, while Cp; is discharged to V. As a result,
each capacitor is charged between V;;, and V,,,, for 2/3 of a switching cycle. Hence,
the duty ratio D is 2/3. In addition, the total output charge Q. is defined as
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Fig. 5.7 Circuit schematic of the multi-gain charge pump with CG = 1/3, during different
operation phases

Qou = Qcp1 + Ocp23, (5.8)

where,

1
Ocpi =AQ, and  Qcprcps = ECPAVCF

As a result, the parameter « is given by

AQ CpAVcp 2
Qour  CpAVep +5CpAVep 3
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Table 5.1 CG configuration parameters

CG 1/3 12 2/3 1 312 2 3
P 23 172 1/3 1 1 1 1
B 1 1 v 1 1 1 172
y 0 0 0 0 1 1 1
14 1 1 1 0 0 0 0
B 12 1 1 1 12 1 1
D 23 2/3 173 2/3 2/3 23 1/3

The values of the parameters o, 5, y, d, { and D for the remaining CG configu-
rations are illustrated in Table 5.1.

To optimize the power stage design of the reconfigurable SC power converter,
the power losses have to be identified. The output voltage of the converter can be
expressed as

By +o ool ( 1 1 1)

Vou = Vin - -
STl T (B o0)Ce \1 et | ] gt

Hence, the redistribution power loss due to the deviation of V, from its nominal
value is

(5.10)

Odg dd 1 1

= —1). 5.11
(B 000G \I o s T | g tefe 11
Another major power loss component is the switching loss Py, of the power

transistors. It is dependent on the sizes of the power transistors and the quiescent
current of the operating circuit. It is given by

Pp =

6N

Py = afsCox > LiWVisi)- (5.12)
j=1

Here, C, is the gate oxide capacitance. L; and W represent the length and width of
the power transistor j, respectively. Vg is the gate-to-source voltage of the tran-
sistor, ¢ is the fabrication process related coefficient and N is the number of the
pumping capacitors in the power stage. To reduce the parasitic capacitance and
thus the switching loss, the length of each power transistor is chosen as the
minimum value L;,. Thus, the total loss in the power stage can be expressed as

B VO T W DO
(B+0)Cp \1 — ¢ tfa | _ o lefle sCoxLomin . iVGs()-

(5.13)

P loss

Note that 7. and 74 are dependent on the turn-on resistance of the charge/discharge
path R,,, which is given by,,
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Fig. 5.8 Plot of power loss
Pioss versus W; and fs for Fogeeer
CG =312

PLoss (mW)
T

YAl
W, (mM) ?s\“

m
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= Metr Cox W) (Vosg) — Vn)

In Eq. (5.14), m is the total number of the power transistors in the charge/discharge
path. Equations (5.13) and (5.14) reveal that the total power loss in the power stage
is highly dependent on the values of f; and W;. Hence, in order to minimize the
power consumption and maximize the efficiency, f; and W; should be optimized
based on the lowest Pjg. This is illustrated in Fig. 5.8.

However, the power loss plotin Fig. 5.8 only represents the case when CG = 3/2.
When the value of CG changes, the circuit has to be reconfigured accordingly,
resulting in different turn-on resistances. If the initial optimal values for parameters
W; and f; remain unchanged, the power loss would increase and the efficiency would
drop. Hence, for the reconfigurable SC power converter, the parameters such as
fs and W; should also be adjusted with reference to the CG value.

Figure 5.9 shows a design example for a 3-pumping capacitor SC power con-
verter. With 7 different CG values, the operation of the converter is divided into 7
regions. The parameters of f; and W; are optimized within each region individually.

In conclusion, this section discusses a topology and reconfiguration control
scheme for an integrated step-up SC power converter. While the circuit imple-
mentation employs 3 pumping capacitor to provide 7 CGs, it is generic to a charge
pump with N pumping capacitors. Moreover, as the charge pump employs an
interleaving regulation scheme with multiple-phase gain reconfiguration, it aids in
reducing the input current ripple, output voltage ripple and improves the system
bandwidth. It allows the converter to flexibly provide either step-up or step-down
voltage conversion.
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5.2 Signal Flow Graph Modeling

Reconfigurable SC power converters are capable of operating under multiple CG
topologies. This enables the power supply to operate over fluctuating input volt-
ages and be capable of supplying multiple output voltage levels for DVS-based
applications. However, the use of a highly reconfigurable power stage significantly
increases the number of power components, such as the pumping capacitors and
power switches, along with the complexity of the controller. This introduces
considerable challenges during the topology and efficiency optimization of SC
power converters.

To overcome this design hurdle, this section introduces a systematic design
approach to model and derive reconfigurable SC power converters. With the
assistance of a signal flow graph (SFG) model, the reconfiguration algorithm can
be optimized to achieve multiple desired voltage CGs, with highly-efficient energy
delivery and minimized number of power components. The developed SFG model
also allows small-signal analysis to be conducted at different reconfiguration
scenarios.

5.2.1 SFG Modeling and Design Approach

SFG techniques have been applied to switch mode power converter designs to
analyze and evaluate both large-signal and small-signal characteristics as well as
stability conditions. In this section, a SFG is developed for SC power converters.
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Fig. 5.10 Pumping capacitor configurations to obtain CG = 3/2

The SFG modeling is implemented under the following assumptions: (1) all power
switches are assumed to be ideal; (2) passive components (pumping and output
filtering capacitors) are assumed to be linear and time-invariant; (3) equivalent
series resistance (ESR) of capacitors is neglected.

The first step of the SFG modeling is to define every node in the graph. In
general, from the discussion on charge pump topologies in Sect. 5.1, it is known
that in order to achieve 2N 4+ 1 CGs in a SC power converter, N pumping
capacitors Cpy, Cpy, ..., Cpy are needed. Thus, there will be 2N + 4 nodes in the
SFG, which are the input voltage and current (V;, and [;,) nodes, output voltage
and current (V,, and I,, nodes, where I,, = current flowing into the output
filtering capacitor + load current), voltage across and current flowing through
each pumping capacitor (Vcp; and Icp; (i = 1, 2... N)). For example, if we choose
N = 2 to achieve 5 CGs, the SFG then includes 8 nodes.

In order to model this charge pump using a SFG, the first step is to create the
correct connections between the nodes. These connections in general represent
different charge/discharge paths in the SC power converter, which will provide the
different CGs. For example, of the 5 CGs that can be delivered by the charge pump,
let us consider the capacitor configurations for which CG = 3/2. To regulate V
appropriately, the two pumping capacitors Cp; and Cp, have to be connected in
series between V;, and ground during the charge phase ®; = 1, as illustrated in
Fig. 5.10. During the discharge phase ®, = 1, the pumping capacitors are con-
nected in parallel between V;, and V.. Using the SFG approach, it is now possible
to construct a power stage employing the fewest number of power devices.

The SFGs for both these phases can be obtained as shown in Fig. 5.11. The
transmittance for each branch (established connection) can then be found by
applying both Kirchhoff’s current law (KCL) and Kirchhoff’s voltage law (KVL).
During the phase ®; = 1, the KCL/KVL equations are given as

(5.15)

Vin = Vep1 + Vep
Lin = Icp1 = Icpa.

The voltage and current relationship at each node can be expressed as given by
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Fig. 5.11 SFGs for the (a)
(a) charge phase ®; and
(b) discharge phase ®,, and Vi Lot

(c) the combined SFG by I O—,O Vit
using phase multiplexing 1;
functions Rt $Cout

Vern

Vers Icp:

Vnnt

Vout

Icpi =5+ Cep1 - Verr
Icpo = 5 - Cepa - Vep (5.16)
Iout = (I/Rout +s5- Cout) : Vout~

Combining Egs. (5.15) and (5.16), the complete signal flow graph for the charge
phase SFGcy can be derived as shown in Fig. 5.11a. Similarly, during phase
@, = 1, the KCL/KVL equations can be expressed as

Vour = Vep1 + Vin
Vou = Vep2 + Vin (5.17)
Lowe = Icp1 + Icpa.
The discharge phase SFGpcy is obtained as in Fig. 5.11b. A closer look at the two
SFGs reveals that certain branches appear in both graphs, while others only exist

only in one. In order to merge SFGcy and SFGpcy into a combined SFG, two
phase multiplexing functions are defined as
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The combined SFGcopmp can thus be mathematically written as
SFGcoms = K - SFGey + K5 - SFGpen (519)

Thus, Fig. 5.11c illustrates the combined SFG.

Based on the combined SFG shown in Fig. 5.11c, the corresponding SC power
stage can be developed. As illustrated in Fig. 5.12a, during the charge phase @,
the two pumping capacitors are charged up to V;,. Assume that Cp; and Cp, have
the same capacitance, then, at the end of the charge phase the two capacitors will
be charged to a voltage V;,/2. During the discharge phase ®,, two parallel paths are
created as shown in Fig. 5.12b, which transfer the charges stored on Cp; and Cp, to
the output V. At the end of phase ®,, the voltages across both the pumping
capacitors will be Vy, — V;,. When the converter reaches steady state, the
difference between total charges on the two pumping capacitors should be equal to
the charge delivered to the load. This is expressed as

Vi

V.
(Cp1 + Cpy) - {—2 — (Vou = Vi )} = Rom - Ty, (5.20)
out

where R, is the equivalent load resistance and T is the switching cycle of the
converter. Let Cp; = Cp, = Cp, then Eq. (5.20) is transformed to
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Fig. 5.13 SFG of the SC
power converter with five
CGs
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From Eq. (5.21), if TJ/RouCp < 1, then V¢ & 3/2 Vj,. Hence, a SC power stage
that achieves a CG of 3/2 is developed. Since the combined SFG merges any
overlapping connections in SFG¢cy and the SFGpcy, all redundant switches are
removed, leading to a minimum number of power switches. In addition, the SFG
ensures that every connection between any two nodes is the shortest, with no
unnecessary detours. Therefore, the power stage derived from this approach rep-
resents the most efficient powering path for each particular CG topology.

Following the same procedure, the SFGs and the corresponding power stages
for CGs of 1/2, 2/3, 1 and 2 can be obtained. Combining these SFGs, the complete
signal flow graph for the SC power converter can thus be derived, as illustrated in
Fig. 5.13. The detailed branch transmittances H; .1 and F;, are summarized in
Table 5.2. Accordingly, the reconfigurable power stage can be developed
in Fig. 5.14. It includes 2 pumping capacitors Cp; and Cp,, and 11 power switches
S1~11. By taking different charge/discharge paths, 5 different CGs can be imple-
mented. Comparing to the state-of-the-art designs, the developed structure can
effectively achieve a wide voltage conversion range, with fewer power compo-
nents. Note that no more than four power switches are turned on and off simul-
taneously at any switching instants. Thus, both conduction and switching power
loss are significantly reduced.

5.2.2 Small-Signal Modeling and Analysis

The small-signal model for the developed SC converter shown in Fig. 5.14 can be
derived from the SFG in Fig. 5.13. This is achieved by imposing small-signal
perturbations onto the DC voltage and current at each node as given by
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Table 5.2 Branch transmittances in the SFG
CG 12 2/3 1 3/2 2
H, K, K, K, K — K, K, — K,
H, K, K, K, K, K, — K,
H; 0 —-K, 0 —K; 0
H; sCp; sCpy sCpy sCpy sCp1
Hs sCpy sCpy sCpy sCpy 5Cpy
He 1 1 K, K, K,
H, 1 1 K, K, K,
Hy Ro./(1+ Rouwl(1+ Rou/(1+ Rouwl(1+ Rou/(1+
SRouCout) SRouCout) SR Cout) SRouCout) SR Cout)

Hy K K Ky K K
H,, K; K, K, 0 K,
F, K +K K + K> K> K> K>
F, K +K —K, K, K> K
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Fig. 5.14 Tllustration of the step-up/down reconfigurable SC power converter with five CGs
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Fig. 5.15 Small-signal SFG
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By substituting Eq. (5.22) into each state node, the small-signal SFG can be
derived as shown in Fig. 5.15, with the same branch transmittances tabulated in
Table 5.2.

In order to demonstrate the application and effectiveness of the developed SFG,
the transfer function and input/output impedance of the converter are derived. To
find the gain between any two nodes in a given SFG, Mason’s Gain Formula [4] is
employed. This formula requires all the forward and closed loops between the two
interested nodes to be identified, in order to calculate the transfer function between
these two nodes. For the small-signal SFG shown in Fig. 5.15, three forward paths
exist between Vi, and Vo, They are FPy: ¥y, — Vepp — ;Cpl — ;Om, FP,: Vi, —
‘A}CPZ i iCPZ - iout i f)out and FPS: f)in i ‘A/CPZ - ‘A}CPI i iCPl - ioul - f’ouv
Their path transmittances are FP; =H; - Hy - Hs - Hy,FP, = H, - Hs - H; -
Hg and FP3; =H, - Hy - Hy- Hg - Hg, respectively. In addition, three closed
loops are formed between Vin and Vour- They are CLy: Vepp — chl — lom
Vour = Vept, Clat vepy — icp2 = dou — Vou — Vep2 and CLs:  Pepr — Pepr —
tcp1 — zom — Vout — Vepo. Their path transmittances can be calculated as CL; =
H4 H6 Hg Fl, CL2 = H5 H7 Hg Fz and CL3 = H3 H4 H6 Hg Fz, respectively. In
these three closed loops, no non-touching loop pairs exist. Thus, the determinant of
the small-signal SFG can be obtained as

3
Auskc =1 =Y CL;. (5.23)
i=1

Applying Mason’s Gain Formula, the input-to-output transfer function of the SC
converter can be derived as
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Table 5.3 SC power converter transfer function coefficients

CG a; as b, by
172 K] K] K] - K2 K] - K2
2/3 Ki(1 — K») K, K — K, — K, K, K,
1 K, K, K, K> —K3 —K?
32 KK, — K> + K K>) e —K3(1 — Ky) -K>
2 Kx (K, — K») KK, — K>) -K -K
3
A FP; - A
Vout j=I1
H(s) = —=——— (5.24)
Vin Ausr

where A; equals one minus the sum of the closed loop transmittances, after
removing the forward path j (j = 1, 2, 3). Since no closed loops exist after
removing each of the three forward paths, we get A| = A, = A3 = 1. Substituting
the values of each parameter into Eq. (5.24), the input-to-output transfer function
can be rewritten as

_f/ouz_ Hg'[H6'H4'(H1 +H2~H3)+H2‘H5-H7]

H(s) =—=
Vin 1 —Hg-[Hs Hy- (F1+H; - F2) + Hs - Hy - ] (5.25)
_ s Rou - Cy
1"'5'Rout'c27
where
Ci=a;-Cpi+ay-Cpy and C, = Coy + b1 -Cpi + by - Cps. (526)

The coefficients a; ., and b; 3 are tabulated in Table 5.3. From Eq. (5.25), one
zero is observed at the origin, and one pole is located at w,; = 1/RqyCs.

By adopting a similar analysis approach, the open-loop input and output
impedances can be obtained as

Vin 1
Zin(s) ==
im Hi-Hs-Hy+H,-(Hs-Hy+H; Hs- Hy) (5.27)
{ )
~(c1-Cpi+cr-Cp)-s’
and
v H,
Zow(s) :@: :
Lout - Hy-Hg-Fy+Hs- -H;-F>
—Hg-
+H; - Hy - Hg - Fy (5.28)

B Rout
" 1+ Rouw (Cou+di-Cpi+dr-Cpa) - s
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Table 5.4 SC power converter transfer function coefficients

CG ¢ c d; d>

12 K3 K3 K, — K, K, — K,
2/3 K (1 — K> K3 Ki—K,—K K> K,

1 K K2 —K3 -K>
32 KoK, — K> + K K») 0 —K3(1 — Ky) -K>

2 K\(K, — K») Ki(K, — K>) -K -K

The coefficients c¢; ., and d; -, are summarized in Table 5.4.

In summary, this section presents a signal flow graph based modeling and
analysis approach for reconfigurable charge pumps. Using this approach, it is
possible to optimally design the power stage with minimal number of components.
This reduces the complexity of the feedback controller, along with the power loss
components.

5.3 Case Studies for Practical Applications

Following the general study on SC charge pump topologies and SFG modeling
techniques, this section investigates several case studies in SC power converter
design for specific applications. The case studies will specifically focus on
emerging applications, such as TEG based energy harvesting and monolithic
power converter design for system miniaturization. Each of the power converters
discussed are designed by considering various application-specific requirements
such as efficiency, load power, transient response, form factor, and so on.

5.3.1 Case Study 1: Reconfigurable SC Power Converter
Jor Low-Voltage, Low-Power TEG Applications

As electronic devices capable of operating at microwatt power levels are being
developed, it is now possible to use many non-traditional power sources. As
discussed in Chap. 1, many state-of-the-art applications employ energy harvesting
techniques to recharge, or even replace the primary battery. Of the plethora of
devices where such power sources are being introduced, wireless sensor networks
form a dominant application. The need to power them remotely, as well as the
small area requirement and the intermittent use of power makes it ideal for using
an energy harvesting power source. For wireless sensor networks, thermoelectric
generators (TEG) are quite applicable, due its small form factor and energy
availability.

Figure 5.16 shows the role of a power converter in a wireless sensor node
where the power management circuit works in conjunction with the battery and
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TEG. Based on the load demand, the power converter routes the power generated
in the TEG to either the system load or an external battery. When there is no load
demand, the power converter delivers the power to the battery, to store it. When
there is a power demand from the external load, the converter checks to see if the
output power from the TEG is sufficient to power the load. If the TEG is not
capable of delivering sufficient power, the load draws power from the battery.

Designing a power converter for such a system is quite challenging. As dis-
cussed, due to the severe area constraint, switch mode power converters with bulky
inductive components are not preferable. Moreover, wireless sensor nodes typi-
cally host transceiver circuits, which are very sensitive to EMI noise. Therefore,
SC power converters are better suited for such applications. With respect to the
power supply system design, the power and voltage levels generated by a TEG are
usually very low and thus only require step-up voltage conversion. Additionally,
due to the area constraint, it is preferable to use fully integrated capacitors. The
system should also be capable of withstanding a wide input range due to the
intermittent energy availability from the TEG, and a large load transient due to the
sporadic operating characteristics of the load current. Lastly, since these systems
operate at few mWs levels of power or lower, all sources of power loss need to be
minimized, in order to obtain high efficiency and long runtimes.

Hence, this section first provides a comparison between several SC power
converters, to identify the best power stage topology. The design strategy of the
power stage is then discussed, with regards to ultra-low-power conversion. This
involves the use of several system level and circuit techniques, such as charge
recycling and adaptive body biasing.

5.3.1.1 Choice of Topology: SQSC or SPSC?

Traditionally, sequential switched-capacitor (SQSC) charge pump topologies have
been the preferred power stage for the design of monolithic step-up SC power
converters. In SQSC topologies, the pumping capacitors generate a step-up voltage
in sequence. In the first stage, the capacitor is charged to V;,. The second capacitor
is charged to 2V;, by the previous capacitor and the input voltage. The third
capacitor is charged to 3V;, by the second capacitor and the input V;, and so on.
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This sequence of voltage boosting continues until the output capacitor is ideally
charged to a voltage level (N + 1)-V;,, with N pumping capacitors. The main
advantage of this implementation over the series parallel switched-capacitor
(SPSC) topologies is that the bottom plate parasitic capacitor experiences a voltage
swing of just V;,. For a SPSC converter, all the pumping capacitors are charged in
parallel and discharged to V,, in series with the input voltage. Although this
charge pump achieves an (N + 1)-V;, output voltage level with N pumping
capacitors, during the discharge phase, the bottom plate parasitic capacitance of
the first stage pumping capacitor is charged to Vj,, the second to 2V, the third to
3Vi, and so on. At the final stage, the bottom plate capacitor experiences an N-V;,
voltage swing. Therefore, the switching losses at these parasitic capacitors become
significant. Due to this power loss mechanism, the SQSC converter has been the
dominant topology.

One major drawback with the SQSC power stage topology is that it provides a
step-up output voltage from a fixed input voltage source. However, the voltages
that are produced by a TEG are not fixed. Moreover, the efficiency of a SC
converter is highly affected by the voltage difference between V., and CG-Vy,.
Hence, the SC converter needs to be capable of providing multiple CGs, in order to
be efficient. However, SQSC converters can provide only integer CG values.
Providing multiple CGs with the same power stage can be very complicated. One
example is shown in Fig. 5.17 where the SQSC power stage topology can provide
the CG of 2, 3 and 4 [5]. For this topology, peak efficiency can be achieved at only
three discrete output voltage levels for a given Vi,.

On the other hand, it is relatively simple to provide multiple and fractional CGs
with the SPSC topology. To illustrate this, a SPSC power stage topology is shown
in Fig. 5.18. With half the capacitors than the SQSC topology, this power stage
can provide five CGs (3/2, 2, 5/2, 3 and 4), leading to five peak efficiency points.
As a result, the average efficiency of the converter over the entire input voltage
range is higher than SQSC charge pumps, even after taking the bottom plate
parasitic capacitors into account. In addition, with more capacitors, even higher
number of CGs are possible, within the input voltage range. Therefore, in
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Fig. 5.18 SPSC power stage with multiple CG (3/2, 2, 5/2, 3, and 4) implementation
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Fig. 5.19 Transistor level power stage implementation of the SPSC converter

self-powered applications that employ sources such as a TEG where the input
voltage range is wide, it is more advantageous to use the SPSC topology since it
operates at higher average efficiency.

The transistor level implementation of the power stage is shown in Fig. 5.19.
It consists of three pumping capacitors and fifteen transistors. The top plate of each
capacitor is connected to the input and the output terminals through power tran-
sistors Mp;; and Mp;s (i = 1,2, 3), respectively. The bottom plate of each capacitor is
connected to the ground or to the input terminal, through My;,» and Mp;3 (i = 1,2, 3),
respectively. Mpj4 (j = 2, 3) connects top plate of Cp, to the bottom plate of either
Cp, or Cp; and finally Mp;5 connects top plate of Cp, to the bottom plate of Cps.
During the charge phase, the pumping capacitors are connected across the input
voltage source with a configuration that charges them to either V;, or V;,/2 based on
the CG. During the discharge phase, the capacitors are connected between V;, and
Vout With a configuration that also depends on the power stage CG.
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Fig. 5.20 Four cell interleaving SPSC power stage with 4-phase clock

Since the SPSC power converter is designed specifically for wireless sensor
node applications, in order to minimize the system volume, all pumping capacitors
have to be integrated on chip. Hence, the total capacitance in the power stage is
limited by the available silicon area. Ideally, higher capacitance is preferred, as it
enables the use of a lower switching frequency and thus reduced switching power
loss. Therefore, to optimize the values of the capacitors, let the total available
capacitance be C,, where

Ciot = Cp1 + Cp2 + Cp3. (5.29)

To achieve a CG = 5/2, the capacitors Cp, and Cp; are connected in series during
the charge phase. This causes each capacitor to be charged to Vi, /2. This is
possible when Cp, = Cps. To achieve a CG = 3/2, the capacitors Cp, and Cps are
connected together and placed between V;, and Cp;, so that each capacitor is
charged to V;,,/2. To achieve this, Cp; = Cpp + Cps. Solving for Cp;, Cp, and Cps
in terms of Cy leads to, Cp; = 1/2C, Cpy = 1/4Cy, and Cpy = 1/4Co. The use
of these capacitance values for the pumping capacitors allows the effective usage
of the on-chip silicon area. In order to design the power switches, the similar
methodology presented in Sect. 5.1 is employed.

The overall implementation of the power stage exploits the interleaving tech-
nique, as it is an effective means to reduce the overall switching noise in the
system. The interleaving technique is employed in this reconfigurable SPSC power
converter by dividing the power stage into four cells, and operating them with a
four phase clock. Figure 5.20 illustrates the block diagram of the four-cell power
stage, along with the associated timing diagram. From the figure, it can be
observed that each cell of the power stage discharges to the output during one
phase and charges from the input during the remaining three phases.
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Fig. 5.21 Two cell SPSC power stage charge and discharge operation

5.3.1.2 Power Loss Minimization Techniques

The most significant source of power loss in monolithic SC power converters is the
switching loss in the bottom plate parasitic capacitance. One technique to mini-
mize this power loss is to employ a charge recycling technique. Charge recycling
is applicable only to multi-cell power stage implementations. Since the SPSC
power converter employs four cells in its power stage, this technique can be
implemented easily. However, for simplicity, the operation is initially described
considering a two-cell power stage.

Figure 5.21 shows the circuit configuration of a two cell SPSC power stage,
during a single time frame. The converter provides a CG of 4, with all the parasitic
capacitors in place. At this instant, consider the cell A to be discharging. As a
result, the pumping capacitor Cpay, Cpas and Cpas are connected in series with the
input V;,. To provide a CG = 4, the bottom plate of the pumping capacitors are at
voltages Vi, 2V;, and 3V;,, respectively. On the other hand, cell B operates in the
charge phase and the pumping capacitors Cpg;, Cpg, and Cpps are placed in
parallel with the input supply Vi,. Their respective bottom plate capacitors are
connected to ground and hence discharged. During the next transition phase, cell A
operates in the charge phase and cell B operates in the discharge phase. As a result,
the voltage across the parasitic capacitors would interchange. Hence, the bottom
plate capacitors Cxa1, Cxaz and Cxasz would discharge to zero from Vi, 2V;, and
3Vin, respectively. For cell B, the parasitic capacitors Cxg;, Cxp> and Cxgsz have
to be charged to Vj,, 2V;, and 3V;,. This additional charge would be supplied from
the input V;,. As a result, charge would be lost from Cpg; and Cpp,, which would
originally have been delivered to the output, leading to the degradation of the
efficiency.
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Fig. 5.22 Charge recycling during the transition phase

To overcome this drawback, Fig. 5.22 illustrates the operation of the charge
recycling technique. This mechanism takes place during the transition time, where
one cell changes from the discharge phase to charge phase and the other cell makes
the opposite transition. In this technique, before the configuration of the pumping
capacitors is altered, all the connections are broken by turning off all the power
switches. At this instant, in cell A, the parasitic capacitors Cxa1, Cxaz> and Cxaz
are charged to V;,, 2V, and 3V;,, while in cell B, the parasitic capacitors Cxgi,
Cxp> and Cxgps are all at zero potential. As observed in Fig. 5.22, during this
transition period, Cxa; is connected to Cxpi, Cxaz is connected to Cxpy, and Cxaj
is connected to Cxps. As a result, charge is redistributed among the bottom plate
capacitors. Cxp is charged to V;,/2, Cxp, is charged to V;, and Cxgs is charged to
3Vin/2. Therefore, when cell B enters the discharge phase, the input supply only
needs to charge Cxg; from V;,/2 to Vi, instead of from O to Vj,. Similarly, Cxg>
and Cxg3 only need to be charged over half the voltage range of the original. With
this technique, the charge that would have been lost when Cxa1, Cxaz and Cxas
are discharged to zero is re-utilized by the cell B parasitic capacitors. This con-
servation of charge between two interleaving cells significantly reduces the
switching losses in the power stage, thereby improving the efficiency of the SPSC
power converter.

With ultra-low output power, it is very important to maintain very low-power
consumption for the controller. The controller of the SPSC converter includes a
number of digital circuit blocks such as a 4-phase clock generator, clock signal
router, etc. If these circuit blocks are operated directly from the input supply Vi,
the power consumption due to the digital circuits increases exponentially with
increasing Vi,. At the highest input voltage level, the dynamic power consumption
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due to the digital circuit becomes comparable to the switching loss. Therefore, to
minimize the dynamic power consumption, a regulator is employed that controls
the operating voltage of the digital circuits. The regulator allows the converter to
save a significant amount of power by regulating the supply voltage of the digital
circuits, with minimized voltage headroom. As illustrated in Fig. 5.23, the regulator
is essentially a two-stage amplifier with very low-power consumption in the first
stage. Since all the current that flows in the second stage powers the digital blocks,
the additional power consumption due to regulator implementation is very low.
One of the critical challenges in the design of a step-up SC converter is driving
the power transistors in the power stage, such that they operate as a switch with
proper timing. For the correct operation of PMOS transistors, the gate voltage
needs to be as high as any of its other terminals, to turn it off, and zero voltage at
the gate-to turn it on. For controlling the NMOS transistors, the opposite is true.
In a conventional gate drive circuitry for a step-up SC converter, the drive
circuitry is operated from the higher of V;, or V. voltage [6]. Figure 5.24 shows
the circuit that compares V;, and V,,,, and selects the higher voltage. This voltage is
used to power the gate driver of the power transistors in the charge pump. However,
this solution suffers from considerable reversion loss during the start-up process.
During start-up, the output voltage is still low. As such, the high voltage
selection circuit selects V;, as the higher voltage. However, for CG = 4 during the
discharge phase, the top plate capacitor nodes of Cp;, Cp, and Cp3 are at potentials
2Vin, 3Vin and 4V;,, respectively. As a high voltage of V,, is applied to the gate
terminals of the transistors Mp;;, Mpy; and Mp3; in Fig. 5.25, these PMOS
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transistors are not turned off properly. Therefore, these nodes have a direct path to
Vin, causing severe reversion loss.

Figure 5.26 shows the local gate drive circuit used in the SPSC power converter
designs, which is a modified version of a classic level shifter. It is controlled by
differential gate signals applied at the NMOS transistor pair My and My;g. Its
operation is illustrated in Fig. 5.27. Figure 5.27a depicts the state change of the
power transistor Mp, from the OFF state to the ON state. To achieve this, the
potential at the gate terminal of Mp, should reach zero volt. At the same time, the
gate voltage of Mp,c should go high, to prevent any shoot-through current. Hence,
in order to control the power transistor, the gate control signal of Myg goes low,
thereby turning it off, while the gate control signal of My goes high, turning it
on. As a result, My pulls the gate voltage of Mp, and Mp,p to zero, turning on
those transistors. As Mpp is turned on, it generates a voltage V;, at the gate
terminal of Mp,c. This action is reversed when Mp; transitions from on state to off
state. Since this local gate drive circuit compares the internal node voltage of the
power transistors to the input Vj,, the highest voltage is always chosen, thereby
preventing reversion loss even during the startup.

The circuit in Fig. 5.26 works well when the difference between the NMOS pair
control signal voltage and the terminal voltage at the PMOS power transistor is
moderate. If the difference becomes too large, the NMOS pair cannot discharge the
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gate potential of the PMOS power transistor to zero quickly. This results in a large
shoot-through current. To prevent this, an additional PMOS transistor is added to
the shoot-through current paths as shown in Fig. 5.28. This transistor prevents a
shoot-through current, even when a large voltage difference exists between the
NMOS pair control signal and the voltage level at the gate terminal of the PMOS
power transistor.

Due to large voltage swings at different nodes, the PMOS power transistors in
the SPSC power converter experiences a large voltage change at their terminals.
If the substrate of these transistors is connected to a voltage lower than any of its
other terminal voltages, a reverse current can occur, as shown in Fig. 5.29.
Moreover, always connecting the substrate of these devices to the highest voltage
in the system is not a good solution as its leads to a large threshold voltage, when
the transistor is turned on. Therefore, to obtain optimal performance, it is highly
desirable to control the body bias of the power transistors in an adaptive manner.

Figure 5.30 shows the body bias circuitry which consists of only two transistors
Mgy, and Mp,. The operation of the circuitry is shown in Fig. 5.31. As shown in
Fig. 5.31a, when the circuit is charging, the voltage at the gate terminal of Mp, is
0 V. This turns on Mg, and turns off Mp,. Therefore, parasitic capacitance at the
body of Mp, is discharged to V;,, which cancels any threshold voltage modulation.
During the discharge state shown in Fig. 5.31b, the gate and source terminals of
Mp, are connected to a potential xV;,. This turns off Mg, and turns on Mp,, thereby
charging the parasitic capacitance C,,, to the voltage xVi,. Hence, any possible
reverse current is prevented.

In conclusion, this section introduces a step-up SC power converter, designed
specifically for TEG applications. It employs a series—parallel power stage, while
utilizing multiple power loss minimization techniques such as charge recycling,
local gate drive and adaptive body biasing.

5.3.2 Case Study 2: Reconfigurable SC Power Converters
for System Miniaturization

System miniaturization and low-power operation is of critical importance for self-
powered microsystems. Hence, this section presents the design of two low-power
reconfigurable SC power converters. The first converter is a monolithic multiple-
gain step-down SC power converter with on-chip pumping capacitor sizing.
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The second converter further improves upon this design to provide both step-up
and step-down voltage control.

The power stage of the multiple-gain, step-down, SC power converter is shown
in Fig. 5.32a. It operates with a pair of complementary phases, ®; and ®,. Instead
of using large capacitors and switches in order to implement a single CG, 4
pumping capacitors Cp;, Cpy, Cp3, and Cpq and 20 switches are employed. This
allows the converter to be reconfigured with 5 different CGs. For instance, as
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Table 5.5 Switching schemes at different CGs

5 Reconfigurable Switched-Capacitor Power Converters

CG Vour Switches ON during @, Switches ON during @,

3/5 <V S1, 82, 845 S10, S115 S12, S1o Ss, 87, S14> S16> S17, S20

2/3 Vi~V S1, 82, 87, So, S10, S16> S20 83, 84, S5, S11, S12, S14> S17

3/4 Vo~ V3 S1, 82, 83, So, S10, S11 Ss, S1s, S17, S18

4/5 Vi~V Si ~ 84,8 ~ Si2 Ss, S15, S16, S17> S13, S20

1 Vi ~ Vs S1, 82, 87, S8, S13 ~ Sis S3 ~ 86, S13 ~ Si6
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Fig. 5.33 SC power converter with a CG of 2/3, operating in phase (a) ®; and (b) ®,

depicted in Fig. 5.32b, with a fixed input Vy,, if V, needs to be changed from V;
to V3, instead of modulating the duty ratio, which degrades the efficiency of the
converter, the power stage is automatically reconfigured with a CG change from
CG5 to CG3
The step-down SC power converter in Fig. 5.32a can provide five different
CGs, 3/5, 2/3, 3/4, 4/5 and 1. The entire output range can thus be divided into five
different regions, from V; to V5. For each region, appropriate switching actions
lead to the regulation of the output voltage. Table 5.5 illustrates the switching
schemes at the different CGs for the SC power converter.
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Figure 5.33 illustrates the operation of the multiple CG SC power converter
operating in the CG = 2/3 configuration. During the phase @, the power switches
S1, S5, 87, So, S10, S16, and S, are turned on. This creates two charge paths for the
pumping capacitors Cp; and Cp,, while charges accumulated in Cpz and Cpy4 are
delivered to V. During the phase ®,, the switches S, S4, Ss, S11, S12, S14, S17 are
turned on, as shown Fig. 5.33b. Accordingly, Cp; and Cp, are charged up, while
Cp; and Cp, deliver power to V. If all the pumping capacitors have their
capacitance equal to Cp, the voltage across the capacitors Cp; and Cp;, (Cps and
Cpy) will be equal to Vi, — Vou (Voud/2) at the end of phase @y, and be equal to
Vou2 (Vin — Vou) at the end of phase ®,, respectively. When the SC power
converter reaches the steady state, the total net charge difference on the pumping
capacitors should be equal to the charge consumed by the output load. Using a
similar analysis as that employed in Eqgs. (5.20) and (5.21), it can be shown that if

ZRZ;i & < <3 then, Vo =& 2Vi,/3. Thus, a step-down voltage conversion of 2/3 is

achieved. As illustrated in Fig. 5.32b, based on the reference voltage, an optimal

power converter topology can be chosen. Since the conversion gain is modulated

instead of the duty ratio, the efficiency of the overall SC converter is improved.
The expression for V. of the reconfigurable SC power converter is given by

2V

T
3+ me

Vour = (5.30)

Equation (5.30) reveals that the output voltage of the SC power converter can be
regulated to different levels if the pumping capacitor Cp or the switching frequency
1/Ts are adjustable. A higher switching frequency leads to an increase in the
switching power loss and generates higher switching noise. On the other hand,
adjusting the size of the pumping capacitor to regulate V,, leads to higher effi-
ciency, when compared to modulating the duty ratio. Therefore, in order to further
improve the efficiency when the voltage level change on V,, is relatively smaller,
an on-chip capacitor sizing technique is proposed.

An adjustable size capacitor can be implemented with a series of smaller size
unit capacitors and switches, as illustrated in Fig. 5.34. The final capacitance of
the combination is determined by the status of the switches and connections
between the unit capacitors. For example, if all the switches in Fig. 5.34 are turned
on, an equivalent capacitance of C;n + Cig + Cic + Cip is achieved. To
decrease the capacitance, the switch S;p can be turned off, leading to a total
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Fig. 5.35 On-chip capacitor sizing scheme for adaptive gain control in the SC power converter

capacitance of Cyp + Cig + Cic. The size of the sub-capacitors and sub-power
switches are determined by their individual power flow, while the total capacitor
size and power switch width remains constant. Thus

(5.31)
Wia + Wig + Wic + Wip = Wi,

{ Cia+ Cip + Cic + Cip = Cy,
where Wy; is the width of the power transistor Sy;, i = a, b, ¢, d and W, is the width
of the power transistor S;. Correspondingly, employing adjustable size pumping
capacitors decreases the capacitor redistribution loss, while using sub-power
switches further lowers the switching power loss.

According to Table 5.5 and Fig. 5.32b, with 5 CGs, the biggest voltage gap
AV=V,—V;,_,,i=2,3, 4,5 between adjacent regulation voltages V; and
V; _ 1 is 200 mV, if the converter is designed with a 1.8 V input voltage and a
50 % duty ratio. In this case, four reconfigurable on-chip capacitors are imple-
mented to decrease AV to be less than 50 mV. This is illustrated in Fig. 5.35. Thus,
the regulation error can be controlled below 25 mV. Hence, the on-chip capacitor
sizing scheme fine tunes the regulation errors and helps to retain high efficiency.

From the perspective of circuit implementation, the SC cells I, II, IIl and IV in
Fig. 5.32a are each implemented with 4 sub-cells. For example, Cell I consists of
sub-cells I-a, I-b, I-c and I-d, as shown in Fig. 5.36a. These sub-cells share a
common topology but employ different sizes of switches and capacitors, tailored
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for different regulation voltage levels. Eventually, based on the common charge
and discharge switching behaviors, they are reorganized to groups A, B, C, D, as
depicted in Fig. 5.36b.

To illustrate the design idea, consider the case when CG, is 2/3. With reference
to Fig. 5.35 and Eq. (5.30), in order to allow the converter to regulate at the highest
voltage in this region—V>3, all the 16 sub-cells from I-a to IV-d function actively.
As a result, the largest on-chip capacitance is generated as the sum of each unit
capacitors. If V,, needs to drop to the next voltage level V,,, all the sub-cells
except those in the group D will stay active. Accordingly, the equivalent capaci-
tance would be equal to the sum of total unit capacitance in the groups A, B and C.
Similarly, if only one group A remains active with for a CG of 2/3, as shown in
Fig. 5.35, the lowest output voltage in the region V5o would be achieved.

Such a grouping method ensures the most efficient chip area and layout routing.
The first advantage of this structure is that each group is independent. No inter-
connections exist between two groups, except for the connection to V;,, Vi, and
ground. Thus, if one group in Fig. 5.36b fails, due to circuit malfunction or device
failure, the other groups continue to operate in the power stage. Therefore, system
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robustness is significantly improved. The second advantage with this structure is
the resulting reduction in power loss. Once a certain group of sub-cells are dis-
abled in order to generate a lower output voltage, all the control signals for that
group are either high or low to turn off the power transistors. As a result, the
switching and conduction losses of that group are completely eliminated. More-
over, no switching loss is consumed in their corresponding buffer drive circuitry.
The third advantage with the four-cell power stage is that an interleaving technique
can be effectively applied. This can significantly reduce the output voltage ripple
in the power supply.

Figure 5.37 illustrates the circuit implementation of group A in the power stage
of the SC power converter. Switches S;3 ~ §¢ that are connected to ground are
implemented by NMOS transistors, and the switches S; ~ S, which are connected
to V;, are implemented by PMOS transistors. In this SC converter, since V
changes from V;, to 3/5V,,, the power switches S5 ~ S;, which are connected to
the output load are implemented through PMOS transistors. The substrate termi-
nals of these transistors should be connected to its highest voltage, to avoid any
leakage currents. In this scenario, the highest voltage is V;,. However, if the
substrate is always directly connected to Vi, then the body effect of the PMOS
transistor will increase its threshold voltage. Hence, in this design the substrate
terminal of the PMOS transistors Mg, M7 and Mg are connected to the higher node
between their corresponding drain and source terminals. The schematic diagram
used to implement this function is similar to the circuit illustrated in Fig. 5.30.
Moreover, from Fig. 5.37, it can be observed that the switch §7 is implemented as
a transmission gate. This is because for a CG of 2/3, its Vgg voltage is 1/3V;,
(=~0.6), while for a CG of 4/5 the Vg voltage is 3/5V;,. Thus, a transmission gate
ensures that the switch is fully turned on or off in each scenario.

The optimization of the power stage is paramount, since it directly affects the
efficiency of the entire system. For a SC power converter, the power loss from
the power stage, consisting of the switching and conduction losses, dominates the
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overall power loss of the converter. The conduction loss Pc of the step-down SC
converter can be represented as

2
asi
Pe = § DsiRs; (D—s IOUT> , (5.32)
- Si

where Dg; and Rg; represent the duty cycle and the turn-on resistance of the power
transistor i, and ag; is the switch charge multiplier vector. For a CG of 2/3,
ag1 = Ay = A3 = dgy = Ag5 = dyg = dg7 = 1/3. Note that R can be controlled
by sizing the individual transistor i, since

L

R P~ .
S UCo Wi (Vs — Vim)

(5.33)

In this implementation, all the PMOS and NMOS power transistors are
designed to have the same size, for system simplicity and symmetry. To ensure
that the power loss is minimized, the ratio of the PMOS to NMOS size, k, where
k = Wp/Wy is optimized. To minimize the on-chip silicon area and parasitic
capacitance, each transistor employs the minimum length of the semiconductor
process. Lastly, if the conduction loss due to ESR of the pumping capacitors is also
considered, the total conduction loss of charge pump is modified as

2

as;i

Pc= ZDSiRSi (Dslil‘““) +ESR - 2. (5.34)
1

The switching power loss Py, of the power transistors is given and simplified as

Py = fs Z CasiVasi = fiCox Z Wi - Vi, (5.35)

where Cgg; is the gate-to-source capacitance, W, is width of power transistor i, and
Vgsi 1s the voltage swing. Meanwhile, for a single transistor working in the linear
region and cut off region, the drain-to-bulk voltage swing Vpg (drain-bulk
capacitance Cpg) and source-to-bulk voltage swing Vsg (source-to-bulk capaci-
tance Csg) is much smaller than Vg (Cgs). Thus, the power loss due to the
parasitic capacitors Cpg and Csg is much smaller than the power loss due to Cgg.
As a result, Eq. (5.35) is approximated to be the total switching loss of the SC
power converter.

In this SC step-down power converter, if non-overlapping clock signals are
used to control the power stage, the reversion power loss can be minimized.
Hence, the total power loss is approximately determined by the conduction and
switching loss as

Pyt = P. + Pgy. (536)

In order to maximize the power efficiency, the optimized power transistor width
Wy and the ratio k should satisfy the following requirements OP,/OWx = 0 and
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Fig. 5.38 Design extension
for variable-input constant-
output SC power converters
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0P, /0k = 0. For different CG topologies, the condition will generate different
optimized power transistor widths Wy and ratios k. Based on these optimized
parameters, the final power transistor size and k ratio to design the SC power
converter for the maximized efficiency can be obtained.

The on-chip capacitor sizing techniques analyzed in this section for the step-
down SC power converter can also be applied to variable-input and constant-output
converters. This is extremely attractive for applications that employ unstable
energy harvesting power sources. The approach is illustrated in Fig. 5.38. The only
difference under this operation scenario is that the highest (lowest) gain and largest
(smallest) pumping capacitors size are applied to the lowest (highest) input voltage
to obtain a constant output voltage. For example, the lowest input Vs3 operates with
the help of all the sub-cells and the highest gain CGs. A slightly higher input voltage
Vo, still employs the same power stage topology and CG, but all the sub-cells in
group D will be deactivated, in order to reduce the effective on-chip capacitance.

5.3.2.1 A Reconfigurable Step-Up and Step-Down SC Power Converter

In certain applications, self-powered microsystems need both step-up and step-
down conversion in the power stage, since battery voltages can decline over its
operating lifetime, as the power is drained. Under these scenarios, the SC power
converter discussed earlier is not sufficient. Hence, this section presents a recon-
figurable SC power converter that can provide both step-up and step-down voltage
conversions. Similar to the previous implementation, this converter also operates
with a pair of complementary phases, ®; and ®,. The power stage employs 2
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Table 5.6 Switching schemes for the step-up and step-down reconfigurable SC power converter

CG Vout Switches ON during @, Switches ON during @,
12 <V Si, S5, S7, S S3 ~ S

2/3 Vi~V, Si, S5, S7, Sg S4, Ss, Sty

1 Vo ~ Vs S~ 84 S3 ~ S

3/2 Vi ~ Vy Si, Sa, S11 Ss, Se, So, S10

2 Vo ~ Vs Sy~ 84 Ss, Se» S0, S10

Fig. 5.40 Circuit
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pumping capacitors Cp; and Cp,, and 11 switches, as shown in Fig. 5.39. This
allows the converter to be reconfigured with 5 different CGs, 1/2, 2/3, 1, 3/2, 2.
Table 5.6 elaborates the switching schemes for the different configurations of the
SC power converter.

The operation of the step-up/down SC power converter can be explained with
the aid of Fig. 5.39, for a CG of 3/2. During the phase @, the power switches S, S4,
and Sy, are turned on. This creates a charge path to pre-charge the pumping
capacitors Cp; and Cp,. During the phase ®@,, the switches Ss, Sg, So, S10 are turned
on. Accordingly, this creates two discharge paths to discharge power from Cp; and
Cp, to V. Note that if Cp; = Cpy, the voltage across the pumping capacitors will
be equal to V;,/2 at the end of phase ®; and V,,, — Vi, at the end of ®,, respec-
tively. When the SC power converter reaches steady state, the total net charge
difference on the pumping capacitors Cp; and Cp, should be equal to the charge
consumed by the load resistor R, As a result, using the steady state analysis used
for the previous SC converters, the expression for V. can be shown to be given by

3V

27,
2 + RoutCp

Vout - (537)

If TJ/RyuCp < 1, then Vi, & 3/2-V;,. Thus, a step-up voltage conversion of 3/2
is achieved.

The circuit implementation of the converter is illustrated in Fig. 5.40. Similar to
the SC power converter discussed in Sect. 5.3.1, the power transistors sizes in this
converter are optimized according to the power transferred in the charge and
discharge phases.
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Figure 5.41 shows the flow chart for the closed loop operation of the feedback
controller. The controller fulfills two major functions: analog to digital conversion
and generates the necessary control logic signals. The analog to digital converter
senses the voltage regulation error and converts it to digital error signals. A dif-
ferential V-to-I converter is employed to detect and amplify the error between V,,,(’
(scaled from V,,) and the reference voltage V. To achieve this, these two
voltages are initially converted into corresponding currents values. A differential
circuit topology provides the error information Al, while effectively canceling out
even-order harmonics and temperature/process variations. Following the V-to-
I conversion, two subthreshold ring oscillators further convert Al into a frequency
difference Af. Here, these two currents are used to to bias the two ring oscillators.
With different biasing currents, the oscillation frequency of each oscillator varies
accordingly. Following the flowchart in Fig. 5.41, the converted frequency
information Af is continuously turned into the digital binary signals by the
frequency dividers, R-S pulse counters and digital signal registers. The frequency
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dividers are composed of digital latches. To compare the frequencies in two
subthreshold ring oscillators, R-S pulse counters are used to count the pulses
generated by the subthreshold ring oscillator that is controlled by V,,/ , in one
switching clock cycle.

In the control logic generator, the gain controller determines the power stage
conversion CG, with 3-bit control signals. This is then combined with signal Vg,
which is generated from the analog to digital converter, in order to obtain the
operation status for all the power transistors. For example, when k3k,k; = 011, the
topology corresponding to the CG of 2/3 is chosen.

In conclusion, this section discusses two reconfigurable SC power converters
for self-powered microsystems. The multiple-gain control helps these two con-
verters to constantly maintain high efficiency over a wide operating range. The
adjustable size pumping capacitors allow the output voltage to be regulated at
different desired levels, with minimized power loss. The fully on-chip imple-
mentation significantly reduces system volume and switching noise. Hence, these
state-of-the-art designs provide an effective solution for next generation mono-
lithic power supply designs for self-powered portable devices.

5.4 Conclusions

This chapter presents various state-of-the-art reconfigurable SC power converters,
designed specifically for self-powered microsystems. Based on the instantaneous
operating conditions, these modern SC converters are capable of dynamic recon-
figuration into the optimal power stage, thereby providing the desired CG that
minimizes power losses and provides enhanced power regulation.

The chapter initially presented the general topologies and control schemes that
are employed to achieve dynamic reconfiguration in SC power converters, in Sect.
5.1. To control the reconfigurable charge pump, an interleaving regulation scheme
with multi-phase CG reconfiguration was discussed. This technique can be
effectively employed to reduce output voltage ripple and improve the bandwidth
for self-powered applications.

Following the discussion on generic reconfigurable charge pump topologies and
control schemes, Sect. 5.2 presented a signal flow graph based modeling and
analysis approach. Using this approach, it is possible to optimally design the power
stage of a reconfigurable charge pump. Typically, the use of a highly reconfigu-
rable power stage significantly increases the number of power components along
with the complexity of the controller. This introduces considerable challenges
during the optimization of SC power converters. The SFG technique leads to a
reconfiguration algorithm that can be optimized to achieve multiple CGs, with
highly-efficient energy delivery and minimized number of power components.

Section 5.3 discussed two case studies regarding reconfigurable SC power
converter design for specific applications. The first case study presented the design
of a reconfigurable step-up SC power converter, designed specifically for TEG
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based energy harvesting applications. The design on this converter entailed an
investigation upon an appropriate power stage topology. Based on the require-
ments, a series—parallel power stage was employed. In order to minimize power
losses several low-power circuit techniques such as charge recycling, local gate
drive and adaptive body biasing were employed. Next, the second case study that
was discussed was the design of two low-power reconfigurable SC power con-
verters for system miniaturization. The first converter discussed was a monolithic
reconfigurable multiple-gain step-down SC power converter with on-chip pumping
capacitor sizing. In this power supply design, a different approach is followed
towards closed loop regulation. Instead of varying the duty ratio to obtain different
output voltage levels, the power stage undergoes dynamic reconfiguration in terms
of the topology and effective on-chip pumping capacitance. This leads to reduced
power loss in the converter. The second converter employs this design principle,
but provides both step-up and step-down voltage conversion.
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Chapter 6

Configuring Switched-Capacitor Power
Converters Using Interleaving Regulation
Techniques

6.1 Fundamental Principles

Due to their inherent switching operations, both switch mode and SC power
converters exhibit output voltage ripples and current ripples, which lead to
substantial switching noise. The switching actions in many power converters can
cause their input current to be discontinuous. This can generate severe di/dt noise,
which will propagate into the entire system. In the meanwhile, a discontinuous
output current can severely impact the load regulation performance of SC
converters. Such converters will respond to sudden load changes only at the start
of the next switching cycle, which can cause large output voltage variations.
Moreover, since a discontinuous output current energizes the output capacitor only
during the discharge phase, the output voltage ripple is also considerably higher.
As a consequence of these issues, the reliability and performance of load appli-
cations is severely impacted.

To illustrate the aforementioned issues, a voltage inverter is used as an example
in Fig. 6.1. It is controlled by a pair of complementary clock signals, ®; and ®;.
Due to the presence of the load current, the output capacitor is periodically dis-
charged, until it is recharged by the charge pump. From Fig. 6.1b, it can be
observed that certain challenges exist in this design. Since the pumping capacitor
Cp is disconnected from Vi, during its discharge phase, the input current [, is
discontinuous. This generates large di/dt noise, which is coupled into V.
Moreover, if the power converter experiences a sudden load transient during the
phase ®; = 1, then charge pump is unable to respond until the start of the
discharge phase ®, = 1. The output capacitor C,, has to provide the necessary
charge to the load until the charge pump can respond, which causes a significant
drop in V. Thus, the load regulation and transient response of the power con-
verter is degraded. Furthermore, since the output current is discontinuous, the
output voltage ripple is also significantly larger, which is highly undesirable. One
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Fig. 6.1 Voltage inverter: a schematic and b timing waveforms

possible solution to overcome these drawbacks is to increase the switching fre-
quency, however, at the expense of higher switching power loss of the converter.

One effective technique to minimize the voltage and current ripples in SC
power converters and simultaneously improve its load regulation and transient
response is to employ an interleaving regulation technique. Such a power con-
verter exploits a cellular architecture, where a large power stage is divided into
paralleled cells that share the same input and output power busses. Each cell
processes a fraction of the total output power, leading to several benefits such as
input and output ripple reduction and improved transient response.

The interleaving regulation scheme was originally introduced in switch mode
power converters [1]. Its operating principle can be explained with the aid of
Fig. 6.2. In a traditional buck converter illustrated in Fig. 6.2a, it can be observed
that the inductor is charged when @, = 1 and it is discharged when ®; = 0. This
leads to a discontinuous input current, large inductor current ripples and large
output voltage ripples. On the other hand, if n power stages are connected in
parallel and operated with a phase difference of 360°/n between the adjacent cells,
the peak current and voltage levels can be significantly minimized. As an example,
Fig. 6.2b illustrates four interleaved power stage cells, with each cell delivering a
quarter of the total output power. The use of the interleaving regulation scheme
leads to continuous input and output currents, which aids in minimizing the
switching noise and improving load transient response.

While the interleaving scheme described in Fig. 6.2 is implemented for switch
mode DC-DC converters, the same principles can be effectively applied to SC
power converters while leveraging all its advantages. In general, the use of
interleaving regulation through n sub-converters reduces the magnitude of the
output voltage ripple by a factor of n, while also extending the system bandwidth
by n times. Moreover, it significantly improves the robustness and fault tolerance
capability of the power supply. For instance, if one sub-converter fails to operate
due to circuit malfunction or device failure, the remaining n—1 sub-converters will
extend their own regulation times and compensate for the loss.
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Fig. 6.2 Switch mode power converter and its timing diagrams a without and b with interleaving
regulation (n = 4)

Hence, the remainder of this chapter deals with configuring SC power con-
verters using the interleaving regulation scheme. Accordingly, state-of-the-art
interleaving SC power converters are discussed, with regards to system architec-
ture, control algorithms, power stage interleaving mechanisms and circuit design
strategies.

6.2 Interleaving Regulation in Reconfigurable Charge Pumps

As the first SC power converter to be discussed in this chapter, this section pre-
sents the design of a reconfigurable SC power converter employing the inter-
leaving regulation scheme. While the initial motivation for interleaved charge
pump topologies was to improve the voltage/current ripple characteristics and the
transient response, this principle can also be exploited in reconfigurable SC power
converters.

As discussed in Chap. 5, reconfigurable SC power converters can regulate the
output at multiple CGs, thereby broadening the operating voltage range. This
makes these architectures highly attractive for modern portable devices that
integrate diverse electronic components and employ energy harvesting mecha-
nisms. In this context, the use of interleaving control techniques can further
enhance the performance of reconfigurable SC power converters, making them
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highly desirable for self-powered applications. Hence, as the first step, this section
presents the reconfiguration mechanism of the pumping capacitors to achieve
multiple CGs. Following this, the principle of interleaving regulation in the power
stage is applied. Lastly, the overall operation and design of the reconfigurable step-
down charge pump is discussed.

To achieve step-down voltage conversion, during the charge phase, the pumping
capacitors are traditionally connected between the input and the output of the
converter. During the discharge phase, the pumping capacitors are then connected
in parallel with the output capacitor. As a design example, the step-down SC
converter described in this section employs two pumping capacitors, Cp; and Cp;.
This allows the power converter to provide multiple CGs of 1, 2/3, 1/2 and 1/3.

The configuration of the pumping capacitors to implement a CG = 1 is illus-
trated in Fig. 6.3. During the charge phase, the pumping capacitors Cp; and Cp,
are connected across the input supply and the ground node. This causes both the
capacitors to be charged to V;,. During the discharge phase, when the pumping
capacitors are connected between the output node and ground, the voltage across
Cou gets raised to Vi,. In this manner, a CG of 1 is achieved.

Figure 6.4 illustrates the charge and discharge phase capacitor configurations
for a CG = 2/3. During the charge phase, Cp; and Cp, are connected between the
input and the output node. This charges the capacitors to a voltage Vi,—Vou
During the discharge phase, Cp, is stacked on top of Cp, and this combination is
connected in parallel with Cg,. This leads to a V,, given by

Vout =2x (Vm - out)- (61)
When Eq. (6.1) is solved, the conversion gain CG = V,,/V;, = 2/3.
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Fig. 6.6 Pumping capacitor configuration for CG = 1/3

Figure 6.5 illustrates the charge and discharge phase capacitor configurations to
achieve a CG = 1/2. During the charge phase, Cp; and Cp, are connected between
the input and the output node and each capacitor is charged to V;,— V. During the
discharge phase shown, the pumping capacitors are connected between the output
and ground. This charges the output to a voltage V, given by

Vout = Vin — Vour- (62)

When Eq. (6.2) is solved, CG = V,/Vi, = 1/2.

Figure 6.6 illustrates the capacitors configurations during the charge and dis-
charge phase, for a CG = 1/3. During the charge phase, Cp; and Cp, are connected
in series between the input and the output nodes. This connection charges the each
of the capacitors to a voltage of (V;,—V,u)/2. During the discharge phase, they are
connected in parallel across Co, and Vo, is calculated as

Vin - Vout

Vou =~ (6.3)

When Eq. (6.3) is solved, CG = V/V;, = 1/3.
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Fig. 6.8 Charge/discharge path reconfiguration to achieve multiple CGs

Based on the capacitor configurations required to achieve the desired step-down
CGs, a reconfigurable charge pump is designed and is illustrated in Fig. 6.7. It
employs nine switches that are strategically placed in order to achieve the required
pumping capacitor topologies, during both the charge and the discharge phases.
The configuration of the charge pump for each CG is illustrated in Fig. 6.8.
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Fig. 6.9 Transistor level implementation of the reconfigurable step-down charge pump
Table 6.1 Gate control signals for the reconfigurable step-down SC power converter
CG M, Mp Mc¢ Mp Mg Mg Mg My M,
1 D, Off D, On D, Off D, On Off
2/3 D, D, D, Off D, D, Off D, D,
12 D, D, D, D, D, D, D, D, Off
1/3 D, Off D, D, Off D, D, D, D,

The multiple CG capability is used to jointly improve the efficiency, line/load
regulation and DVS performance. The step-down SC power converter regulates
the output voltage to its corresponding reference value while delivering power
efficiently, under a wide range of input voltages. The converter achieves this
through the use of a feedback controller that selects the appropriate CG. Moreover,
during heavy loading scenarios, the SC power converter reconfigures the charge
pump to provide a CG that is higher than the optimal value. This enhances the
power delivery capability of the SC converter. Thus, using a combination of higher
and optimum CGs provides a secondary control parameter to the controller to
achieve improved system performance.

Figure 6.9 depicts the transistor level implementation of the reconfigurable
step-down charge pump. NMOS and PMOS transistors are carefully selected in
order to obtain charge/discharge power paths with minimum resistance and
smallest transistor size. Furthermore, Table 6.1 gives the gate control signal for
each transistor, in order to implement all the CGs, where ®; and ®, are com-
plementary clock signals.
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The operation of the charge pump is explained based on the gate control signals,
for CG = 2/3 as an example. In each switching cycle, the operation of the charge
pump can be divided into two phases, the charge phase @, and discharge phase @,.
In order to achieve a CG of 2/3, during the charge phase ®; = 0 (“0” effective),
the PMOS switches M, My, Mg and MF are turned on. As a result, the pumping
capacitors Cp; and Cp, are connected in parallel between the input and output
nodes and are charged to a voltage V;,—V,,. During the discharge phase ®, = 0
(“0” effective), the switches M, M; and My are on, while M5, Mg, Mg and Mg are
off. Cp; and Cp, are now connected in series across the output terminal, causing the
stored charges to be transferred to Cgy. If Cp; = Cp,, the continuous charge and
discharge process leads to a V, equal to 2/3 x Vj,. Similarly, the charge pump
can be configured to achieve the other conversion gains.

In order to improve the transient performance and reduce the voltage/current
ripples, the step-down SC power converter employs an interleaving regulation
technique by adding an additional charge pump sub-cell to the system. The overall
charge pump topology of the SC power converter is illustrated in Fig. 6.10.
It consists of two sub-cells, Cell 1 and Cell 2 that are connected in parallel between
the input and output terminals. To achieve an interleaved operation, the gate
control signals of each transistor in Cell 1 and Cell 2 are made complementary to
each other. Hence, when one cell operates in its charge phase and is disconnected
from the output, the other cell operates in the discharge phase and regulates V.
The presence of the additional cell in the power stage prevents the charge pump
from having to wait until the next clock cycle, in order to respond to a load
transient. As a result, the converter’s transient response is improved. In addition,
although the number of components is doubled, the size of each power transistor is
reduced by half when compared to the original, in order to power the same load.
Therefore, there is no additional penalty with respect to on-chip silicon area and
cost. This implementation also reduces the output voltage ripple and switching
noise.

In conclusion, this section discusses the design of a reconfigurable step-down
SC power converter, which employs the interleaving regulation scheme. Due to the
use of the interleaving scheme, the converter has improved dynamic response to
provide good line and load regulation. Moreover, the ability to regulate the output
at multiple CGs makes it a good candidate for DVS applications. This capability
also enables the system to maintain high efficiency over a large input range.

6.3 Practical Interleaved SC Power Converters

Following the introduction to interleaving regulation in power converters and its
use in reconfigurable charge pumps, this section investigates several cases in
practical interleaved SC power converter designs. The study will focus on closed
loop system designs to improve efficiency and performance, along with the design
of power supplies for applications such as low power microsensors and highly
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Fig. 6.10 The step-down SC
power stage with dual
interleaving cells

noise-sensitive devices. Each of the power converters discussed are designed by
considering various application-specific requirements such as efficiency, load
power, transient response, form factor, and so on.

6.3.1 Case Study 1: Interleaved Cross-Coupled Voltage Doubler

While applying interleaving regulation principles to SC power converters leads to
numerous advantages, there are several challenges that have to be addressed
during its practical implementation. In such power converter designs, the charge
and discharge mechanism of each of the pumping capacitors involves the use of
more power components, circuit loops and complex algorithms. This increases the
cost and on-chip silicon area requirements, which are critical design constraints
that can negate the performance gains achieved from interleaving topologies.
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Fig. 6.11 A 4-cell interleaving charge pump a schematic, and b timing diagram

To illustrate these challenges, consider the implementation of a simple 4-phase
interleaved charge pump. It consists of 4 sub-cells that are connected in a closed
loop, as illustrated in Fig. 6.11a. The clock signals for the circuit are illustrated in
Fig. 6.11b, where each clock signal has a 90° phase difference from its adjacent
cell. The clock signal ®@; is the complement of ®;, but has an amplitude of 2V;,.
This is required to completely turn off the PMOS power transistors during the
charge phase of the pumping capacitors. However, certain drawbacks exist with
this design. Firstly, this charge pump requires the use of voltage boosting circuits
to generate the complementary clock signals. This increases the cost and on-chip
silicon area. Secondly, the input current from Vj, is still discontinuous, due to the
use of non-overlapping clock signals. As a result, the input current ripple and
inrush currents are not improved. Lastly, when either of the clock signals is high,
only one pumping capacitor operates in its charge phase. For example, during the
phase @, = 1, node A is charged to 2V;,. This turns on the transistor My, which
charges the pumping capacitor Cp,4 to V;,. However, capacitors Cp, and Cpz have
to wait until the next clock cycle before they are charged. Hence, even though the
4-cell charge pump has a better load transient performance when compared to its
single cell counterpart, its transient response is not fully maximized.
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Fig. 6.12 A two-stage cross-coupled interleaved charge pump a schematic and b timing diagram

To overcome these drawbacks, this case study discusses the design of an
interleaved charge pump topology for integrated SC power converters, as illus-
trated in Fig. 6.12. The circuit architecture consists of two parallel-connected
cross-coupled voltage doublers. The charge pump is controlled by clock signals @,
where i = 1, 2, 3, 4, with a 90° phase shift between each other. One of the major
improvements of this topology is that the gate control signals for each PMOS and
NMOS power transistors are generated internally. This avoids the need for addi-
tional clock generators and voltage boosting circuits.

The operation of the charge pump in steady state can be explained as follows.
From the timing diagram in Fig. 6.12b, it can be seen that, at any instant, two
clock signals are always high. This allows two pumping capacitors to be charged
to Vi, while the remaining two are discharged to V. For example, consider the
case when the clock signals ®; = 1, ®, = 1, ®3 = 0 and ®4 = 0. In this scenario,
node B in Cell 1 is charged to 2V,,, while the voltage at node D is less than V.
Hence, Cp, discharges to the output through the switch Mp,, while Cp, is charged
to Vi, through the switch My4. Simultaneously, in Cell 2 node A is charged to a
voltage level of 2V;,, while the voltage at node C is less than V;,. Thus, Cp;
discharges to V,,,; through transistor Mp,, while Cpj; is charged to V;, through Mys.
In this manner, since two capacitors always deliver charge to the output, the charge
pump has a smaller output voltage ripple and a faster transient response.

The first step in the design of the interleaved cross-coupled SC power converter
involves the design of the charge pump. To optimally size the power switches,
similar to the charge pump design presented in Sect. 5.3.2, all the major power loss
components have to be identified. For the cross-coupled charge pump, the total
power loss is a summation of the conduction loss, switching loss and redistribution
loss. To simplify its analysis, the charge pump can be considered to consist of four
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sub-cells. Each cell can be regarded to comprise of one PMOS transistor, one
NMOS transistor and a pumping capacitor. To ensure that the turn-on resistance is
the same, the switches are designed such that u,Wnmos = #,Wemos. Then, the
total power loss can be modeled as

— N 1 L lpep o1
e Rout 2#1’1C0X(Vin - VTH) WNMOS 4 < 4f€CP
+ 16Coxfs V2 LWxnos- (6.4)

The size of the NMOS power transistors is then chosen such that 0P,/
0Wxnmos = 0. Based on their relationship, the size of the PMOS transistors can
also be appropriately chosen. Similarly, the optimal switching frequency f; for the
charge pump can be designed based on the condition 0P,,/0f; = O.

The second step in the design of the cross-coupled SC power converter involves
the feedback controller design. As illustrated in Fig. 6.13, the system architecture
employs a digital based feedback control technique. Digital circuits are well
known for their large noise margin. Since SC power converters are typically noisy,
due to frequent switching activities, it is desirable for the controller to be immune
to this noise. Hence, a digital implementation becomes quite attractive. In addition,
since a processor is a common core module in modern VLSI systems, the control
functions of the feedback controller can be implemented by utilizing the abundant
resources available in the processor. This mitigates the need for additional on-chip
silicon real estate, thereby minimizing the system volume and cost.

Thus, the interleaving cross-coupled SC converter employs a digital hysteretic
feedback control technique. As illustrated in Fig. 6.13, it consists of a digital
hysteretic feedback controller and a reference clock generator, to achieve closed-
loop voltage regulation. The first step involves the conversion of V, from an
analog voltage to a digital signal. This requires the design of an A/D converter.
The use of traditional A/D converter structures, such as the pipelined ADC, flash
ADC, SAR ADC, and so on are not preferred, since it occupies large silicon area,
consumes considerable power and is very sensitive to noise. Recently, ring-
oscillator and delay-line A/D converters have been reported [2]. Compared with
the traditional designs, these implementations are more area and power efficient,
since they rely on basic digital logic gates as their key building blocks.

In this converter design, a ring-oscillator based A/D converter is utilized, as
illustrated in Fig. 6.14. This is because they are more area-efficient when com-
pared to their delay-line counterparts, as delay elements are reused even within a
single switching cycle. The circuit consists of a NOR gate, four delay cells, and
one pulse counter. Each delay cell is comprised of two inverters. The pulse counter
is an asynchronous positive edge triggered N-bit counter. Note that the NOR gate
and the delay cells are powered by V.. When the “Start” signal is high, the loop
remains in a static state and the outputs of delay cells are maintained low. When
the “Start” signal goes low, the loop oscillates and a series of pulses are generated
at Vapc, with an oscillation frequency of fou. four 1S dependent on V,, as per the
expression



6.3 Practical Interleaved SC Power Converters 123

Interleaving Cross-Coupled
Charge Pump

: P

E E E QN4 Ring ]
: 5 E Q R.s ny Oscillator

: : H Latch g Sensor

E E Qna12 Ring —
§ E Q R.g r:y Oscillator

1 : Latch g Sensor

E § Qna13 Ring |4
i : Q pg R Oscillator

: H Latch g Sensor

: : Qnas|  Ring [
5 5 Q R ny Oscillator

H H Latch g Sensor

H H

: :

N
F— B ML LI |
re

QOn1Qne..
Digital | 9% [ Clock
Logic Divider Fres Qart
al

Fig. 6.13 System architecture of the digital based interleaving cross-coupled SC power
converter

VAN

Fig. 6.14 Ring-oscillator Vout
based analog-to-digital
converter
V,
NS NS NS [ Vane
D Ve i
Start
Qn-1Qn-2--- Q1 Qo
o———— Pulse Counter
N fout
Vour — Vru)
fout — ﬁ( out TH) (65)

2k X N x Cdelay X Voul7



124 6 Configuring Switched-Capacitor Power Converters

Viet Reference Clock
[ Generator
fref
> Clock Divider
Start LoM
| fes2"
Vout Ring Oscillator
T Sensor
fout Q-1 Quz-- Q1 Qo
> Pulse Counter +/—o
N
(I)reflzN J-|_|-|_
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where k and f§ are process dependent parameters, N is the number of stages in the
ring oscillator, and Cge,y is the output capacitance of one delay cell. From
Fig. 6.14, it can be observed that f,,,, serves as the control signal for the N-bit pulse
counter. Hence, by examining its output On_1,...,Qo, the digital representation of
Vout 1S Obtained.

To detect the voltage regulation error between V,,; and V¢, two identical ring
oscillator based A/D converters are used as the voltage error sensor, as shown in
Fig. 6.15. The upper ring oscillator is powered by V,.¢ and generates a clock signal
®,.r with a frequency of f,.r. This signal passes through a clock divider and gen-
erates a second clock signal (IDref/ZN with a frequency equal to fref/2N , Where N is
the number of bits in the clock divider. ®,.¢/2" is then used as the “Start” signal
for the second ring oscillator, which is powered by the output of the SC power
converter. When ®,./2" = 0, the second oscillator oscillates with a frequency of
four- This drives the pulse counter to count the number of pulses in a fixed time
period. Finally, the pulse counter generates a (N—1)-bit binary signal, On_1,...,Qo.
Based on the value of On_1,...,00, the controller can identify the error between
Vour and V¢ and thus regulate the output appropriately. In this design, Vioye < Vier
when On_1,...,00 < 10...0, Vo = Veer when On_1,...,00 = 10...0 and
Vout > Vier When On—15----00 > 10...0.

Hysteretic control has been typically employed in switch mode power con-
verters for voltage regulation [3]. Its nonlinear control mechanism makes the
closed-loop system unconditionally stable, because the control depends only on the
current-state comparison between the output voltage and one of the hysteretic
bounds and does not rely on previous states of the system. However, one of its
major drawbacks has been observed during load transients. In such scenarios, the
inductor current cannot immediately adapt to the sudden load change, thereby
leading to large output voltage ripples. However, a charge pump does not suffer
from this, due to the absence of inductive elements. When the output voltage is
higher than the reference voltage, the PMOS switches are turned off and the output
voltage drops immediately. When the output voltage is lower than the reference,
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the PMOS switches are turned on. The charge stored on the pumping capacitor is
transferred to the output, leading to an instantaneous rise in the output voltage.
Hence, hysteretic control can be applied to SC power converters to achieve fast
transient response.

The overall closed-loop operation of the SC power converter and the digital
hysteretic controller can be explained with the aid of Fig. 6.13, as follows.
Initially, the reference voltage V. is used to power a ring oscillator, in order to
generate four reference clocks, @..; (i = 1, 2, 3, 4), through digital logic gates.
These clock signals operate as the “Start” signal for four identical voltage error
sensors that are powered by V. It was seen that if V,; > V., then the On_ bit
will be 1 and for other conditions it will be 0. Thus, the On_;; bits from the
sensors can indicate if the output voltage either exceeds or is lower than V.
Hence, these bits operate as the control signal to either activate or deactivate the
charge pump cells. This is implemented through the use of simple R-S latches,
which guarantee that the charge pump is clocked when the On_ ; bits are at logic
0 and vice versa when the bits are at logic 1. To achieve a hysteretic operation, a
hysteresis window of 1-LSB of the ring oscillator A/D converter is utilized.

In conclusion, this section presents the design of an interleaving cross-coupled
voltage doubler. The use of a fully digital control technique makes the system
quite robust to noise and even device failure. The digital hysteretic control adopted
in the controller significantly enhances the transient response, and allows for easy
integration into advanced microprocessors based systems. Thus, when combined
with the design principles for the power stage, the interleaving SC power converter
can achieve optimal power efficiency, improved transient response and minimized
voltage and current ripples. It provides a very cost-effective power supply solution
for low voltage, high-performance integrated systems.

6.3.2 Case Study 2: Master-Slave SC Power Converter Design
Jor Ultra Low Power Energy Harvesting Microsensors

Advances in biomedical and wireless sensing technologies have led to the pro-
liferation of self-powered energy-efficient microsensors. These sensors rely on
advanced energy harvesting techniques to extend their operating lifetime and
improve system robustness. However, these applications operate with an ultra-low
power budget, which makes the design of corresponding SC-based power man-
agement systems highly challenging.

Firstly, as the output load power decreases to sub-mW levels or below, power loss
components that were initially ignorable for traditional designs become very critical
and should be carefully re-evaluated. Of these power loss components, reversion
loss that occurs when a high voltage node is shorted to a low voltage node, becomes
critical at very low output power levels. Secondly, in traditional SC power converter
designs, the power dissipation of the controller can be of the order of few mWs.
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However, for ultra-low power microsensors, the power budget of the entire system is
expected that be maintained below 1 mW. As a result, the power dissipation of the
controller should be scaled down to the order tens of uW or below. Thirdly, a SC
power converter normally requires many off-chip capacitors, on-chip pads and IC
pins, thereby increasing volume and cost. The resulting parasitic components can
also cause serious switching noise and glitches. However, numerous emerging
applications place considerable emphasis on system miniaturization, thereby
providing a motivation to implement a monolithic power supply.

Therefore, to address these system level challenges for ultra low power supply
designs, this section presents a monolithic SC power converter. It features a
master-slave interleaving charge pump and a feedback controller that operates
purely in the subthreshold region. The master-slave interleaving charge pump
minimizes the reversion power loss and regulates the output voltage by adjusting
the size of the pumping capacitor. When compared to the traditional duty ratio
adjustment approach, this technique benefits the converter with higher efficiency.
The subthreshold design significantly reduces the power dissipation in the con-
troller, making it quite suitable for ultra-low power microsensor applications.

Figure 6.16 illustrates the schematic of the traditional cross-coupled voltage
doubler, which is used to demonstrate the principle behind the development of the
master-slave power stage. At steady-state, the expression for the output voltage of
the voltage doubler can be written as

2V

Vour = ———o—. (6.6)
It omee

Equation (6.6) reveals that the output voltage of the SC converter can be regulated
to different voltage levels if the pumping capacitor Cp can be appropriately
adjusted. This approach, when compared to the duty ratio adjustment technique,
benefits the converter with a higher efficiency.

Based on this observation, as illustrated in Fig. 6.17, the charge pump consists
of two cells that serve as the master and slave power stages. In general, the master
cell operates at all load conditions, while the slave cell selectively works according
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Fig. 6.17 The master-slave interleaving charge pump

to the instantaneous load condition. At light load, V, is usually higher than the
desired reference level and thus a large effective pumping capacitance is not
required to boost the output voltage. A control signal Vg is thus set to “1” to turn
off the PMOS transistor Mgc, which shuts down the slave cell. The output voltage
is regulated only by the master cell, leading to power savings. During heavy load
conditions, typically V,, becomes equal to or lower than the reference level, due
to a large load current demand. The slave cell is then activated to deliver more
current to the output and increase the voltage level of V.

At the transistor level, the master cell and slave cell consists of interleaving
cross-coupled voltage doublers. For example, the master cell is controlled by a set
of non-overlapping clock signals ®y;;, @ypo, ®yp; and Pyyp. The circuit operation of
the charge pump can be explained as follows. When ®yy; = 1 and @y, = O, the
voltage nodes V, in the sub-cell M-A and Vg in the sub-cell M-B are charged to
2Vin, while V,4 and Vg stay at Vj,,. Thus, the power transistors Myoa, Mo, Mpia
and Mp;g are turned on, thereby charging the pumping capacitors Cp, 5 and Cp,p to
Vin through My, and My;g, respectively. Meanwhile, the charge stored on Cpia
and Cpp are transferred to C,, through Mp;, and Mp;g. When @y = 0 and
@\, = 1, the voltages V5 and Vg drop to V;,, while V, and V,p is boosted to
2Vi,. This turns on the power transistors Myia, Mni1, Mpaa and Mpog. The
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capacitors Cpja and Cpp are charged to V;, through My, and My;g. Capacitors
Cpaa and Cpyp pump their stored charge to C,, through Mpys and Mpyg. As a
result, the capacitor combinations Cpia, Cpip and Cpya, Cprg Operate in an
interleaving manner, to regulate the output voltage to the desired value.

During heavy load conditions, the control signal Vgc goes low, in order to activate
the slave cell. The control signals for the slave cell are identical to the respective
control signals in the master cell. Atlightload, all the control signals for the slave cell
are disabled, thereby eliminating any switching power loss and conduction power
loss in the power stage and their corresponding buffer drives. Thus, the power loss is
greatly decreased in the charge pump and efficiency at light load is increased.

To minimize the reversion loss in this design, non-overlapping clock signals are
employed to control the power switches. Hence, there exists a time duration during
which both the clocks @y and @y, are low, causing the voltages V5 and V4 to
be equal to V;,, while V5 and V,p are charged up to 2V;,. Under this condition, all
the power transistors in the master sub-cells M-A and M-B are turned off. No
reversion current can flow from Cpg and Cp,g back to V;,, or from C,, back to
Cpia and Cpya. Hence, reversion power loss is substantially eliminated.

To minimize the power loss contribution from the controller, it is operated in the
subthreshold region. In this region of operation, the current densities are very low,
resulting in a higher ratio of the transconductance to bias current of the transistor.
The drain current is exponentially dependent on the gate voltage and is given by

Vos — V-
Ip = Ipexp <gSTTH) , (6.7)
T

where Vry is the threshold voltage of the transistor, Vr is the thermal voltage and
n equals 1 + Cj/Cox, Where Cj, is the depletion region capacitance and Coy is the
gate oxide capacitance. In contrast to traditional circuits, subthreshold circuits can
be designed to operate at very low power levels, due to much lower gate drive
voltage and current densities.

For example, Fig. 6.18 depicts the low power characteristics of a traditional
digital ring oscillator and its subthreshold counterpart. Compared to traditional
CMOS digital logic circuits that have a full gate-drive voltage swing of Vi,
subthreshold circuits require a voltage swing of the order of a MOSFET threshold
voltage or even lower, thereby leading to significant power savings.

The exponential relationship between the drain current Ip and gate-to-source
voltage V,, makes the subthreshold operation very suitable for implementing
circuits that require widely adjustable parameters. To further enhance their
robustness, source-coupled logic (SCL) designs are adopted for the implementa-
tion of reliable, ultra-low power controller circuits. In such SCL circuits, each
logic gate operates at current levels of the order of tens of nAs and voltage swings
of the order of hundreds of mVs. This allows subthreshold logic gates to operate in
a low-voltage design environment, whiles still ensuring robust system operation.

In an SCL gate, the logic operation takes place mainly in the current domain.
For example, Fig. 6.19 illustrates a conventional SCL-based inverter. The logic



6.3 Practical Interleaved SC Power Converters 129

100
< 80
Z 60

Vi ey \
Vin
Veia >o_[:

Veis
VBNO_II;L ls
Veik-a L Veik-s =
3 O e B Vi
Vin- Vi
> 0 >
Sub-threshold Ring Oscillator Traditional Ring Oscillator
Fig. 6.18 Subthreshold and traditional ring oscillator implementations
Fig. 6.19 A conventional Voo
SCL-based inverter/buffer .
circuit i Load
RL% % R EA/Resistances
O
vout
o[ J
Vin

Ven O—lt l ks NMOS Switching

Network

network consists of an NMOS source coupled differential pair that steers the tail
current /gg to one of the output branches, based on the input logic levels. The load
resistance Ry converts the branch current back into the voltage domain, in order to
drive the subsequent SCL gates. Thus, the voltage swing at the output node, which
is given by Vgw = Ry X Iss, should be large enough to drive the input differential
pair, present in the subsequent stage. Based on this observation, the voltage swing
should satisfy the condition
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Vsw > knVr, (6.8)

when the NMOS transistors are in weak inversion. Here, n is the subthreshold
slope and Vr is the thermal voltage. k is a parameter that is dependent on the
CMOS process being used. Thus, the required voltage swing when transistors
operate in the subthreshold region can be as low as knVr, which is approximately
150 mV at room temperature and assuming n = 1.5 and k = 4. From Eq. (6.8), it
can be observed that the voltage swing in the subthreshold region depends only on
n and k. It is independent of the threshold voltage of the NMOS transistors. Hence,
if the load resistance can be made sufficiently high, then the switching operation of
the NMOS transistors has a very low dependence on any process variations.
Moreover, if the tail bias current Igg is higher than the junction leakage currents
and if the output impedance of the transistors is designed to be larger than the load
resistance, then SCL circuits can be effective utilized for logic design, even in
aggressively scaled deep-submicron technologies.

In the subthreshold region of operation, to effectively reduce the power dissi-
pation, the tail bias current is typically of the order of a few nA or less. Therefore, to
obtain a reasonable output voltage swing at these current levels, the load resistance
is desired to be very large, with typical values in the range of hundreds of MQ.
Moreover, this resistance should be accurately controllable, based on the current /ss.
Hence, a well-controlled, high resistivity load device with small area is required. For
this range of resistances, conventional PMOS transistors biased in the triode region
cannot be utilized, since this would lead to impractical channel lengths. To over-
come this drawback, voltage controlled PMOS load devices are employed,
as illustrated in Fig. 6.20. These PMOS devices have their drain terminals
connected to their body terminals, in order to realize a well-controlled resistor.

As the essential elements of the feedback controller, the circuit schematics of
the subthreshold R-latch and S-latch are shown in Fig. 6.21.

Figure 6.22 illustrates the flowchart of the proposed control scheme. To achieve
output voltage regulation, initially an A/D converter is employed to detect and
amplify the error between the scaled output voltage V,, and the reference voltage
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Fig. 6.21 a Subthreshold R-latch and b subthreshold S-latch

Vier- To achieve this, V-to-I converters convert the voltage levels into corre-
sponding current signals I, and I respectively. The V-to-I converters are
illustrated in Fig. 6.23, and employ a differential circuit topology that effectively
cancels out even-order harmonics and temperature/process variations. Hence, the
voltage regulation error is obtained in the form of current as

Al = Tow — Liet = gm(ﬁvout - Vref)- (69)

Following the V-to-I conversion, two subthreshold ring oscillators convert the
current difference Al into a corresponding frequency difference Af, as illustrated in
6.22. It can be observed that /¢ and I, are used to bias the two ring oscillators.
With different biasing currents, the oscillation frequency of each oscillator varies
accordingly as

fosc = kROIbias +b. (6.10)

Equation (6.10) reveals a linear relationship between the oscillation frequency and
the biasing current, making the detected voltage error also linearly proportional to
Af. This is given by

Af :fout _ﬁef = kRO(Iout - Iref) = kROgm(ﬁVout - Vref)- (611)

The linear frequency-error relationship greatly simplifies the system modeling and
circuit designs.

Following the flow chart in Fig. 6.22, the frequency error information Af is
continuously converted into the digital binary signals, with the aid of subthreshold
frequency dividers, R-S pulse counters and digital signal registers. The frequency
dividers are composed with subthreshold digital latches. Meanwhile, the syn-
chronous clock signal for the charge pump, which has frequency f;, is generated
with the aid of four subthreshold T flip-flops. The input signal for these flop-flops
is obtained from the subthreshold ring oscillator that generates f..;. Thus, the
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frequency error Af between f,,,, and f;.r is determined by R-S pulse counters that
count the number of pulses in the subthreshold ring oscillator controlled by
B x Vgou The circuit schematic of such a counter is illustrated in Fig. 6.24.

Consequently, the digital binary data D,D3;D,D,D, contains the original error
voltage information. The subthreshold digital registers then process this data and
convert it to a normalized error data B4B3B,BBy. If B4B3B,B1B, is equal to
“00111”, the controller identifies this as the steady-state since this occurs when
B x Vo is equal to V. If B4B3B>B 1By < “001117, f x V is lower than V..
The control signal Vgc will then be reset to “0”, thereby activating the slave cell.
Hence, the equivalent pumping capacitance is increased to boost V,,,;. On the other
hand, if B4B3B,B 1By > “00111”, f x V,,, is higher than V... The control signal
Vsc will be set as “17, in order to turn off the slave cell. As a result, the equivalent
pumping capacitance is reduced to lower the output voltage.

Additionally, since all the controller circuit blocks are designed to operate in
the subthreshold region, the voltage swing of each signal is very low. Hence, level
shifters are used to recover the gate control signals, which swing from 0 to V.
This allows the buffers to effectively turn on/off the power transistors in the charge
pump. Moreover, for the PMOS master/slave control switch Mgc, a high gate
control voltage level of 2V, is required to effectively turn off Mgc. Lastly, non-
overlapping gate drive buffers effectively switch the power transistors in the
charge pump. These buffer drives are designed with sufficient non-overlapping
periods, such that reversion currents are eliminated.

In conclusion, this section presents the design of a monolithic SC power con-
verter. It employs a master-slave complementary charge pump with a purely
subthreshold controller. By employing the techniques of the reversion loss mini-
mization and subthreshold operation, it provides an effective power supply solu-
tion for ultra low-power applications such as wireless microsensors.
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6.3.3 Case Study 3: Hybrid Interleaved SC Power Converter
Jor Battery-Powered Portable Applications

As portable electronic devices evolve, a commensurate increase is also observed in
transistor integration levels, on-chip system complexity and performance. Thus,
stringent design requirements and challenges are placed on the performance and
reliability of the power supply. One of the most critical reliability issues is inrush
current. For many semiconductor ICs, during power turn-on, a significant inrush
current surge can be measured, which can be of the order of a few hundred mAs or
even higher. This severely jeopardizes device and circuit reliability and perfor-
mance. In addition, to achieve power savings, modern power management tech-
niques can switch the operating mode of load devices between ‘active’ and ‘sleep’
frequently. Large inrush current is observed even under these conditions. To limit
the inrush current surge in power converters, soft-start mechanisms are usually
employed. These techniques charge up the inductor current and/or the output
voltage gradually with auxiliary circuitries such as oscillators, soft-start capacitors,
delay timers, and so on. However, the soft-start periods usually last from tens to a
few hundreds of ms, and cannot respond to quick wake-up commands and sudden
supply voltage fluctuations.

To overcome the drawback of large inrush current, the interleaving regulation
scheme was initially proposed. However, even with this scheme, modern SC
power converters continue to suffer from large inrush current surges. To demon-
strate this, consider the design of an interleaving SC power converter, presented in
Fig. 6.25a [4]. It consists of two identical sets of SC voltage doublers, which are
controlled by 2-phase clock signals @y >4 and @;p . The two voltage doublers
continuously deliver current to the output V,, in a time multiplexing manner.
Thus, compared to conventional voltage doublers, this topology can achieve much
lower output voltage ripples and switching noise and is more energy efficient. The
detailed timing waveforms are illustrated in Fig. 6.25b. As shown in the figure, the
two clock signals @554 and ®;p,p are non-overlapping and complementary.
A short dead time is inserted between ®;(;p) and ®,2p) to avoid shoot-through
current and thus reduce output switching noise. When ®,, = 1 and ®,5 = 0,
switches S35 and S4a are turned on and the top voltage doubler operates in the
discharge phase. The node V5, is charged up from ground to the input supply Vi,
to deliver the charge stored on Cp, to the output capacitor C,,.. The output voltage
Vour then approximately settles at 2V;,. In the meantime, S and S,p are closed
and the bottom voltage doubler operates in the charge phase to charge up Cp,.
Similarly, during the phase ®,g = 1 and ®,, = 0, the top voltage doubler oper-
ates in the charge phase to recharge Cp,, while the bottom doubler operates in the
discharge phase to transfer the charge on Cp, to the output. Since V;, is always
connected to one of the pumping capacitors, inrush current is reduced when
compared to conventional voltage doublers. Moreover, since both pumping
capacitors deliver current to V,,, alternatively, output switching noise and voltage
ripples are also significantly minimized. In addition, as depicted in Fig. 6.25b, a
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Fig. 6.25 Interleaved SC power converter a power stage and b timing waveforms

short “make-before-break” overlapping period is inserted between the two dis-
charge phases ®,, and ®,p to ensure continuous output current delivery and
further reduce AV,,.

Although the interleaved SC power converter in Fig. 6.25a has been an
improvement over conventional SC voltage doublers, severe inrush current and
switching noise occur during the phase transitions. In the steady state, during the
discharge phase of either pumping capacitor, the parasitic capacitance at nodes
Vaa and V,p have to be charged and discharged between ground and Vj, period-
ically. This causes a large inrush discharge current to flow into V,, through the
interleaved discharge path. As a result, this induces high di/dt switching noise.
Meanwhile, the sharp rising/falling edge of the voltages at nodes V54 and V,g, will
also be coupled to Vo, by Cp; and Cp,. This will be imposed onto the di/dt
switching noise and cause even larger variations in V. Furthermore, during the
load transient when a sudden load current change occurs, the input current /i, is
forced to change drastically to accommodate the load current demand. This causes
severe switching noise at V. Similar scenarios also occur during start-up tran-
sients, wherein a large inrush current surge will be injected into V.

To overcome the aforementioned design issues, a hybrid interleaved SC power
converter is presented in this case study, which significantly improves both the
quality and reliability of on-chip power supplies. Its architecture is illustrated in
Fig. 6.26a, from which it can be observed that the structure consists of an inter-
leaved SC voltage doubler and a cascaded linear regulator. Hence, it jointly
integrates the advantages of achieving high efficiency and fast transient speeds
from the interleaved SC power stage, along with the low output voltage ripple
characteristics of a linear regulator. As highlighted in the system architecture, the
power converter consists of an on-chip surge suppression feedback loop. It is
composed of a linear regulator that is controlled through a feedback controller. The
pass transistor of the regulator is implemented using a PMOS transistor Mp, which
is cascaded with the interleaved discharge paths. Its gate voltage is continuously
adjusted by the feedback controller based on the instantaneous load current. This
leads to source-side surge suppression caused by the load fluctuations.
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Fig. 6.26 Hybrid interleaving SC power converter a system architecture and b timing diagram

To get a better understanding on how the effect of input inrush current can be
isolated from V,,,, it was observed that the charge pump in Fig. 6.25a suffers from
large di/dt discharge currents required to charge the parasitic capacitance at nodes
Voa and Vo, To overcome this challenge in the hybrid interleaving SC power
converter,a PMOS pass device M,, is cascaded at the very front of the current delivery
path. This provides an accurate and adaptive control on the discharge current through
the feedback control loop. Since M, operates in the saturation region, sharp changes
in the discharge currents are strictly limited to a very low level by the large channel
resistance Rys. Moreover, Ry also serves as a strong ringing damper and prevents
large oscillations at V.. Furthermore, when the load fluctuates, the discharge current
can be adaptively adjusted at the source side promptly, which significantly reduces
the large current transient and di/dt noise caused by large dynamic transients.
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Similarly, the proposed technique also applies for inrush current surge suppression
during start-up periods to protect the converter from potential over-current damages.

Inrush currents can be further suppressed by employing a pre-charge mecha-
nism. Each voltage doubler employs a pre-charge path between the input and the
nodes V4 2m), in order to charge up the parasitic capacitances. To understand how
the pre-charge mechanism can be employed to suppress inrush currents, consider
the operation of the charge pump, along with its timing diagram illustrated in
Fig. 6.26b. The two voltage doublers in the hybrid interleaved SC converter are
operated with the “make-before-break” interleaving mechanism. Hence, each of
the 4 power switches and 1 pre-charge switch in one doubler are accurately
controlled by a set of phase-delayed clock signals (®j5-.4a and ®g_4p).
As depicted in the figure, when the top voltage doubler is about to switch to the
discharge phase, node V,, is charged up before turning on switch S35. Hence, a
one-shot pre-charge phase ®3;5p = 1 is first triggered, which turns on the pre-
charge switch S35p. As a result, the node V>, is charged from ground to V;,. When
D34p = 0, S34 is first turned on and after a short phase delay, Sy4 is turned on in
order to start the discharge phase of pumping capacitor Cp;. This leads to a very
smooth rising-edge transition in V, and prevents a large inrush current surge from
Vin. In addition, when the discharge phase ends and V,A needs to be discharged,
Saa is turned off earlier than S35. This protects V,,, from any noise interference.
A similar scheme is also applied to S| and S, on the charge path to reduce inrush
charge current. Hence, with the joint efforts of the on-chip surge suppression and
pre-charge mechanism, the total inrush current and output switching noise can be
significantly suppressed.

The circuit implementation of the hybrid SC power converter is illustrated in
Fig. 6.27. Based on the voltage applied to each power transistor, M ;5 and
M A 5p on the charge path are implemented with NMOS transistors, while M3, 3p
and My 4p on the discharge path are implemented with PMOS transistors. To
minimize the total power loss, the size of each power component is carefully
designed. In this design, the sizing optimization of all 8 power switches and two
pumping capacitors Cp; and Cp, is conducted using the method presented Sect.
5.3.2, to achieve a minimized total power loss. As depicted in Fig. 6.27, the two
pre-charge paths are controlled by two PMOS switches M35p and M3gp, respec-
tively. Since the pre-charge paths conduct only for a very short period before M54
or M3g is turned on, and do not deliver any power to the load, the sizes of M3ap
and M;gp are much smaller than the other power switches.

From the circuit implementation of the hybrid interleaved SC power converter,
it can be observed that the nodes V5 and Vg are switched between V;, and V
alternatively every half-clock cycle. Hence, the generation of the gate control
signals for power switches M4 15 and M4 45 can be challenging. To fully turn on
the NMOS switches M;, and M5 and to turn off the PMOS switches M, and
M,g, the logic levels of the gate control signals @ 5 and @44 45 have to be
boosted up. Hence, as illustrated in Fig. 6.27, additional internal charge pump
based gate drivers are employed. When clock signals @5 ;5 switch from O to V;,,
their corresponding boosted clock signals @ o cp and @ cp switch between 0 and
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Fig. 6.27 Circuit implementation of the hybrid interleaving SC power converter

2Vin, thereby ensuring the NMOS switches M4 ;5 can effectively turn on. Simi-
larly, the clock signals @4 cp and @4p cp switch between 0 and 2Vy,, in order to
effectively turn off the PMOS Myx 4p. Lastly, from Fig. 6.27, it can be observed
that in order to provide a sufficient voltage swing in the charge pump gate drive
circuitry and to bias the substrates of My 4p. a separate boosted voltage of Vy is
required. Hence, two additional transistors, My and Mgy are needed to generate
this boosted voltage. The size of these transistors is much smaller than the power
switches, as they are required only to power the gate drive circuits.

In conclusion, this section presents the design of a hybrid interleaved SC power
converter. The hybrid structure comprises of a dual-cell voltage doubler charge
pump, along with a linear regulator. By effectively operating the linear regulator
through the on-chip surge suppression feedback loop and through the pre-charge
mechanism, any inrush currents that would have generated noise on the input and
output nodes of the converter are significantly reduced.

6.4 Conclusions

This chapter presents the design of various interleaved SC power converters. In this
regulation scheme, the SC power converter employs a cellular architecture, wherein
alarge power stage is divided into several paralleled cells that are connected between
the input and output voltage terminals. By controlling the cells in an interleaving
manner, each cell is assigned to process a fraction of the total output power.
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Section 6.1 presents the fundamental design concepts and topologies of inter-
leaved SC power converters. The section describes how the interleaving regulation
principles, which were initially applied to switch mode power converters, can be
extended to charge pumps. This leads to several benefits such as the reduction in
the output voltage ripple and input current ripple, along with enhanced transient
response.

Section 6.2 then applies the interleaved regulation scheme to reconfigurable SC
power converters. A design of a reconfigurable multi-gain step-down SC power
converter is presented. By employing two capacitors and nine on-chip power
switches, the charge pump is capable of regulating the output voltage at five
conversion gains. Moreover, due to the use of an interleaving scheme, the
converter has improved dynamic response to provide good line and load regula-
tion. Moreover, its output reference tracking capability makes it a candidate for
DVS-based applications.

Section 6.3 introduces several case studies, which presents the design of
practical interleaved SC power converters. The first SC power converter discussed
is the dual-cell cross-coupled voltage doubler. This converter is regulated using a
digital hysteretic control scheme. The second case study analyzes a master-slave
interleaving charge pump, designed especially for ultra-low power applications.
The charge pump was demonstrated to consist of a master cell, which continuously
regulates the output voltage for all loading conditions, while the slave cell was
employed during heavy loading scenarios. Moreover, to ensure ultra low power
consumption, the entire feedback controller is designed to operate in the sub-
threshold region, making it quite suitable for ultra-low power microsensor appli-
cations. Lastly, the third case study to be presented was the design of a hybrid
interleaved SC power converter. The converter employs an interleaved voltage
doubler charge pump, along with a linear regulator in order to minimize the effects
of inrush currents and switching noise.
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Chapter 7
Switched-Capacitor Power Converter
Design and Modeling in z-Domain

In any power converter design, identifying the closed loop transfer function is
critical for the overall system design, especially for the system stability. Typically,
the power stage transfer function of switch mode and SC power converters are
modeled in the z-domain, due to their nonlinear large signal behaviors. Hence, the
focus of this chapter involves modeling SC power converters in the z-domain and
the corresponding design of control algorithms and feedback controller circuits, to
achieve efficient output voltage regulation.

The chapter begins by reviewing fundamental z-domain concepts in charge pump
circuits. Following this discussion, the chapter then presents case studies investi-
gating the designs of several SC power converters. The first converter to be dis-
cussed is an interleaving cross-coupled voltage doubler, which employs an analog
PWM feedback control scheme. By modeling the transfer function of the charge
pump in the z-domain, the feedback controller and corresponding compensation
circuits can be optimally designed to accurately regulate the output. The second SC
power converter is geared specifically for state-of-the-art ultra-low power applica-
tions. It is a step-down SC converter that employs a digital PWM control scheme.
Lastly, the third case to be investigated is an adaptive step-down converter. It
employs the principle of sensor-less line/load monitoring, which is used to imple-
ment a very cost-effective dual-loop observation based feedback controller. Each
case study will include an in depth discussion, with respect to their system archi-
tectures, power stage optimization, control schemes and circuit designs.

7.1 Fundamental z-Domain Principles

This section introduces fundamental z-domain principles required to analyze SC
charge pumps. It begins by analyzing the switching action of a single capacitor and
deriving its equivalent circuit in the z-domain. Using the equivalent circuit con-
cept, more complex charge pump circuits can be analyzed.
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Fig. 7.1 a A charge pump circuit, and b its link two-port representation

As any charge pump involves an array of one of more switches and capacitors,
the first step in understanding their operation using z-domain analysis involves
deriving the equivalent circuit of a capacitor in an SC network. To achieve this,
Fig. 7.1 illustrates a charge pump consisting of a capacitor Cp that is switched
between voltages v, and v,, during the phase ®; = 1 and ®, = 1, respectively.

Let the voltage across the capacitor at time n7, when ®; = 1 be denoted as
v1(nT) and at an immediate previous instant of time when ®, = 1 as vo((n — Y2)7).
Then, the charge Ag; flowing into Cp at the instant nT can be expressed as

Ag, = Cp [vl (nT) — v, ((n - 1/2) T)} .

Similarly, the charge that flows into the capacitor Cp during the previous half
cycle, when @, = 1 can be written as

Ag» = Cp [vz((n - 1/2) T) —vi((n— I)T)}.

Equations (7.1) and (7.2) denote the charge—voltage relationship for the capacitor
Cp. Moreover, the voltage across Cp during the phase @, = 1 is delayed by a half-
cycle with respect to phase ®; = 1. The behavior of the charge pump in the z-
domain can be examined by taking z-transform of Eqgs. (7.1) and (7.2) as given by

(7.1)

(7.2)

AQ\(z) = Cp[Vi(z) — 2 '/*- Va(2)], (7.3a)

7 AG(R) = Co[z7? Vi) — - Vi(R)] (7.3b)
Equations (7.3a) and (7.3b) can be written in matrix form as
AOi(2) | Cp —Cpz 12| Vi(2)

[AQz(Z)] N {—CPZI/Z G ] le(Z)]' 74
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Equation (7.4) represents a two-port equivalent of a capacitor in a charge pump.
It is known as a link two-port (LTP) representation [1, 2], since it links the voltages
across the capacitor Cp and the charges flowing into the capacitor during the two
phases. Equations (7.3a) and (7.3b) can also be rearranged to obtain the trans-
mission matrix representation as

v 1_[ e 2] e
|:AQ1(Z):| - lcp(l . Zf/z] {‘AQz(Z)} (7.5)

Equations (7.4) and (7.5) are utilized to characterize the link two-port. The LTP
block diagram of any pumping capacitor in a charge pump is illustrated as shown
in Fig. 7.1b. It is used to represent the charge flowing into the capacitor to the
voltages across it, in two distinct charge and discharge phases. Based on the
principle of link two-port, any SC network can be represented using an LTP
representation.

While Eq. (7.4) represents the behavior of the pumping capacitor in the
z-domain based on a matrix representation, it is possible to represent it using
circuit elements. To do so, consider Eq. (7.3a), which can be re-formulated as

A01(2) =Cp[Vi(2) — 2> - Va(2)]
=GpVi(2) =2 - GoVi(2) + 27 GpVi(2) — 2P CpVa(z)  (7.6)
=Cp(1 =27 2)Vi(2) + Coz 2 [Vi(2) = Va(2)].

Similarly, Eq. (7.3b) can be re-formulated and expressed as

AQ(z) = Co(1 — 272 Va(2) + Coz 2[Va(z) — Vi(2)]. (7.7)
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Based on Eq. (7.6) and (7.7), the equivalent z-domain circuit of the pumping
capacitor can be illustrated as shown in Fig. 7.2. While operating in the charge
phase @, the voltage across Cp is V; and the charge transferred is Ag;. In the
discharge phase ®,, the total voltage across the capacitor is V, and the charge
transferred is Ag,.

As an example, consider a capacitor connected in series between two voltages
va and v, as illustrated in Fig. 7.3a. In this network, in addition to the relationship
between the charges flowing into the capacitor and the voltages across it, due to the
series connection the charge entering the capacitor at one terminal should be equal
to the charge leaving at the other terminal. This can be expressed as

AQAl = AQBla
AQA2 = AQB2~

In Eq. (7.8), the first subscript represents the circuit node and the second subscript
represents the operation phase. This notation is employed since the LTP repre-
sentation characterizes the charge—voltage relationship for any capacitor in a
charge pump into two phases, the charge and discharge phase. In the example in
Fig. 7.3, two separate phases do not exist. However, by representing the charge
transfer mechanisms explicitly in two phases, the generic LTP representation can
be utilized. Hence, let ®; be the charge phase, with voltages V,; and Vg, across
the capacitor and @, be the discharge phase, with voltages Vs, and Vg, across the
capacitor. Then, the LTP representation of the capacitor connected in series with
two voltages is illustrated in Fig. 7.3b. Furthermore, it should be noted that the
condition in Eq. (7.8) can be satisfied using transformers to couple the voltages
across the capacitor in each of the two phases.

While the example discussed in Fig. 7.3 discussed a capacitor connected in
series across two voltages, most SC networks employ capacitors in conjunction
with switches to control the charge transfer mechanisms. Hence, Fig. 7.4 illus-
trates a simple system consisting of a capacitor connected in series with a switch.
During the phase @, = 1, the capacitor is charged from voltages v5 and vg, and it
is open during the phase ®; = 0.

(7.8)
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The equivalent LTP block diagram of the series switch and capacitor system is
illustrated in Fig. 7.5a. Similar to Fig. 7.3b, the LTP block diagram represents the
voltages across the capacitor Cp during the phase ®; = 1 as V; and Vg, whereas
it is represented through an open circuit during the discharge phase. To obtain the
equivalent circuit in the z-domain, as shown in Fig. 7.5b, the LTP block diagram is
replaced with the z-domain circuit of a pumping capacitor. Due to the open circuit
behavior during the phase ®; = 0, the z-domain equivalent circuit can be sim-
plified as

Cp(l —z712) . Gpz 12
Co(1 —z71/2) + Cpz'/2

Cp(1—27"2) + =Gp(1-z7"). (7.9)
Thus, from Eq. (7.9), the z-domain equivalent circuit of a series connected switch
and capacitor network can be represented as illustrated in Fig. 7.5c.

It is possible to employ the LTP representation of SC networks to obtain the
transfer function of charge pumps. Hence, as a final design example, consider the
voltage replicator charge pump, which is illustrated in Fig. 7.6. Similar to the
z-domain representation in Fig. 7.5, it is possible to obtain an equivalent circuit of
the voltage replicator and derive its transfer function. This is illustrated in Fig. 7.7.

Figure 7.7a illustrates the equivalent circuit of the voltage replicator in the
z-domain, using the principles of LTP. As discussed before, a LTP system is used
to represent the charge—voltage relationship for each capacitor during its charge
and discharge phases. Hence, Vi,; and Vj,, represent the effective input voltages
during the phases ®; = 1 and ®, = 1, respectively. Vi, and Vi, follow the
similar nomenclature. Since switch S; is open during phase ®, = 1 and S, is open
during ®; = 1, the simplified z-domain circuit of the voltage replicator can be
obtained as depicted in Fig. 7.7b. Using Fig. 7.7b, it is possible to obtain the
transfer functions Vg,1/Ving and Voueo/Ving as
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In conclusion, modeling the power stage of a SC converter is quite important
for the design of the overall power conversion system. Based on these principles,
advanced closed loop controller can be designed, which can be optimized for
enhanced performance, efficiency and robustness. Moreover, the principle of linear
two-port can be applied to model the transfer function of any of the previously
discussed SC power converters. However, each of the converter designs



7.1 Fundamental z-Domain Principles 147

significantly increases the circuit complexity by employing advanced principles
such as interleaving regulation, power stage reconfiguration and so on. As a result,
each of the subsequent power converter designs in Sect. 7.2 will be analyzed in the
z-domain on an individual case basis. The analysis will be carried out by
employing the fundamental capacitor charge—voltage relationships, which form
the basis of the LTP representation, discussed in Sect. 7.1.

7.2 Case Studies: Practical SC Power Converters

Following the discussion of the fundamental principles to model the charge pump
in the z-domain, this section investigates several cases in practical SC power
converter designs. The study will focus on closed loop system designs to improve
efficiency and performance. Each of the power converters discussed are designed
by considering various application-specific requirements such as efficiency, load
power, transient response, form factor, and so on.

7.2.1 Case Study 1: Interleaved Cross-Coupled SC Voltage
Doubler Design in z-Domain

The first case study presents the design of an interleaved SC power converter. As
discussed in Chap. 6, interleaved power stage topologies can reduce the output
voltage ripples and improve the load regulation of power converters. Hence, this
section investigates the design of an interleaved cross-coupled voltage doubler in
the z-domain. It employs an analog interleaving PWM control scheme to achieve
precise closed loop voltage regulation. The section first models the transfer
function of the power stage in the z-domain. Following this, the closed loop
feedback controller is designed along with its compensation circuitry.

Figure 7.8 illustrates the system architecture of the interleaved SC power
converter. The power stage is a cross-coupled voltage doubler that is regulated
using an analog PWM controller. Its closed loop operation is as follows. Initially,
Vout 18 scaled down with the aid of a resistive voltage divider. This scaled voltage
is then compared with the desired reference voltage V.. and the corresponding
voltage regulation error is determined and amplified by the error amplifier. The
output of the error amplifier is then used to determine the duty ratio of each charge
pump sub-cell. To implement this, it can be observed that the error signal is
compared with four interleaved ramp signals, which have a phase difference of 90°
between each other. The output of each comparator then generates the reset signal
for the corresponding RS latches, which determines the duty ratio of each sub-cell.

One of the major challenges in the design of the SC converter is during its start-
up transient period. During this period, the output voltage is zero, thereby leading
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to a large voltage regulation error between V,, and V.. This error is amplified by
the error amplifier, thereby causing the duty ratios generated from the RS latches
to be very close to 100 %. Hence, all four clock signals would stay high simul-
taneously, thereby preventing any of the PMOS transistors from being turned on.
Thus, none of the pumping capacitors would discharge to the output and V
would continue to stay at zero volts. In order to overcome this problem, the
maximum duty ratio of each cell is limited to 50 %. This is achieved through the
setup of the digital AND array and the ramp signals.

During steady state, V,, is well regulated by the PWM controller. If V,,,, varies
such that it becomes slightly higher/lower than the desired level, then the output
voltage of the error amplifier will decrease/increase accordingly. This leads to a
smaller/larger duty ratio to be generated by the RS latches. Hence, the charge
pump at the power stage will deliver less/more current to the output, thereby
adjusting V,,, back to its desired value.

Since the interleaved SC power converter employs an analog PWM control
scheme to achieve closed loop regulation, identifying the closed loop transfer
function of the overall system becomes critical. Based on the transfer function of
the power stage, the compensation network can then be appropriately designed,
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in order to achieve stable operation. Typically, the power stage in SC power
converters exhibit a nonlinear large signal behavior, thereby making it suitable for
z-domain modeling. On the other hand, since the controller is traditionally
designed with linear analog circuits, it is commonly modeled in the s-domain. As a
result, to model the entire closed loop gain, domain transformation is unavoidable.
To achieve this, state space averaging or other averaging modeling techniques
have been proposed to approximately model the power stage in the s-domain.
However, in the process of averaging, high-frequency poles and zeros of the
system are usually missed. To overcome this drawback, a z-domain model for the
interleaving cross-coupled charge pump is presented.

To analyze the transfer function of the cross-coupled voltage doubler, Fig. 7.9
illustrates the charge and discharge process of one charge pump cell. The charge
pump operates in a full charge mode (FCM). In this mode, the current delivered by
the pumping capacitors Cp; at the end of each switching interval drops to a very
low level, in comparison to its peak value. Since the two cross-coupled cells do not
exchange charge or power at any instant during their operation, they can be
modeled as separate elements. To derive the transfer function, first consider the
operation of the charge pump when ®; = 0 and ®; = 1, between the time instants
of (n — 1)Ts and (n — 1/2)T. In this time period, Cp, is charged to V;,, while Cp;
is discharged until its voltage drops to Vo, — Vi,. Hence, the charge stored in Cpq,
Cpz and C,, at the instant (n — 1)7 is computed as

Ql(l’l — 1)TS = Cp . Vin(}’t — I)TS,
03(n — )T, = Cp - (Vou(n — )Ty — Via(n — 1)T,), (7.11)
Qout(n - 1)Ts = Cout : Vout(n - 1)Ts

Here, it is assumed that the capacitances of all pumping capacitors are equal to Cp.
During the next phase, when ®; = 1 and ®; = 0 (between the time instants (n —
1/2)T, and nTy), Cp is discharged to V,, and its voltage drops to Vo, — Vi,. At the
same time, Cpj is charged from the input to V;,. Hence, at the instant of nT, the
charge stored in Cpy, Cp3 and C,,, are equal to

Ql(nTs) =Cp- (Vout(nTs) - Vin(nTs))y
QS(”TS) =Cp- Vin(nTs)> (712)
Qout(nTs) = Cout : Vout(nTs)~

By comparing the charge equations for the two phases reveals that the charge
transferred from Cp; to the output load is equal to Qy(n — )Ty — Q(nT;). On
the other hand, the total charge transferred from Cpz to V,, is equal to
03(nTy) — Osz(n — 1)T,. Lastly, the charge transferred from C,,, to the output load
from the time (n — 1)7 to nTy is given as Quu(n — 1Ty — Qou(nTy).

Since all pumping capacitors are assumed to be equal, each cell transfers the
same amount of charge in a switching cycle. Thus, the total charge transferred
from the pumping capacitors to the output load is doubled. According to the charge
conservation theorem, when the charge pump reaches its steady state, the total
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charge transferred to the output load should be equal to the charge consumed in the
output load resistor. This can be expressed as

2[Ql (n - 1)Ts -0 (nTs) + Q3(nTs) - Q%(n - 1)Ts} + [Qout(n - I)Tq - Qout(”Ts)]
_ TS Vout(n - I)TS Vout(nTs)]
== + )

2 Roul Rout
(7.13)

This can be simplified to

2Cp[2Vin(n — V)T + 2Viy(nTy) — Vou (nTs) — Vour(n — 1)T5]
5 |:Vout(n - 1)Ts + Vout(nTs) (714)
2 Rout Rout '

+ Cout[Vout(n - l)Ts - Vout(nTs)] =

Applying z-domain transform to the Eq. (7.14) gives

Ty Vou
B 2 Rout

2Cp [2Vin (27" + 1) = Vou (27" + 1)] + CouVou (27" = 1) (z'+1)

(7.15)
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Fig. 7.10 z-domain closed SC Converter Power Stage

loop control block diagram of .
. . n 4Cp 1+7 cht
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Thus, V,, can be expressed as

4Cp(1 + Zil)Vi

Vout = Coic p . (716)
T, P+ cur&’ﬁ _
<2Cp — Cout + m) <7ZCP—CM+% +z l)
The transfer function of the power stage can be written as
VOLII a(l + Zil)
H = = "
CP(Z) Vin b+z71 7’
here ACe
w a= ,
(2Cr — Cou+55) (7.17)
2Cp + Cout + 52—
and b= " MRou
2CP - Cout + 2Rout
The only pole in the system is located at z = —1/b < 1. For the ideal case, when

the switching frequency is infinity and z = 1, the transfer function becomes

Vout _ 2a _
Vin =1,T,=0 b+1

2. (7.18)

This is consistent with the DC conversion gain of an ideal voltage doubler.
Figure 7.10 shows the control block diagram of the SC power converter in the
z-domain. The closed loop modeling is based on the analog PWM controller. As
illustrated in Fig. 7.8, the feedback controller accomplishes three major functions:
error detection, resolution enhancement and PWM modulation. The error amplifier
detects the regulation error between V,, and V... It also provides a proportional
control that enhances the signal processing resolution and improves the regulation
accuracy. In this design, a dominant pole in the amplifier p. has to be designed
such that p. < 1, in the z-domain. Thus, the error amplifier can be modeled as

Herror (Z)

kerrorz_]
T (7. 19)

1 — Pl
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The second major part of the feedback controller is the PWM modulator. The
PWM modulator imposes the computed error onto a reference clock signal and
thus generates the instantaneous duty ratio. In the z-domain, this is modeled as

Hpwwm(z) = kewwm- (7.20)

By combining Egs. (7.17), (7.19) and (7.20), the loop gain for the entire system is
obtained as

T(Z) :HCP(Z) 'Herror(Z) ‘HPWM(Z)
- 4'akPWMkerr0r271 (1 + Zil) (721)
(I =pez H(b+zh)

From Eq. (7.21), it can be observed that the pole from the charge pump power
stage is located at z = —1/b < 1. If the pole from the error amplifier p. is designed
to lie within the unit circle, then the system is naturally stable and an additional
compensation network is not required.

In conclusion, this case study presents the design of an interleaved cross-cou-
pled SC voltage doubler, which is regulated using an analog PWM control scheme.
The accurate design of the closed loop system entails modeling both the power
stage and the feedback controller. However, due to its non-linear switching
behavior, the power stage is typically modeled in the z-domain, while the feedback
controller is modeled in the s-domain due to the use of linear analog components.
To avoid cross-domain conversion, this section jointly models both the charge
pump and the feedback controller in the z-domain. By employing an interleaving
power stage topology, it provides a very cost-effective design with low noise
performance and fast transient response for high-performance integrated systems.

7.2.2 Case Study 2: Monolithic SC Power Converter
Jor Ultra-Low Power Applications

This section investigates the design of an ultra-low power, monolithic SC power
converter for emerging self-powered applications. The major design thrust for this
converter is to implement a monolithic power supply at very low power levels,
which is capable of operating over a widely varying input and output voltage
range. These requirements impose unprecedented challenges on power regulation
systems and entails a detailed design approach at all levels, from system archi-
tecture, control techniques to circuit implementation [3].

For the power stage design, most SC power converters such as voltage doublers
achieve step-up voltage conversion. However, for many DV S-based applications, a
step-down topology is necessary. Unfortunately, step-down SC converters are not
as common and typically suffer from low efficiencies. Secondly, to achieve mul-
tiple CGs, SC power converters require many off-chip pumping capacitors, on-chip
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pads and IC pins. This significantly increases the system volume, which is
undesirable for monolithic implementations.

For the design of the controller, due to large variations from renewable energy
sources, an open-loop charge pump design does not suffice. Thus, to facilitate
accurate regulation and achieve high efficiency, the converter must employ a
feedback and/or a feed-forward controller. In addition, its output voltage is highly
preferred to be variable for DVS operations. While sophisticated feedback control
techniques exist in traditional designs, the implementation of a controller that
operates at microwatt power levels is significantly more challenging. Therefore,
based on these challenges, this section presents a SC power supply for emerging
low-power applications. It features an efficient step-down charge pump and a
subthreshold-region DPWM digital feedback controller. To enhance the efficiency,
the switching frequency of the converter is programmable based on the instanta-
neous loading conditions. In contrast to traditional pulse-frequency modulation
(PFM) control, which exhibits a random noise spectrum, the switching noise
spectrum in this design remains discrete and predictable. The section also dis-
cusses the system architecture, circuit implementation, along with a design strat-
egy and optimization technique to implement an efficient power converter.

Figure 7.11 illustrates the system architecture and the timing diagram of the
step-down SC power converter with sub-threshold DPWM feedback controller.
With reference to the timing diagram in Fig. 7.11b, the charge pump is operated in
two complementary phases—the charge phase when ®; = 1 and ®, = 0, and the
discharge phase when @, = 1 and ®; = 0. In the charge phase, the PMOS power
switches Mpy, Mp,, Mps and Mp, are turned on by the gate control signals @ and
®p  which are generated by the non-overlapping gate drive buffers. This action
creates two charge paths to charge the pumping capacitors Cp; and Cp,. From
Fig. 7.11a, it can be observed that the pumping capacitors are connected in parallel
between the input power supply and the output nodes. As a result, Cp; and Cp, are
charged to a voltage Vi, — Vou

During the discharge phase, the switches Mp;, Mp,, Mp; and Mp, are turned off,
while the NMOS switches Myg and My7 and the PMOS switch Mps are turned on
by the gate control signals @y and Pp. Accordingly, a discharge path is formed and
the two pumping capacitors are connected in series across Co,.. The load is isolated
from the input power supply Vi,, and is powered solely by Cp; and Cp,. Note that if
Cp; and Cp, are identical, the voltage across each of the capacitors will be equal to
Vou/2 at the end of the discharge phase. When the charge pump reaches the steady
state, if Cp; = Cpy = Cp, Vo 18 equal to

2V

T,
3 + RouCp

Vou = (7.22)

In Eq. (7.22), if T/RyuCp < < 3, Vour = 2/3Vj,. Hence, a 2-to-3 step-down volt-
age conversion is obtained.

The optimization of the step-down charge pump is paramount, especially at
ultra low power levels. Power loss components that are typically ignorable have to
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be considered, in order to improve the efficiency of the converter. This can be
achieved by studying the charge flows illustrated in Fig. 7.12.

For a SC power converter, the power loss in the charge pump usually dominates
the total power loss of the entire system and has to be minimized to achieve high
efficiency. As discussed in Chap. 4, the power loss in the charge pump is mainly
comprised of the conduction loss and switching loss of the power transistors, the
conduction loss due to the ESR of the pumping capacitors and the charge redis-
tribution loss. To design the power stage, as discussed in Sect. 5.3.2, the minimum
channel length allowed by the process technology, L, is typically employed.
Moreover, for simplicity all the power transistors are sized so that their turn-on
resistances are equal. Note that due to the difference of the overdrive voltages, the
optimized width of each transistor may not be the same, as shown in Table 7.1.
W, represents the normalized width for the power transistors and the terms k,, and
kg are defined as k,, = p/y and kg = Lipin/(1p,Cox Wopy). In order to maximize the
efficiency, the optimized width of the power transistor, W,,, should meet the
criteria, OPp o /OW = 0, where Py, is the total power dissipated in the charge
pump. Once W,,, is determined, the sizes of all the power transistors are uniquely
defined by Table 7.1. With a similar technique, the optimal switching frequency f;
of the converter can be determined by solving 0Py /Ofs = 0.

A closer look at the power stage operation indicates that in order to vary Vi,
the related RC charge time in the charge path (for example, the path consisting of
Mp,, Cp; and Mp; in Fig. 7.12a) should not deviate significantly from 7/2. If the
charge time is too short and the required output voltage needs to be lower than
2Vin/3, the turn-on time of Mp; and Mp, (DT,) will be even shorter. This implies
that the entire closed loop system should be capable of responding very quickly
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Table 7.1 Optimization power transistor parameters

Power transistor ~ Overdrive voltage Width Length  Turn-on resistance

Ml Vin - IVTle Wopt Lmin kR/(Vin - |VTHpI)

M2 Vin - IVTle vvnpt Lmin kR/(Vin - |VTHpI)

M3 Vin - IVTle 2Wopl Lmin kR/Z(Vout - |VTHp|)

M4 Vin - IVTle 2Wopt Lmin kR/Z(Vout - |VTle)

MS Vin - IVTle 2Wopt Lmin kR/Z(Vout - |VTHp|)

M6 Vin - Vout/2 - VTHn 2 kuwopl Lmin kR/Z(Vin - Voul/2 - |VTHp|)
M7 Vin - VTHn kuWopt Lmin kR/(Vin - vTHn)

and would require very high speed circuits. On the other hand, if DT is longer than
the charge time, the capacitors Cp; and Cp, would be fully charged, thereby always
maintaining Vg, at 2V;,/3. Furthermore, if the charge time is longer than 7i/2, the
voltage levels near the upper limit of 2V;,/3 would be unachievable. As a result,
this places new design constraints on proper transistor sizing, selection of the
pumping capacitors and the switching frequency f;.

According to Fig. 7.12a, if KVL is applied to the charge path of the charge
pump, then

d

Cpi E(chl(t)) - (Ront + Ron3) + Ver1 () = Vin — Vour, (7.23)

where the Vp(¢) is the voltage across the capacitor Cpy, Ry, and R,,; are the
turn-on resistances of power transistors Mp; and Mps. Solving Eq. (7.23), Vcp(?) is
obtained as

t

Ve (1) = (Vin = Vou) |1 = € Bl | = (Vg = Vou) (1= €7%), (7.24)

where the time constant 7. can be defined as

2CP] Lmin

= (Ron1 + Ron2) - Cp1 = )
Tc ( onl 0“2) Pl ,uPCOxWopt(Vin - |VTHP|)

(7.25)

Based on the charge requirements discussed above, in this charge pump 7. is
designed to satisfy the condition

T, T,
53 < s 7.26
10 -"f=73 (7.26)

Since it takes the charge pump three time constants to reach 95 % of the fully
charged voltage value, the period 37 is employed in Eq. (7.26) to define the duty
ratio boundaries. Accordingly

1ot

2
307, 61’ (7.27)
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12fCpLiin 48fsCpLnin
< Wope < .
,uPCOX(Vin - |VTHp‘) = o= ,uPCOX (Vm - |VTHp|)

(7.28)

Hence, Eqs. (7.27) and (7.28) offer another design guideline in identifying the
optimal values for W), and f.

To determine the size of the pumping capacitors, from the charge flows
depicted in the Fig. 7.12, the total net charge on the pumping capacitors Cp; and
Cp, should be equal to the net charge in the load capacitor C,, leading to

VOU
2CP (Vm - Vout) - Tl = CoutAvout- (729)

AV is the output ripple voltage and is defined as
AVout = Vout+ — Vour—- (7-30)

Vourr and Vo, are the output voltages during the charge and discharge phases,
respectively. The total energy transferred by the pumping capacitors to C,, in each
switching cycle is then given as

1
Eanster = E Cout (V(%UH_ - ng_) . (73 1)

If AVyy < < Vous then (Voue + Vowe) & 2Vou, Eq. (7.31) transforms to
Elransfer ~ oulVoulAVOut~ (732)
In a switching cycle, the energy consumed by the load is

V2
Eg = =2, 7.33
A 739
In the steady state, the energy transferred from the two pumping capacitors to Coy,
should be equal to the energy consumed by the load. Hence, by equating Eqs.
(7.32) and (7.33), the value of Cp can be obtained as

V()llt
Cp = . 7.34
F (ZVin - 3Vout) : Routf:% ( )
Similarly, the load capacitor can be determined as
Vout
Copt = ——n——. 7.35
T AVouRouds (733)

Note that although the power transistors and capacitors are optimized separately,
they are correlated in determining the charge and discharge time constants.

As illustrated in Fig. 7.11, the SC power converter operates as a closed loop
system. This guarantees that the duty ratio of the clock signal is tuned to accurately
regulate the output voltage during load variations and due to the presence of
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parasitic components. Moreover, a variable output power supply is highly desir-
able, especially for DVS-enabled low power VLSI systems. To facilitate a variable
Vour» the duty ratio of the power switches is modulated, so that the amount of
charge flow can be adaptively controlled to obtain the preferred output voltage
level. Accordingly, a digital pulse width modulation (DPWM) control technique is
employed to modulate the duty ratios of the power transistors Mp; and Mp,. This is
illustrated in Fig. 7.11b, where the gate control signal @, is modulated and remains
high for a time period of DT in the charge phase ®;, while the other control
signals remain unchanged. However, before the controller design can be studied, it
is necessary to develop the transfer function of the power stage. With the aid of the
transfer function, critical controller circuits such as the compensation network can
then be designed.

To obtain the transfer function in the z—domain, first consider the charge phase,
as illustrated in Fig. 7.12a. During the charge phase ®, the voltage across each
pumping capacitor is equal to Vi, — V,, and the voltage across the output
capacitor C,y is equal to V.. Hence, the total charge stored in the charge pump
during @, at the instant of (n — 1)T; is given by

Q(l’l - 1)T< - ZCP[Vm(n - I)TQ - Vout(n - 1)T9} + Coutvout(n - I)TQ (736)
Similarly, during the discharge phase ®,, the total charge stored in the charge
pump is

O(nT,) = 2C» G vom(nTs>> + CouVoulnTy). (7.37)

From the charge conservation theorem, when the charge pump reaches its steady
state, the total net charge on the pumping capacitors Cp; and Cp, should be equal
to the charge consumed by the load R, This can be expressed as

Q(nT, — T,) — Q(nTy) = = R R

z |:V0ut(nTs - Ts) + Voul(nTs) ) (738)

Substituting Eqgs. (7.36) and (7.37), Eq. (7.38) transforms to

2Cp[an(l’l - 1)Ts - Vout(n - I)Ts] + CoulVoul(n - l)Ts - (CP + Cout)vout(nTs)
_ 5 Vout(n - l)Ts + Vout(nTs):|
2 Rout Rout '

(7.39)

Applying z-domain transform to Eq. (7.39) gives

2C'P(Vin - Vout)Zil + CoutvoutZ7l - (CP + Cout)Vo Vout (271 + 1)

(7.40)

_ S
ut —
2Rout
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Therefore, V,,; can be denoted as

2CpVinz !
Vou = - - - . (7.41)
(Cr+ Cou+325) = (Cou = 2Cp — 55 ) 2!
The power stage transfer function can thus be represented as
Vout aZ71 a

Hep(z) = =—=— 7.42
cr(2) Vin 1=0bz7! z-b’ (7.42)

e _ Cou—2Cr—

where, a = GG and b = Tl

From Eq. (7.42), it can be seen that the power stage has one single pole in its
transfer function. As long as a second low frequency pole is not introduced by the
controller design, the power converter is stable and does not require additional
compensation. This leaves large design margins for regulation accuracy
enhancement and low power design. To verify the validity of this derivation, when
the switching frequency in increased to infinity, the CG in the transfer function is

2¢C
Vou[ _ a _ P/CP + Cout — % (743)
Vin z—Db =17=0 1— Cout — 2CP/CP 4 Cout 3

which is consistent with the result previously derived.

The z-domain model for the SC power converter can also be derived for the
closed loop DPWM feedback controller. Its corresponding system flow chart and
block diagram are illustrated in Fig. 7.13. The controller fulfills three major
functions, error processing, error amplification with a proportional control and
DPWM duty ratio determination. As illustrated in Fig. 7.13a, the voltage regula-
tion error between V,, and V¢ is determined by the error processor by converting
the voltages into corresponding currents signals. These currents are transferred into
the frequency domain, based on which the error is finally represented as digital
value. The computed error can be modeled as

De(Z) = kROngsVe(Z)a (744)

where kro represents the current-to-frequency gain of the ring oscillator, g, is the
transconductance of the voltage-to-current converter and V.(z) = Vou(2) —
Viet(z)-The transfer function for the error processor can then be modeled as

HEP(Z) = kROngs~ (745)

To enhance the processing resolution and improve the regulation accuracy, a
proportional controller is included in the feedback loop. As illustrated in
Fig. 7.13a, this process amplifies the error signals from n 4 [ bitston + k + 1
bits. It is modeled as
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Fig. 7.13 a System control flow chart and b z-domain control block diagram

Hpc (Z) = kp. (746)

Another major part of the feedback controller is the digital pulse width modulator.
This block is responsible for modulating the pulse width of the gate control signals,
based on the instantaneous error signals. To maintain a high signal processing
resolution (n + k + [ bits), when V. is converted into its corresponding digital
signal, it is also amplified to n + k + I bits. Hence, the DPWM can be modeled as
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Hppwm(z) = kppwm. (7.47)

As illustrated in Fig. 7.13b, the closed loop gain of the entire system, after
combining the feedback controller with the power stage is obtained as

T(z) =Hppwm(z) - Hpc(z) - Hep(z) - Hep(2)
a (7.48)

— b’

=kppwmkrkrogmT ;

Another important feature of the DPWM controller is its capability to adjust the
switching frequency of the power converter, with respect to the instantaneous
loading condition. When the converter has to deliver large power or generate a
high output voltage, a higher switching frequency is employed to ensure fast
transient response and low output voltage ripple. However, when the load becomes
very light, the switching frequency is reduced to minimize the switching loss and
obtain high efficiency. It should be noted that although the switching frequency is
variable, this operation scheme is different from PFM which has a random,
unpredictable switching noise spectrum and is thus not preferred in many noise-
sensitive applications. Instead, in this design, the switching frequency is varied at
multiples of the fundamental frequency. Hence, the switching noise spectrum
remains discrete and predictable.

In conclusion, this section studies a new monolithic step-down SC power
converter design. With the subthreshold controller and frequency programmable
DPWM regulation scheme, the power consumption and signal processing speed
are adaptively optimized. The fully on-chip implementation significantly reduces
system volume and switching noises. The number of I/O pins and on-chip bonding
pads as well as parasitic components is significantly reduced. Thus, this design
provides an effective solution for new generation, monolithic power supplies for
self-powered devices.

7.2.3 Case Study 3: Adaptive Step-down SC Power Converter
with Observation-Based Line-Load Regulation Control

While the first type of SC power converter discussed was specifically designed for
ultra-low power, monolithic implementations, this case study presents an adaptive
step-down SC power converter with features such as superior line and load regu-
lation and DVS capability [4]. The power converter employs the concept of the dual-
loop, observation-based (OB) line and load sensing to provide robust line regulation
for an unstable input power source and tight load regulation on output ripple and
transient dynamics. Moreover, in contrast to conventional designs, the OB con-
troller avoids the use of additional sensing circuits, thereby saving on power and
silicon area of the overall system. Instead, the OB controller relies on purely
switched-capacitors circuits, to form a consistent z-domain circuit environment in
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Fig. 7.14 System block diagram

the entire closed loop. This further simplifies the accurate system modeling, by
preventing the need for cross-domain conversion. Thus, this section discusses the
complete system architecture, z—domain modeling, control algorithms and circuit
implementations of the adaptive step-down SC power converter.

7.2.3.1 Charge Pump Modeling and Design

Figure 7.14 illustrates the system architecture and timing diagram of the SC power
converter. It consists of the step-down SC power stage, an OB line/load sensor, a
half-clock double-sampled (HCDS) SC A/D converter, a dead-time controlled
buffer and a non-overlapping clock generator. The power stage achieves a 2/3 step-
down voltage conversion.

In the OB controller, a cost-effective SC sensing device is employed to sense
variations in the input source V;,, the regulated output V,,,, and their corresponding
reference voltages, Vier and V. simultaneously. This combined design has
notable advantages over other conventional multi-loop regulation schemes. Firstly,
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it saves the power consumption and silicon area due to additional complex sensing
circuitry used in the multi-loop regulation techniques. Secondly, the design
complexity is significantly reduced since it employs a single operational amplifier
as the only critical analog circuit block. Moreover, this module is fully designed in
the discrete z-domain, with the implementation of the switched capacitor circuits.
Hence, very accurate signal processing can be achieved due to its discrete sam-
pling behavior.

To increase the sampling speed and simplify the design requirements on the
amplifier, a HCDS scheme is employed. If a conventional A/D converter requires a
signal to be sampled at a frequency of f.y, the comparator and its corresponding
clock signal should also be operated at f.,. However, this design only needs a
clock frequency of f /2 and a slower comparator. In other words, with the same
circuit modules, the proposed scheme doubles the sampling resolution.

Figure 7.15 illustrates the circuit implementation of the SC power stage.
It employs seven power switched to achieve a 2/3 step-down voltage conversion
with high efficiency. In each switching cycle, it operates in two phases, the charge
phase ®; and the discharge phase ®,. As shown in Fig. 7.16a during @,
(“0” effective), the PMOS switches Mp,, Mp,, Mp; and Mp, are turned on.
The pumping capacitors Cp; and Cp, are connected in parallel between V;, and
Vour- As a result, each pumping capacitor is charged to a voltage level Vi, — V.
During the discharge phase @, (“0” effective) illustrated in Fig. 7.16b, the
switches Mps, Mye and My; are turned on, while Mp;, Mp>, Mp; and Mp, are
turned off. Hence, Cp; and Cp, are connected in series across V.. The stored
charge in Cp; and Cp, is then transferred to Cgye and Ry

As it can be observed from the following discussion, since C,,, is charged in
both phases, the output voltage ripple is smaller. Also, since the discharge current
is sourced from the ground during ®,, the output current 3/2 times of the input
current. This current multiplication improves the efficiency of the converter even
when there is a large dropout between V;,, and V.. Note that, although ®, and ®,
are in phase, a non-overlapping period tp is introduced to avoid shoot-through
current between the switches.

The next step in the design of the step-down SC power converter involves
modeling its power stage. As illustrated in Fig. 7.16a, during the charge phase
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@, = 1, voltage across the pumping capacitors is equal to Vi, — Vi, while the
voltage across the output capacitor is V. Thus, the total charge stored in the
power stage Q. is given by

Qch :2CP . [Vm (t) - Vout(t)] + Cout . Vout(t)

=2Cp - Vin(t) + (Cout — 2Cp) - Vour(1). (7.49)

During the discharge phase, as shown in Fig. 7.16b, the voltage across each of the
pumping capacitors is V,/2, while the voltage across Co, is V.. Hence, the total
charge in the power stage during the discharge phase Qg i

Quch =2Cp - E Vour(f + Ts):| + Cout - Vou(t +T5) (7.50)
=(Cp + Cout) - Vou(t + Ts).
According to the charge conservation theory, in steady state, O, = Qgch, thus
(Cp + Cout) - Vou(t + Ts) = 2Cp - Vi (1) + (Cout — 2Cp) - Voui(2). (7.51)
Equation (7.51) can be solved for V. (t + T;) as

Vour(t + T5) = a - Vin(2) + b - Vou (). (7.52)
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h 2Cp db Cout — 2Cp
where, « = ————— an =
Cp + Cout Cp + Cout

For the next switching period, the same equations can be applied to formulate V,,,,
as given by

Vout([ + 2Ts) =a- Vin(t + Ts) +b- Vout(t + Ts)a
=a- Vin(t + Tq) +b- [a : Vin(t) +b- Vout(t)] (7'53)
=a- (14 b)Vin(1) + b* - Vou(1).

For the nth switching cycle, the expression for V,,, can be written as

Voult+nT) =a- (L+b+b*+ ...+ 1" " )Vin(t) + 5" - Voul(t). (7.54)

Asn — o0, b" — 0. Then the polynomial from of 1 + b + b* + ... = 1/(1 — b).
Hence, the CG can be determined as
26
Vout __a CP+goul _ g (7 55)
T 1 _p Cou—2Cp :
‘/ln 1 b 1 - C(!L\lJrCPP 3

To obtain the z—domain model of the charge pump, similar to the time domain
analysis, during the charge phase, the voltage across the pumping capacitor is
Vin — Vour and the voltage across the output capacitor is V.. Therefore, the total
charge stored in the power stage during charge phase Q. is

Qch(n - I)Ti :2CP : [Vm(n - 1)T§ - Vout(n - I)Ti] + Cout : Vout(n - l)Ti
=2Cp - Vin(n — D)Ts + (Coue — 2Cp) - Voue(n — 1)Ts.
(7.56)
During the discharge state, the voltage across each pumping capacitor is V,/2,

while the voltage across Coy is Vo Then, the total charge in the power stage
during the discharge phase is

1
Ts) =2Cp - | = Vour(nT. Cout - Vour(nTy
Qdch(n s) P |:2 ot(” s)] + Cout ot(n s) (757)
:(CP + Cout) : Voul(nTs)~
According to the charge conservation theory, Qc,(n — 1)Ty = Qgcn(nT), thus

(CP + Cout) . Voul(nTs) =2Cp - Vin(n - 1)Ts + (Cout - 2CP) . Vout(n - 1)Ts~
(7.58)

Applying the z-transform to Eq. (7.58) gives
(Cp + Cow) * Vour = 2Cp - Vin - 2 + (Cou — 2Cp) - Vour - 2 - (7.59)

Equation (7.59) can be written in terms of V, as
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This can be written in the form of

Vouw =a- Vin - 171 +b- Vou - Zil- (761)

2CP Cout - 2CP

where,a = ——— and b= ———.
CP + Cout CP + Cout

From Eq. (7.61), the transfer function of the power stage can be obtained as

Vout 0171 a
o _ " 7 7.62
1% 1—-bz7' z-b (7.62)
From Eq. (7.62), it can be observed that the power stage is a single pole system.
Moreover, since b = (Cyy — 2Cp)/(Cp + Coyp) < 1, the pole lies within the unit
circle in the z-domain.

7.2.3.2 Closed loop System Operation and Control Scheme

This section discusses the detailed control scheme and circuit implementation of
the dual-loop OB feedback controller. The control scheme accurately regulates the
output voltage, while the dual loop topology jointly ensures tight line and load
regulation.

The block diagram of the OB feedback controller is illustrated in Fig. 7.17 and
consists of the error sensing module, a half-clock double-sampling (HCDS) A/D
stage, and a clock modulator. The basic operation of the controller is as follows.
Firstly, the error sensing module samples the error present in the input power
source Vi, and the output voltage V,,, by comparing them with their corre-
sponding input reference V;.r and the output reference voltage Vs, respectively.
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The error sensing module then generates an integration signal Vy, which contains
the sensed error information present in both the line and load voltages. Vy is then
sent to the HCDS A/D stage and is further processed into a digital signal V. This
digital output signal then controls the switches in the charge pump, in order to
provide the desired voltage regulation.

From Fig. 7.17, it can be observed that the error sensing module and the HCDS
A/D converter both employ non-overlapping clock signals @, and @y, in order to
sample the error voltage and convert them into corresponding digital signals.
These oversampling clocks are generated by the clock modulator and sent to the
overall system. The clock modulator also generates a reset clock ®g, which sets
the switching frequency of the power stage by resetting the Vy signal in the OB
error sensing module. The circuit design and theoretical analysis of the proposed
OB based error sensing module is explained next.

The circuit diagram of the error sensing module in the OB feedback controller
is shown in Fig. 7.18. The circuit design is implemented only with switched-
capacitor circuits. The SC load error sensor, the output reference sensor and the SC
line error sensor are implemented with three non-inverting double-sampled SC
integrators. The output of all the three sensors are then combined with the aid of
one output block, which consists of an op-amp, the integration capacitor Cs, and
the reset switch.

The operation of the OB error sensing module is as follows. Firstly, the output
reference voltage V¢ sets the nominal slope of the output Vs, in the output
reference sensor. If a voltage regulation error exists in either Vi, or V., these
errors are immediately sampled by the SC line and load error sensors and is then
propagated to the output V. The amount of voltage error will change the nominal
integration slope and will generate the appropriate switching activity in the power
stage. The theoretical analysis of the OB error sensing is given as follows.

As illustrated in Fig. 7.18, the fundamental circuit of the OB error sensing
module is the double-sampled SC integrator. To understand its operation and
derive its transfer function, first consider the operation of a basic non-inverting
integrator illustrated in Fig. 7.19. From the circuit schematic of the integrator, it
can be observed that it consists of two major blocks. The first is an input block that
is responsible to sample input voltage levels, followed by the output block that
transfers the sampled voltage to the output load capacitor. To derive the z-domain
transfer function of the complete system, the voltage to charge transfer function of
the input block, in the form of Q/V,,, is initially derived. Second, the charge to
voltage transfer function, V,,/Q, for the output block is derived. Then, by mul-
tiplying the two transfer functions, the transfer function of the entire system is

obtained as
Q Vout Voul
— - = . 7.63
(w ) ( 0 ) v (7.63)

Thus, to obtain the transfer function of the input block, consider Fig. 7.20,
which illustrates the input block for the non-inverting SC integrator. Node X is the
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input node, while node Y is the output node and voltages Vx and Vy are their
corresponding node voltages. It can be observed that during the sampling phase,
@, is high. Thus, the switches S; and S, are turned on, allowing the capacitor C; to
charge up to the voltage Vx. During the transfer period, @, is low and @ is high.
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This turns off the switches S; and S, and turns on the switches S3 and S4. As a
result, the bottom plate of the capacitor is grounded. However, C; still holds the
voltage Vy, thereby generating negative charge on the top plate of the capacitor.
Since the capacitor plate at node Y produces negative charge, the charge equation
Q/Vy, should be positive since the input block will subsequently transfer the charge
to the output with charge conservation nature. Hence, the charge equation for the
input node can be written as

(7.64)

The term z~' in Eq. (7.64) is present since a delay of one clock cycle is generated
due to the sampling action.

As illustrated in Fig. 7.21, the output stage of a SC circuit is typically realized
by an op-amp with a negative feedback capacitance. Assuming the ideal behavior
of the op-amp, its input impedance is infinite, so all the current from the input
block flows to the feedback capacitor C,. The discrete-time charge transfer model
can be expressed as a difference equation given by

Qout(nTs) = Qout(n - I)TS + QY(”TS)- (765)

QOou 18 the charge stored at the output and Qy is the amount charge transferred
from the input block to the output stage. Applying the z-transform to Eq. (7.65)
gives

out = Qout -2 + Oy. (7.66)
The voltage-charge equation can thus be obtained as

C2V0ut = C2V0ul : 271 + QY~ (7.67)
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As a result, Vy,/Qy is given by

VOut _ 1
Oy GC(1—z71

Therefore, the transfer function of the non-inverting SC integrator can be written as

Vout _ & . Vou[ _
Vx Vv Oy

Based on the operation of the traditional non-inverting SC integrator, the
operation of the double-sampling SC integrator can be realized. From Fig. 7.22, it
can be observed that the input sampling stage of the integrator is very similar to
that of the traditional non-inverting SC integrator. However, it contains two charge
transfer paths that are connected in parallel and are operated in a complementary
manner with respect to each other. For example, when the signal @, is high, the
capacitor Cy, is charged to input V;,, while the capacitor C,y transfers the charge
stored from the previous phase to the output capacitor C,. Correspondingly, when
@, is high, Cy transfers the stored charge to C,, while Cyp is charged to Vj,. In
this manner, it can be observed that during each clock cycle, the input voltage V;,
is effectively sampled twice. Moreover, a delay of half clock cycle exists due to the
sampling nature of the circuit. Therefore, if Cio = C;g = Cj, the z-domain
transfer function for the double-sampling SC integrator can be written based on
Eq. (7.69) as

(7.68)

,1) . 1 :g 271
G-z G (1-z7Y

(Cy-z (7.69)

Vout - Q ) 271/2
Vin Cy (1—z712)

(7.70)

In Eq. (7.70), it can be observed that the unit delay term z ' is modified to z~ /2

due to the half clock cycle delay, as a result of the double sampling nature of the
SC integrator.

Based on the fundamental understanding of the double-sampling SC integrator,
the transfer function of the OB error sensing module can now be obtained. First
consider the output reference sensor, which samples the voltage V.. This circuit
employs a sampling capacitor Cr and a feedback capacitor Cy, as illustrated in
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Fig. 7.18. Hence, the expression for the output voltage that is contributed by the
output reference sensor is given as

Cr 712

=— ——— Vet 7.71
Cs (1—z717) ' ( )

VZout_ref (Z)

Similarly, the z-domain expression for the SC load error sensor is given as

CEout ) Z_l/z
CZ (1 — 271/2)

VZload_error (Z) -

(Voref - Vout)~ (772)

It can be observed that the effective input voltage for the load error sensor is
Voret — Vour since the voltage V¢ is sampled during the sampling phase, while
Vout 18 sampled during the transfer phase of the SC integrator. Lastly, the z-domain
expression for the SC line error sensor is given as

CEin 171/2
= 'm(‘/iref — Vin). (7.73)

Vline _error (Z)

When the Egs. (7.71), (7.72) and (7.73) are combined, the total integration output
Vs(z) can be obtained as

CEout 72 Cr 2 CEin
V. = P EEET,IN vore - Vou ~ 1 __1h\ Vore —
x(2) Cy (1—1’1/2)( f t)+CZ =) £+ .
2
'm(viref — Vin). (7.74)

If the voltage error Vi — Voyu is represented as Vioy and Vier — Vi, is repre-
sented as Vgi,, Eq. (7.74) can be expressed as

_ % . CEout
Cs Cr

271/2 CEkin 271/2

Vs(2) (=) " ¢ (1—2%)

VEout + Voref) : VEin- (7.75)

Equation (7.75) can be re-written as

Cr 2 2

Vz(z) Cs (Goe Veout + Voret) -—(1 — + Giine VEin -7(1 ) (7.76)

Gpc is the DC gain of the feedback load regulation loop and Gy;;, is feed-forward
line regulation gain. When no error exists, Vgoy = VEgin = 0. Then, Eq. (7.66)
becomes

C 72
VZ(Z) = “R. Voret

Cy m (7.77)
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Fig. 7.23 z-domain model of the SC power converter with the OB feedback controller

Since V¢ is a fixed value, the integrator slope is determined only by a capacitor
ratio of Cr/Cs. Thus, Cgr/Cy is the nominal gain of the integrator, H. Finally, using
all the derived and defined terms, the analysis is summarized as follows.

T
(1 —z712)’

where H = Cr/Cs, Gpc = Cgou/Cr and Gjine = Cgin/Cs. All the 77! delay terms
are reformed to z~ ' due to the double-sampling architecture. Equation (7.78)
shows that the OB error sensing module provides the integration output Vs, which
contains the error information related to the line and load signals. This integration
signal is then reset by the reset clock ®g, which also determines the switching
frequency of the power stage. The reset is achieved by connecting the integrator’s
output node to the virtual ground, as shown in Fig. 7.18. Moreover, the sampling
frequency of @, and @, of the OB error sensor module is much higher than the
switching frequency f; of the converter. As a result, it allows the OB error senor
module to respond to variations faster and with higher resolution.

Based on Eqgs. (7.77) and (7.78) the complete z-domain model of the SC power
converter is illustrated in Fig. 7.23 and is used to design the OB feedback con-
troller. The OB feedback controller takes V;, and V,, as inputs for line and load
regulation error generation. The generated errors Cein'Z "*(Viret — Vi), Crourz~
2.(Voret — Vou) and the reference signal Crz * Voo are then weighted,

VZ(Z) =H- (GDCVEoul + Voref + GlineVEin) . (778)
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Fig. 7.24 Operation waveforms of the OB feedback controller

summed and integrated by the summing integrator. The output voltage of the
integrator Vy is then digitized by a SC HCDS A/D converter, with a reference
quantization voltage V.

Figure 7.24 shows the operation waveforms of the OB feedback controller,
which achieves dual loop voltage regulation in the SC power converter. Its detailed
operation is as follows. The operation of the controller is separated into two ‘reset’
and ‘sensing’ states. The SC charge pump mainly has two operating phases, the
charge phase and the discharge phase. In the charge phase, the pumping capacitor
is charged based on the amount of energy that should be delivered to the output. In
the discharge phase, the pumping capacitor must be fully discharged in order to
transfer all the energy to the output. If any charge remains on the capacitor during
the discharge phase, then it is lost. This will result in a reduced efficiency of the SC
converter. As a result, the charge period of the converter is equal to 50 % of the
switching period. If the charge period exceeds 50 % of one switching cycle, the
capacitor cannot be fully discharged since the charge time exceeds the discharge
time. As a result the reset period is set to 50 %, which is the minimum period
required in the discharge phase.

As illustrated in Fig. 7.24, the operation point that determines the switching
actions in the charge pump is set by the voltage V. During the steady state,
without any errors in the input power source or the regulated output voltage, Vs
takes 25 % of the clock period Tjominal t0 reach the quantization level V. As a
result, the length of the discharge period is 0.75T,omina;, While the charge period
lasts for 0.25T,omimar- Thus, the 25 % duty ratio that is applied to the power stage
performs the required voltage regulation. Secondly, consider the case where line
and load variations exist in the system. Line and load errors have a negative
coefficient. As a result, when V;, > Vj.s and when V> V., the integration
slope is decreased. Hence, it takes a longer time for Vg to reach the quantization
level, which leads to a smaller duty ratio (“0” effective). When V;, < Vs or when
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Vout < Vores, the integration slope is increased. Thus, it takes shorter time for Vy to
reach the quantization level, thereby generating a larger duty ratio. Lastly, if the
voltage level at V;, or V,,, is too high in comparison to their reference values, the
controller generates a 0 % duty ratio to discharge the output at the fastest rate.
Similarly, if V;, or V, is too low, the controller generates a 50 % duty ratio to
charge the output quickly, in order to achieve a fast transient response. Compared
to the traditional designs that require multiple amplifiers, comparators and voltage
references for dual loop line and load error sensing, this design requires just a
single amplifier, two reference voltages, along with a few switches and capacitors
to realize dual loop regulations. This provides a significant benefit in terms of
saving power and silicon area.

7.3 Conclusions

This chapter presents the design of SC power converters in z-domain, which aim to
improve various performance parameters such as efficiency, line and load transient
response, on-chip silicon area requirements, cost and so on. This is implemented
through the use of various innovative charge pump topologies, control schemes
and efficient circuit design techniques.

The chapter first introduces the concept of z-domain analysis of switches and
capacitor in SC networks. It presents the link two-port representation for charge
pumps, which is based on the charge—voltage relationship for each pumping
capacitor. The chapter then investigates three case studies, which discuss the
design of practical SC power converters. The first SC power converter presented
was an interleaved cross-coupled SC voltage doubler. This power converter is
regulated using an analog PWM control scheme. The accurate design of the closed
loop system is presented by modeling both the power stage and the feedback
controller in the z-domain. The interleaving charge pump topology provides a cost-
effective solution with low output voltage ripple and fast transient response.

The second converter to be discussed in this chapter is a monolithic step-down
SC power converter design. The power converter employs a subthreshold operated
controller and frequency programmable DPWM regulation scheme. This signifi-
cantly reduces the power consumption and improves signal processing speed of the
power supply. The fully on-chip implementation significantly reduces system
volume and switching noises. The number of I/O pins and on-chip bonding pads as
well as parasitic components is significantly reduced. Thus, this design provides an
effective solution for new generation, monolithic power supplies for self-powered
devices.

Lastly, the third power converter to be discussed in this chapter is an adaptive
SC power converter with a dual-loop observation-based line/load regulation
scheme. The power stage is a step-down charge pump, which efficiently achieves a
2/3 voltage regulation. In order to achieve closed loop feedback control, the
converter employs a cost-effective OB controller, which is developed with the use
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of only switched-capacitor circuits. Through the use of a double-sampling tech-
nique, the controller is capable of quickly identifying and responding to line and
load variations in a very power-efficient manner. Hence, each of the three con-
verters discussed employs various unique features that enhance their operating
performance. This makes these power supplies highly suitable for emerging low-
power VLSI applications.

References

1. Kurth CF, Moschytz GS (1979) Nodal analysis of switched-capacitor networks. IEEE Trans
Circuits Syst 26(2):93-105

2. Kurth CF, Moschytz GS (1979) Two-port analysis of switched-capacitor networks using four-
port equivalent circuits. IEEE Trans Circuits Syst 26(3):166—180

3. Su L, Ma D, Brokaw AP (2010) Design and analysis of monolithic step-down SC power
converter with subthreshold DPWM control for self-powered wireless sensors. IEEE Trans
Circuits Syst I Regul Pap 57(1):280-290

4. Song M, Chowdhury I, Ma D, Brokaw AP (2008) Adaptive step-down switched-capacitor
power converter with z-domain observation-based line-load regulation. In: IEEE VLSI
Symposium on Circuits, pp 134, 135, June 2008



Index

A
Adaptive body biasing, 89, 98, 110
Avalanche breakdown, 24, 32

B

Body effect, 51, 104
Bootstrap gate control, 51, 52
Bottom-plate capacitance, 55

C

Charge carrier mobility, 31, 37
Charge conservation, 164, 165, 169
Charge phase, 76, 81-83, 91-94
Charge pump, 143, 149, 167
Charge pump topology, 72

Charge recycling, 89, 93, 94, 98, 110
Charge redistribution, 60, 61, 66
Closed-loop stability, 124
Conduction power loss, 62, 64
Conversion gain, 71, 101
Cross-coupled voltage doubler, 128
Current tailing, 35

D

Dickson charge pump, 49-52

Digital hysteretic control, 124, 125, 139

Digital pulse-width modulation, 158, 160

Diode reverse recovery, 29

Discharge phase, 76, 81, 83, 90, 91,
93-95, 108

Dual-loop control, 141, 166

Dynamic power management, 8
Dynamic voltage and frequency scaling, 8

E

Efficiency, 2, 6, 7, 9-12, 14, 16-19, 59,
64-66, 68, 71

Energy harvesting, 2-7, 11-13, 15

Epitaxial layer, 26, 28, 29, 34

Equivalent series resistance, 45, 55

F

Feedback controller, 141, 147, 152, 153,
159-161, 166, 167, 173, 174

Frequency compensation, 14

G
Gate capacitance, 136

H

Half-clock double sampling, 166

Hybrid interleaved SC power
converter, 137-139

I

Inrush currents, 137, 136, 138, 139

Insulated gate bipolar transistor, 24

Interleaved cross-coupled voltage
doubler, 174

Interleaving regulation, 19, 80, 112, 118

D. Ma and R. Bondade, Reconfigurable Switched-Capacitor Power Converters,

DOI: 10.1007/978-1-4614-4187-8,

© Springer Science+Business Media New York 2013



178

K
Kirchhoff’s current law, 60, 81

L

Leakage current, 24, 27, 37

Line regulation, 11, 12, 18

Link two-port representation, 174

Linear regulator, 12, 14

Load regulation, 12, 16, 19, 111, 112, 117,
118, 139

Local gate drive circuits, 96

Low power operation, 98

M

Majority charge carriers, 27
Make-before-break clocking scheme, 135
Master-slave charge pump, 125, 126, 133
Maximum power point, 3

Minority charge carriers, 26, 30, 31, 33, 34, 37

Monolithic SC power converter, 152
MOS-controlled thyristor, 35, 38
Multi-gain power stage, 139

N
Non-inverting clock signals, 167
Non-overlapping clock, 167

(0]

Observation-based line/load regulation, 174
On-chip capacitance sizing, 103, 106
On-chip surge suppression, 135-138

Output voltage ripple, 111, 112, 118, 121, 124,

134, 135, 139

P

Piezoelectric energy harvesting, 3
Power bipolar junction transistor, 24, 30
Power conditioning, 4-7

Power diode, 24

Power MOSFET transistor, 28

Pulse width modulation technique, 158
Pumping capacitor, 158, 160

Index

R

Reconfigurable charge pump, 17, 19, 116
Redistribution power loss, 60

Reversion power loss, 65, 66

Ring oscillator ADC, 122

S

Sequential switched-capacitor
charge pump, 89

Series-parallel switched-capacitor charge
pump, 98

Shoot-through current, 65-68

Signal flow graph, 80, 82, 84, 88, 109

Silicon controlled rectifier, 35

Solar energy harvesting, 3, 6, 11

Source-coupled logic, 128

Step-down charge pump, 117, 153

Subthreshold design, 126

Subthreshold R-S counter, 133

Switch mode power converter, 12, 14,
15,17, 18

Switched-capacitor integrator, 12

Switched-capacitor power converter, 12

Switching noise, 14

Switching power loss, 63, 64, 68

System level power management, 8—10, 12

T

Thermal energy harvesting, 4, 6

Thermoelectric generator applications, 12

Thyristors, 24, 39

Transfer function, 141, 145-149, 151, 158,
159, 166-167, 170, 171

Transmission matrix, 143

\'%

Voltage doubler, 47, 53, 125
Voltage inverter, 46, 47

Voltage to current converter, 159

V4
Z-domain analysis, 142, 174
Z-transform, 142, 165, 169



	ReconfigurableSwitched-CapacitorPower Converters
	Preface
	Contents
	1 Fundamental Concepts
	2 Power Semiconductor Devices
	3 Fundamental Charge Pump Topologies and Design Principles
	4 Power Loss in Switched-Capacitor Power Converters: Causes and Analysis
	5 Reconfigurable Switched-Capacitor Power Converters
	6 Configuring Switched-Capacitor Power Converters Using Interleaving Regulation Techniques
	7 Switched-Capacitor Power Converter Design and Modeling in z-Domain
	Index



