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Preface

The focus of this work can be seen as making the bridge between the fields of Solid-
State Integrated Circuits (IC) and Power Electronics. Multiple AC-DC and DC-DC
power converters are investigated from the IC standpoint, this means a constant
effort to realize converters that are fully integrated on a single chip, or have at least
a very high level of integration. Moreover, it is of paramount importance to improve
power conversion efficiency throughout the transport chain of energy from source
(e.g., a battery, the mains) to load (i.e., the application which is the consumer).
Creating new converter systems that are very efficient and integrated into chip-scale
solutions enables the benefit of longer battery autonomy in portable devices, on top
of enabling ever lighter and slimmer devices. In non-mobile applications, less power
is required from the mains for the same functionality, and consequently, this helps
to reduce emissions related to electricity generation, such as carbon dioxide, etc. To
summarize this work, a few different research targets are introduced: (1) monolithic
switched-capacitor DC-DC conversion for granular power delivery on-chip, (2)
reduction of standby power in mains-connected devices through the addition of an
efficient and compact auxiliary supply to provide power during standby mode, and
(3) high-ratio DC-DC voltage conversion in a monolithic context.

Modern integrated circuits contain more and more functionality within a single
chip. These are also called Systems on Chip, and examples of such systems are the
Application Processing Unit chips at the heart of today’s smartphones or personal
computers. Because these single-chip systems house a large amount of subsystems,
it is only logical that they require multiple different supply voltages to power
these functions. In the past, most required voltages were generated off-chip on
the printed circuit board, in the vicinity of the chip. This approach, however, is
becoming less and less viable due the growing number of desired supply voltages
and the associated number of interconnection pins to get the power from the off-
chip power converters to the on-chip loads. Moreover, there are other negative
aspects related to this approach. Therefore, a better approach is to provide the chip
with one, or a few, different supply voltages, and use on-chip power converters to
further provide the desired supply voltages. This requires less package pins and
enables better regulation of the desired supply voltage, since the feedback loop
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can now be performed locally on the chip. The goal of this work is to enable the
above. To that end, an investigation of suitable fully integrated DC-DC converters is
conducted. Specifically, the realization of a switched-capacitor DC-DC converter in
a standard CMOS technology with a high power density was targeted. It is important
to implement the converter in a standard CMOS process to enable co-integration
with its loading circuits on the same chip. Secondly, a high power conversion
density yields a lower chip area requirement to implement the converter. This work
investigated circuit techniques to deliver top-notch specifications, given this context.

Standby power is caused by mains-connected devices in standby mode. They
have a power supply that is optimized for the active mode, where power levels
may be very large with respect to the low required power level of standby, a factor
100x or more. It cannot be expected that these converters are efficient both at
their nominal power (active mode) and also at light-load (standby mode) condition.
Therefore, the power consumption of mains-connected devices is much higher than
what it could be. Since standby power on a global scale is associated to about 10 %
of residential electricity consumption and 1% of CO, emissions, standby power
reduction could help to counter global warming. Therefore, this work aims to build
the AC-DC converters that enable such reductions in standby power and prevent the
associated emissions.

The research toward high-ratio voltage conversion in an integrated context is
motivated by the research conclusion, of the previous work on AC-DC converters,
that switched-capacitor DC-DC converters are particularly well suited for this task.
Monolithic high-ratio DC-DC conversion can, for example, be used to deliver high
voltages from a standard Li-ion battery in a very small and light form factor, which
is particularly important for robotic insects, where high voltages are required in the
drivers that power the wings. Switched-capacitor DC-DC converters do not rely
on the duty cycle to set their voltage conversion ratio, as its popular inductive buck
converter counterpart does, and can therefore maintain a 50 % duty cycle, regardless
of the actual voltage conversion ratio. Instead, the conversion ratio is a consequence
of the switched-capacitor topology. As such, it is a better candidate for high-ratio
voltage conversion than the buck converter, which in this case is more affected by
efficiency limiting drawbacks, due to its reliance on very low duty cycles in order
to obtain high voltage conversion ratios. The research in this work explores, given
the system-level choice for the SC DC-DC converter, which topology is expected
to yield the best performance, considering the typical context of CMOS integration.
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Chapter 1
Introduction

The ambition of this work is, in a very broad sense, to improve the electrical energy
transport between a source and its load. As this can be brought into practice in many
different situation contexts, it is the electronic engineering’s perspective, and more
specifically the integrated circuits point of view, that is central here. The field that
deals with energy conversion problems and challenges is called power management,
and it is a collection of AC-AC, AC-DC, DC-AC, and DC-DC conversions that
alter the voltage and/or frequency relation between input and output. The following
work consists of developments in both AC-DC and DC-DC conversions. In case
of the former, the application domain is providing an IC-compatible supply voltage
output from a mains input. In case of the latter, on-chip converters are targeted to
enable power supply granularization to address the increasingly challenging power
delivery in Systems on Chip (SoC).

The introductory chapter to this work will further discuss the issues and
consequences of present-day energy conversion, related to the scope of the fur-
ther presented work. Afterwards, the possibilities toward improvement, in which
research in the field of integrated power management can provide a beneficial
impact, are introduced. Finally, an outline of the content is graphically represented
to indicate the interdependence of the remaining chapters.

1.1 Standby Energy Consumption

1.1.1 Origin

Among the various ways energy is consumed, the specific issue of standby power
now becomes the subject of our target focus. The core of the problem can aptly be
demonstrated by the example of a microwave. Counter intuitively as it may seem,
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2 1 Introduction

most microwave ovens consume more energy to display time than they use to heat
food [76]. Even though the power level of microwaving its contents is much higher
than what is continuously spent to power the clock, most microwave ovens are being
idle for more than 99 % of the time. Consequently, the low-power level, accumulated
over time, results to be the dominant part of the total consumed energy. Admittedly,
the absolute amount of energy, on its own, is still negligible when considering a
whole household. But there are many always-on devices in one household, and many
more households on a global scale, making the phenomena a sizable problem that
deserves to be looked into.

1.1.2 Quantifying Standby Power

Figure 1.1 indicates details about the costs associated with standby energy, or
vampire energy. For a broad and more detailed overview on standby power in the
USA, asurvey held by the Lawrence Berkeley National Laboratory can be consulted
online [40]. According to this survey, about 5-10 % of residential electricity in most
developed countries is typically caused by devices in standby.

Power use in Off or Standby Mode

DVD Player s 10 W
Audio System 24 W
Microwave w5 W
Coffee Maker m 2 W
Laptop PC e 50 W
Desktop PC pummsssm 12 W
Surge Protector mmmmm 6 W
Inkjet —— 10 W
DVR I 48 W
Cable Box IEmss—— 30 W

Rear Projection I 48 W
Y

Fig. 1.1 Infographic on vampire power consumption of popular appliances, when off or in standby
mode. Reported values are maximum measured values. Source: [20, 40]
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Table 1.1 Summary of data

- Percentage (%) Unit Year
on the US electricity 37 Us co 2013
production 2
31 US GHG 2013
Table 11‘5 Summary of dat.a Percentage (%) Unit Year
. ) S .
gg\:} :rn ¥ POWEL, or vampite 5-13 Residential electricity >2000
2.7 Global electricity 2013
1 Global CO, 2007

In Europe, data was collected by the International Energy Agency [109]. Typical
consumer culprits include TV, DVD player, set-top box, stereo, computer, kitchen
appliances, external power supplies, ceiling fans, automatic garage ports, et cetera.
According to the IEA, residential consumption related to standby power accounted
for 7 % in France during the year 2000, 8 % in the United Kingdom, 2004, and up
to 13 % in other EU member states. Consequently, the IEA data is in accordance to
that of the LBL survey.

The consequences of standby power have, next to an economical impact, also an
environmental impact. The latter is related to the method with which electricity is
generated. When burning fossil fuels to generate electricity, sulfur dioxide (SO,)
and carbon dioxide (CO;) are emitted. On the one hand, SO, is linked to acid
rain and adverse effects on the respiratory system. On the other hand, CO, is the
foremost greenhouse gas (GHG) being emitted through human activity. A study by
the Environmental Protection Agency [112] connects 37 % of the total US emitted
CO; in 2013 to electricity generation. Alternatively, a study by the IEA shows that
in 2007, standby power was the cause of 1% of global CO, emissions. To give
a measure of magnitude, global air traffic was accountable for 3 % in that same
year. From these numbers, it can be seen that standby power is roughly 2.7 % of
total electricity consumption. Tables 1.1 and 1.2 combine key numbers on electricity
production in the USA and vampire power, respectively.

1.1.3 Future Trend

Even though measures to increase energy efficiency are gaining more attention
and are effectively supported by regulatory initiatives, it is a safe assumption to
state that the number of mains-connected devices is only increasing. As such, the
relative decrease of standby energy is counteracted on an absolute scale by the
larger number of appliances, and it is a matter of numbers. Moreover, new evolution
like the Internet of Things (IoT), which envisions to connect nearly everything
to the internet, poses a large challenge in terms of energy. As an enormous
amount of new devices will be always-connected and consequently always-on,
the transition between standby and active more becomes less clear. In conclusion,
with an ever-growing number of electrical consumers, electricity is a limited
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commodity and the importance of energy efficiency, both in the active and standby
mode, is increasing. To keep electricity consumption from skyrocketing, it is a
necessity to consume this commodity efficiently. When hardware is free, power is
expensive [104]. For those devices that are powered from the mains, it is necessary
to create mains AC-DC power converters to maximize efficiency in all operational
modes.

1.2 Auxiliary Low-Power Converter for High Efficiency
in Standby

Section 1.1 introduced and situated the problem context of standby power. The
problem originates from the finiteness in efficiency of any practical power converter
in combination with the large difference between loading conditions in active and
standby mode. Power supplies of electrical appliances are optimized for efficiency
in their nominal condition, the active mode. To that end, a power converter is
dimensioned to contain active and passive semiconductors that are rated for the
voltages and currents of this nominal condition, and to perform this well. However,
when in standby, only a fraction of the nominal power is required to be delivered. In
this case, the converter is overdimensioned and static loss contributions, that are
negligible during nominal output power, start to have a considerable impact on
the system efficiency. In other words, due to the fact that the converter operation
overhead loss is not fully a function of the converter power, the range of output
power in which a converter surpasses a specific efficiency threshold is limited. This
is illustrated in Fig. 1.2, where an inflection point in the efficiency can be observed
at 20 % of the maximal output power.

82%
81%
80%

79%

Efficiency

78%

77%

76%

75%
0.00 020 040 060 080 100 120 140 160 1.80 2.00

Load Current (Amps)

Fig. 1.2 Efficiency of a 10 W USB eco-charger for the US (diamonds) and EU (circles) mains
input. Source: TI PMP8386
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Power brick standby

enable

High-power Appliance

:D7 converter
Low-power
converter
enable

DD

1
<

standby

Fig. 1.3 Auxiliary power converter concept for low-loss standby

In order to extend the highly efficient operation to a broader range, this work
proposes to use a compact and low-cost auxiliary converter to take over the power
conversion at the light-load condition, where the main converter is no longer
efficient. Since an auxiliary converter comes down to an additional system cost,
a high level of integration is necessary to keep the overhead cost as low as possible.
This concept is represented in Fig. 1.3, in which the low-power converter is the only
active power converter during standby. It is solely intended to provide the power
that is necessary to run the minimal functionality of detecting a user input, which
indicates that the functionality of the active mode is once again required.

1.3 Recent Evolution of Power Management Circuits

Next to the introduction of the problem context of standby power consumption and
a possible strategy to alleviate the issue, recent evolution in power management
circuits is now discussed in this section to bring the problem context in relation to
the current state of the art of the technology to address this issue.

A closer look on recent evolution of power management circuits clearly shows
an important trend: the trend to go from discrete to fully integrated [103]. The
reasons to do so are manifold, and discussed in Sect. 1.3.1. A consequential trend
is to go from centralized power management to a distributed or granular power
management approach. This is a logical consequence because once the step to
monolithic integration is taken, the component count is no longer of importance
and flexibility in layout is large. As such, a centralized power distribution approach
has become obsolete.
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Fig. 1.4 Discrete-component
power converter
implementation

1.3.1 From Discrete to Fully Integrated

The trend to go from discrete to fully integrated is driven by, on the one hand,
the economical advantages of doing so, and on the other hand, the combination of
alleviating difficulties in the discrete approach and the performance enhancement of
the integrated approach. Figure 1.4 shows a power converter consisting of discrete
components. Input and output decoupling along with the magnetic energy transfer
component takes up a sizable volume.

The economical benefit is enabled by the reduction of passive components.
The power that can be transferred per unit of time depends on both the passive
component value, which is a measure of the energy storage capability while
transferring energy from input to output, and the switching frequency, which is
the rate at which this transfer process takes place. Consequently, higher switching
frequencies enable a reduction of the passive component, in turn yielding a cost
reduction. On top of that, the power conversion density is higher, which can be
marketed as a more compact solution that requires less PCB area.

It must be noted that it is very difficult for integrated passive components to reach
quality factors that are common to external passives. As such, there is typically
an efficiency penalty when going for an integrated solution, although there are
examples with high efficiency available at low-power density [21]. But it does
unlock improved performance in other specifications and on the system level, e.g.,
regulation, response time, power density, number of pins, lower supply voltage
overhead margin, power integrity, et cetera. In high-performance digital systems,
large currents need to be delivered at low voltage [7]. When the last voltage step-
down conversion can be performed by an on-chip voltage regulator, less current
needs to be sourced and sunk from the chip, relaxing the power pins and on-chip
power grid impedance requirements. Moreover, it is not a trivial task to provide
a regulated on-chip supply voltage, in the presence of sudden load steps and an
inductive interconnect contribution in the Power Delivery Network (PDN) [3], in
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between the power supply output and the actual integrated load. Alternatively, the
combination of an on-chip controller at higher switching frequencies enables faster
transient responses, due to a reduced latency between successive transfer steps and
being less affected by bandwidth-limiting parasitic effects, that are otherwise more
pronounced.

Integration of power converters does not always come down to full integration.
For example, a mono-package solution, which contains multiple individual parts
within a package, is called a Power System-in-Package (PSiP). Alternatively, when
everything is integrated monolithically, a true Power System-on-Chip (PSoC) is
realized. The PSiP approach is a logical step in a roadmap toward a full PSoC
[54, 123], as its more compact physical form factor can decrease issues with
interconnect-related parasitic effects. Secondly, using discrete components enables
both actives and passives to use an optimized technology for implementation.
An example of a PSiP implementation is illustrated in Fig. 1.5. An X-ray of a PSiP
product reveals its internal PCB, SMD inductor, SMD capacitors, and active circuit
die with bond-wire connections.

However, a Power System-in-Package, despite its compact form factor, is a sep-
arate power management integrated circuit (PMIC), with associated power delivery
network issues. This is where the Power System-on-Chip approach differentiates
itself, as discussed in the next section.

1.3.2 From Centralized to Granularized

As earlier introduced in Sect. 1.3.1, monolithic integration marks the end of
centralized power conversion, and introduces additional degrees of freedom that
enable to comply with the advanced requirements of power delivery in state-of-the-
art SoCs. By having the power converter on the same die as its load, in the case of a
PSoC, the PMIC can be distributed into many voltage converters, each located close
to their respective load [86]. This concept is visualized in Fig. 1.6.

In order to maximize energy efficiency, many independent supply voltages
are required, each optimized for a specific load functionality. For example, the
digital, memory, IO, and analog circuits require different voltages, with individual
specifications toward load regulation, power supply noise, and more. Within voltage
islands, energy saving techniques can be applied, such as the closed-loop AVS, or
alternatively, open-loop techniques like DVS and DFS. In the case of a CPU load,
the minimum supply voltage V,,;, is a critical parameter to guarantee completion
of an execution within the proposed clock period. Local and high-speed on-chip
voltage regulators [7, 31] are excellent candidates to meet these stringent power
supply requirements, while enabling a boost in energy savings.

However, there is also a cost related to the PSoCs. The drawback of the
PSoC implementation approach is that on-chip realizable values of capacitance and
inductance are low. This is countered by higher switching frequencies, feasible in
an integrated context, but inevitably an on-chip voltage regulator consumes die area.
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Fig. 1.5 X-ray of a PSiP product, clearly showing the individual discrete components. (a) Side
X-ray view of a PSiP product, illustrating the inductor impact on minimal thickness. (b) Top X-ray
view of a PSiP product, demonstrating the discrete components on PCB, but within a package

Fig. 1.6 Concept of a Power
System-on-Chip approach,
with multiple voltage islands
and a distributed, granular
power delivery

/ 33V

DC-DC

Typically, most die area is used for implementing the passive components [57],
which is of course a non-ideal usage of costly nm process technology. This might
be the biggest motivation why PSoCs have only mild success in the product space.
In conclusion, a PSoC must deliver a sizable performance advantage, in any of its
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key specifications such as efficiency, power density, regulation, or cost, to justify its
implementation overhead. Whether future PMICs will be PSoC or PSiP, with 2D,
2.5D, or even 3D integration of individual chip dies, remains to be seen.

1.4 Book Outline

The remaining chapters of this revolve around integrated power converters, where
full integration preferred, when allowed by the specifications.

To start off, Chap.2 focuses on the switched-capacitor approach. Through
aiming to realize an as high as possible power density, technology limits, converter
implementation, and circuit techniques to maximize performance, given the context
of a bulk CMOS process, are put to the test. As such, a familiarization of CMOS
integrated power conversion is obtained.

Chapter 3 through Chap. 6 discuss mains AC-DC power conversion to resolve
the issue of standby power, by targeting power converters that are able to provide the
necessary energy to run standby functionality at high efficiency. In Chap. 3, a path
toward integration of such power converters is introduced. Consequently, Chap. 4
details a single-stage monolithic AC-DC converter implementation. To continue,
Chap.5 assesses the strengths and weaknesses of this approach in light of the
target specifications and moves on toward a more flexible approach, by relaxing the
monolithic integration requirement. Again, a realization of the proposed approach is
undertaken and Chap. 6 explores the implementation of a high efficiency switched-
capacitor DC-DC converter, intended to be used in a two-stage mains AC-DC
conversion system. The secondary DC-DC converter is tested together with an
example, but not optimized, primary AC-DC converter in order to prove operation
in real world conditions.

Whenever attempting to realize mains AC-DC conversion, large voltage conver-
sion ratios are inevitably present. This poses a challenging research question on its
own. After having realized a solution-specific, highly integrated high-ratio DC-DC
converter in Chaps. 6, 7 now further explores the fundamental limits of high-ratio
voltage conversion for switched-capacitor DC-DC converters in the context of
monolithic integration in CMOS.

Finally, Chap. 8 concludes this work and looks ahead to future work on integrated
power conversion and how it can play a role in tackling the challenges in advanced
power delivery.
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Fig. 1.7 Graphical outline of this work



Chapter 2
Switched-Capacitor DC-DC in Bulk CMOS

for On-Chip Power Granularization

2.1 Introduction

Recent trends show that the power management unit (PMU) to supply System-on-
Chip solutions is undergoing a transformation and is taking a leap toward monolithic
integration [31, 39, 130]. This is a necessary evolution because of multiple market
requirements. On the one hand, modern electronic systems are forced to be more
energy efficient. This can follow from constraints on heat dissipation, where lower
losses result in a lower overall dissipated heat, or to increase the battery autonomy
in mobile systems. On the other hand, monolithic integration enables to reduce
the form factor of power converters, saving on the required PCB board space. On
top of that, the solution thickness can be reduced [122], which has become an
important differentiation in modern high-end smartphones. In order to improve
system efficiency and form factor reduction, these systems frequently rely on energy
saving techniques, such as Adaptive Voltage Scaling (AVS), Dynamic Voltage
Scaling (DVS), Dynamic Frequency Scaling (DFS), power and clock gating to
realize (deep, etc.) sleep, multiple supply voltages with voltage islands and power
domains, and so on. Consequently, the step toward integrated power conversion is
a key enabler for the aforementioned techniques because it allows power delivery
to take place via a distributed or granular concept, yielding the possibility of many
voltage domains. In fact, once power converters are integrated on chip, the concept
of having one centralized power converter becomes obsolete. There is no longer a
reason to keep the power converter in one place besides tradition, which is not a
rational motivation and leads to bad circuit design [30].

A lot of these techniques imply the real-time regulation of the supply voltage
or the presence of multiple supply rails in a single application [129]. Another
issue of the PMU is its output impedance in combination with the impedance of
the power grid, also known as the power delivery network, that is becoming more
problematic as circuit supply voltages decrease. Lower supply voltages inevitably
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require larger supply currents, hereby increasing the ohmic losses [38, 63] over the
PDN. These issues can be better addressed by means of a number of distributed,
high-performance integrated DC-DC converters, as opposed to multiple external
converters, which require a low-impedance routing to the chip, take up printed
circuit board (PCB) space and many package pins.

DC-DC converters, that intend to face this challenge, should demonstrate high
efficiency compared to traditional linear regulation and have a small form factor, i.e.,
high power density. To obtain such a compact and compatible solution, this chapter
investigates the opportunities to integrate the DC-DC converter in the same standard
CMOS technology as the system to be supplied, maximizing the added value of an
integrated solution [102]. This approach has the advantage that a portion of the
external bulky components and their interconnections are no longer required. On
top of that, once DC-DC converters are monolithically integrated, a game-changing
new playing field emerges with new possibilities, but also new rules. In this context,
the converters can take advantage of state-of-the-art circuit techniques, such as
fragmented operation (time-interleaved multi-phase operation), which otherwise is
unpractical due to a high component count [70, 71]. But as with most innovation,
there is no such thing as a free lunch. This means that also the drawbacks of CMOS
integration, such as parasitic capacitive coupling, must be taken into consideration.

When integrating conventional DC-DC converters—buck, boost—in a CMOS
process, the quality factor of integrated inductors becomes a huge problem.
The equivalent series resistance (ESR) of the inductor induces large losses, but
also the parasitic capacitive coupling between the inductor and the substrate
deteriorates the converter’s efficiency. State-of-the-art designs in the literature prove
that relatively high power densities can be achieved, but at the cost of efficiency
[125, 126]. Better performance can be obtained by going toward a Power System-
in-Package, which involves integrating only the active devices in an advanced
nm-CMOS process, while implementing the passive components in a cheaper, high-
density technology [10]. Even though additional cost is to be expected, related to
having an extra die for the passives and co-packaging steps, it is noted that the
area of the nm-CMOS die is significantly reduced, as the die area of monolithic
power converters is typically dominated by passive components [56]. Especially
with the rapidly increasing mask cost of the latest CMOS technologies, which resort
to double and triple patterning for the smallest feature sizes [23], it is increasingly
prohibitive to waste precious area to passive components and this approach gains all
the more relevance.

Next to inductive-based DC-DC converters, capacitive-based DC-DC converters
are gaining interest. In the past they were used for low-current, high-conversion-
ratio applications [17]. An application example is their use in EEPROM and flash
memory to generate the high-voltage levels to erase the memory cells. These
switched-capacitor converters, or charge pumps, use nothing but switches and
capacitors to perform a fixed voltage conversion ratio. The maximum attainable ratio
is dependent on the number of capacitors in the converter topology [53]. Behavioral
[90] and state-space models [28] characterize the capacitive converter’s output
impedance allowing straightforward design. Recently, fully integrated capacitive
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converters are appearing that report both a high power density and a high efficiency
using the advantages of SOI technology [42] and exploiting the capacitance density
of deep trenches [13]. Although their baseline CMOS counterparts show high
efficiency, they stay behind in power density [115, 119] due to typical limitations
resulting from a CMOS implementation. To mitigate the drawbacks of CMOS
integration, the presented converter in this chapter employs the Flying-Well and
Intrinsic-Charge-Recycling techniques and demonstrates that these enhancements
enable improved specifications, achieving a power density of 0.77 W/mm? and an
efficiency of 69 % in a monolithic solution.

This chapter will discuss the operation of switched-capacitor DC-DC conver-
sion, by means of a 2:1 step-down conversion, in Sect. 2.2. Section 2.3 introduces the
technology difficulties of using a bulk CMOS process to implement SC conversion.
Circuit techniques are proposed to, on the one hand, reduce the drawbacks of CMOS
and, on the other hand, recycle the parasitic effects into a positive contribution.
Implementation and performance validation are reported in Sects.2.5 and 2.6,
respectively.

2.2 Topology of a 2:1 Step-Down Switched-Capacitor
DC-DC Converter

2.2.1 Operation

The topology of the capacitive converter’s power conversion core is shown in
Fig.2.1. It consists of four switches (M1-M4) and a charge-transfer capacitor (Cpy)
to transfer charge from input to output in a 2-phase alternated operation. For sake
of simplicity, the input voltage is ideal and the output capacitor C, is infinite. Even
though this topology is intended to perform a 2:1 step-down, the effective output
voltage V,(= V) is slightly lower than half of the input voltage V;. This voltage
drop Vp, is caused by the voltage divider formed by the output impedance R, of
the converter and the load impedance R, (Fig.2.11) and this voltage divider ratio is
in this work denoted by parameter y. Thus, V, = y Z" = yV,.ia, in which V,, ;; is
the ideal output voltage when no load current is present and consequently no voltage

Fig. 2.1 Power conversion M3 (Db
cell topology
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drop over R, occurs. Consequently, from a pure voltage conversion ratio perspective,
which excludes the dynamic switching losses, the efficiency of an SC converter can
be calculated as V, avg/ V,.ia» Which equals y under the assumption that C,,, = oo,
so that V,avc = V,.pc. This is the equivalent of considering an SC DC-DC as a
combination of a lossless DC-transformation, with the step determined by the VCR,
and a subsequent lossy voltage divider, composed of the SC output impedance and
the load impedance.

During phase (®,) the flying capacitor is switched between the input terminal
(Vi) and the output terminal (V,) by closing switches M1 and M2. Hereby, Cg,
is charged to a voltage V; — V,,, which is 2V, larger than V, due to the non-
zero output impedance as explained above. At the same time charge is delivered
to the load because the flying capacitor is charged in series with the output. In the
next phase (®;), the charge-transfer capacitor Cy, is relocated between the output
terminal and ground by closing M3 and M4. Cp, discharges into the output and
again charge is delivered. Each conversion cycle Cy, is charged and discharged by
the voltage difference AV, = 2(V,ia — V,) = 2Vg,. It is this voltage variation
that is responsible for the charge transfer. Continuously alternating between these 2
phases results in an output current being supplied to the load.

This charging and discharging process is also shown in detail in Figs.2.2
through 2.4. A view of the separate switched-capacitor topology configurations is
shown in Fig. 2.2, making abstraction of the switches. Figure 2.3 provides insight
in the actual flying capacitor Cy, state as function of time. The flying capacitor
voltage levels, from which and to where (dis)charge takes place, are given. The full
switching cycle consists of the following sequence: Cp, discharges during ®;, —
topology reconfiguration to ®, by relocation of Cg, — Cg, charges during ®, —
topology reconfiguration to ®; by relocation of Cg,. The effect of this switched-
capacitor operation, and the associated charge sharing in between Cpy, and Coy,
is demonstrated in Fig.2.4. The output is assumed to be loaded with either a
constant load current or either a resistive load. In case of the latter, the time constant
at the output of the converter is assumed to be much larger than the switching
frequency. The consequence of the output decoupling capacitor value C,,,, or more
comprehensively: the ratio of flying capacitor value to the output capacitor value, on
the charge sharing and its effect on the output voltage can be noticed in the different
scenarios of Fig. 2.4a through 2.4d. Each scenario depicts a different C,,, value, and
as such a Cy, to C,, ratio. It can be seen in Fig. 2.4a that, in the absence of C,,

Fig. 2.2 Phase ®, and phase () )
@, shown separately for a 2:1 ——0
step-down converter topology

<
)
71

<

C
T o:l)Jt ﬂyl T O:I;lf



2.2 Topology of a 2:1 Step-Down Switched-Capacitor DC-DC Converter 15

q)b q)a
v ’ +

Cﬂy relocation (y fly fly

<

Oo,max A “_disch T
1% \d \d’\s;arge \charge
O,id _A T T \ Cﬂy_ E
Vv L A v relocation p
oefft  Jv | 1/
VRo C C
ﬂyT ﬂy/[
GND . :
 * 6 » & > ©
A —

Fig. 2.3 Charging and discharging of capacitor Cyy, indicated over time at its most significant
instants: the beginning and ending of each of the two phases

no charge sharing takes place. In this case, vourave = Vo.s and efficiency equals
100 %, given ideal switches and ideal capacitors. But, given the fact that the output
voltage voyr(t) now is intended to have a voltage ripple in this mode of operation,
due to the absence of an output decoupling capacitor, this circuit is no longer a
DC-DC converter in its strict sense. However, DC-DC converters, those in the strict
sense, also exhibit voltage ripple in realistic conditions. As such, aside from the
definition of a DC-DC converter, both circuits yield a very similar output and can be
categorized as DC-DC converter in the opinion of the author. Figure 2.4b, ¢ shows
the scenario of increasing the value of the output decoupling capacitor C,,, toward
a value of infinity in Fig. 2.4d. In this last case, voyr.ave = Vo, and the efficiency
is set by the parameter y, earlier introduced to denote the voltage division ratio of
the output and load impedance. The modeling work of Seeman and Sanders [90],
that describes the converter output impedance, assumes this condition of infinite
output decoupling capacitance. In practice, the output capacitor is finite and the
output impedance is more accurately described by the model of Van Breussegem
and Steyaert [116], which builds further upon [90]. It can be concluded that the
worst-case theoretical efficiency of a switched-capacitor DC-DC converter is set by
ratio of Vo .5 to Vg 4, when C,,; is infinite. But in practice with a finite C,,, the
output is not a perfect DC voltage and the efficiency is set by the ratio of voyrave
to Vo .iq. As such, there is a trade-off in between output voltage ripple and efficiency.
In this trade-off, it is possible to choose for either quality of the voltage or quality
of the converter performance.
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Fig. 2.4 Output voltage variation and evolution over time as result of the switched-capacitor
operation, for multiple C,,, scenarios and idealized switch conductance. (a) Output capacitor
C{mt =0. (b) C{mt = Cval] 7é 0. (C) C{mt = CvalZ > Cval]- (d) Cour = infinite

2.3 Techniques

2.3.1 CMOS Integration Difficulties

Parasitic effects have a large impact on the design of CMOS integrated capacitive
converters. Especially the ESR of the flying capacitor (Rgsr c,,) and the parasitic
capacitor Cp,r( = aCpy) between the bottom plate and the substrate decrease
efficiency and limit the maximum output power. Due to their high capacitance
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density in comparison to other types of integrated capacitors, MOS-capacitors were
selected for implementation. Unfortunately, these capacitors are also the ones that
suffer most from the parasitic effects.

On the one hand, the conductive inversion channel plate of a MOS-capacitor
imposes a substantial contribution to its equivalent series resistance REsr.cpy-
However, this can be decreased in layout by tuning the W/L ratio of the MOS-
capacitor. The equivalent series resistance can be lowered by decreasing the channel
length, but at the cost of a decreased capacitance density, due to fixed drain/source
diffusion overhead in layout, which does not contribute to the MOS-capacitor
capacitance. On the other hand, the conductive channel is closely embedded in the
substrate and exhibits a high parasitic coupling «. Two techniques are proposed
to provide a workaround in standard CMOS. The bottom-plate parasitic coupling
parameter « in this design is reduced by means of the Flying-Well technique. The
remaining bottom-plate parasitic capacitor is exploited to increase the power density
by the Intrinsic-Charge-Recycling (ICR) technique.

2.3.2 Flying-Well Technique

The Flying-Well technique lowers the parasitic capacitive coupling to the substrate
by biasing the body well such that the regular parasitic capacitance is traded in for a
smaller capacitance. The regular parasitic, in case of a PMOS-capacitor according to
Fig.2.5, is mainly formed by the junction capacitance of the drain/source terminals
to the n-well body of the transistor. Opposed to tying the n-well to a fixed bias
voltage, for example, the input voltage, in this approach the n-well is connected to
the drain/source terminals of the PMOS-capacitor as shown in Fig. 2.5. This shorts
the drain/source to n-well junction capacitor, eliminating it. However, there is a new
parasitic capacitance, which is the capacitor formed by the n-well to bulk junction.
This junction capacitance is much smaller and thus the parasitic coupling is reduced
from over 5 % of Cyy, to @ = 1.3 % as indicated by simulation results in the case of
this converter.

T
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Fig. 2.5 Flying-Well biasing technique. D/S to N-well junction shorted. Bulk to N-well junction
is new Cyqr
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As alternative to the approach in this work, the PMOS-capacitor N-well can also
be biased by a very high-ohmic connection to the input voltage, approximating
the situation in which the N-well is left floating [43]. This causes both the drain-
source parasitic junction capacitance and N-well-to-substrate parasitic junction
capacitance to be seen in series, from the PMOS-capacitor channel to substrate
point of view. Even though the technique in this work does not have the advantage
of placing both parasitics in series, both approaches result in fairly similar Cpy.or
values. This is due to the fact that Cyyeri—ro—subs <K Carain.source—to—nNweirs and the
total capacitance in a series connection of capacitors, in which one is much smaller
than the other, is only slightly smaller than the smallest of the two capacitances.
Moreover, the body-to-source voltage Vg in the approach of this work is zero
because the N-well is shorted to the drain and source terminals, eliminating a
negative effect on the channel conductance if this voltage were non-zero. The Vg
in [43] is non-zero as it is biased to the input voltage.

2.3.3 Intrinsic-Charge-Recycling Technique

Even though the use of the Flying-Well technique reduces the parasitic coupling
considerably, the remaining parasitic effect still limits the maximum achievable
efficiency of the converter in comparison to technologies such as SOI, which
inherently suffer less from substrate coupling due to the presence of a thick oxide
in between the circuit and the semiconductor substrate. The Intrinsic-Charge-
Recycling technique aims to reverse the loss of the parasitic capacitor Cy,, into a
recycled benefit. The concept is to recuperate charge that is stored on the parasitic
capacitor and direct it toward the output, instead of letting it get wasted toward
ground. Figure 2.6 shows the different possible scenarios: (a) the parasitic capacitor
is present at the negative terminal of the charge-transfer capacitor Cyy, and (b), in
which the parasitic capacitor is connected to the positive terminal of Cg,. In case
(a), Cpar s first charged during ®, by the output terminal, and is discharged into
the ground in @, as Cy, is relocated between output and ground. Alternatively in
case (b), when the parasitic capacitor C,, is present at the positive voltage terminal,
Cpar 1s charged by the input during ®,. Afterwards in ®,, the parasitic capacitor
discharges into the output. The charge stored on the parasitic capacitor is not lost,
it is delivered to the output instead. Consequently, the output power is increased,
instead of reduced.

However, there is a difference in the charge transportation efficiency from input
to output by Cp, and C,,,. During a charge/discharge cycle the voltage difference,
that the flying capacitor is subjected to, is approximately equal to twice the voltage
drop over the output impedance (AV¢,, = 2Vg, = Vi—2V,), which is set by voltage
division ratio y and is supposed to be small. Consequently only a small amount of
energy is lost in this charge-transfer process as the flying capacitor voltage ripple is
small. This leads to an efficient voltage conversion, set by parameter y, as discussed
earlier in Sect. 2.2.1. The conversion that is performed by recycling charge from the
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Fig. 2.6 Intrinsic-Charge-Recycling technique. (a) Regular case where Cp, is connected to the
negative terminal of the flying capacitor Cyy, —. (b) ICR case: C,,, is connected to the positive
terminal of the flying capacitor Cgy, +

parasitic capacitor is less efficient, since the voltage variation seen by this parasitic
capacitor is larger and approximately equal to (‘;i + Vg, = Vi —V,). Hereby,
the charge conversion contribution of this capacitor equals that of a switched-
capacitor resistor, and the efficiency is therefore equal to that of its linear regulation
equivalent. Even though the conversion associated with the recycling is less efficient
than that of the actual converter operation, it is important to note that by applying
Intrinsic Charge Recycling in the converter, the output impedance is decreased
instead of being increased.

The performance enhancement realized by using this strategy is that for the
same switching frequency, the output power can either be higher, or either that
the same output power can be obtained with a lower switching frequency, which
yields a higher efficiency. Simulations have shown that in the case of this prototype
converter the output impedance was reduced by 5 %. Intrinsic Charge Recycling can
easily be established in CMOS by implementing the flying capacitor with PMOS-
capacitors, as the positive capacitor terminal is formed by the inversion channel,
closely embedded in the substrate.

The location of the parasitic capacitor also has consequences from an energy
point of view. Considering the ICR case, it is seen that the parasitic capacitor Cp,;,
in Fig.2.6b swings with a voltage difference AVCW_,CR = Vhigh — Viow, €qual to
Vi — V,. The voltage difference in the regular case, of Fig.2.6a,is AVc,, o6 = Vo-
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Thus, AVc,,..ck > AV, rec @nd consequently the ICR scenario is more lossy than
the regular scenario. However, the ICR case offers in return the recycling benefits
otherwise not present, because C,, is first charged by the input, after which this
charge is then transferred to output. Moreover, in the regular non-ICR case, the
charge with which C,,, is being charged comes from the output, and was transferred
to the output at a finite conversion efficiency.

To investigate the system performance improvement of Intrinsic Charge Recy-
cling, the efficiencies of both scenarios are now calculated and compared. Figure 2.7
schematically represents the energy flow from input to output, and indicates where
losses take place as result of lossy energy transfer steps. The ideal case of @« = 0 is
demonstrated in Fig. 2.7a. During phase ®,, the flying capacitor Cg, is charged by
AVc,,. This charging process requires an amount of energy from the input equal to:

Ein,ideal = CﬂyAVCﬂyVi- (21)

The same charge also flows to the output, since Cp, is connected in series with
the output, and delivers an amount of energy E,,; o, to the output:

Eout,@a = CﬂyAVCﬂy Vo- (22)

During the second phase, ®,, the flying capacitor is put in parallel to the output
and now discharges into it, delivering E,,; o5 to the load, given by:

Eour,@b - CﬂyAVCﬂy Vo = Eour,@a- (23)

The efficiency of the ideal scenario can now be used to validate the formulas
by calculating the ratio of the total output energy to the total input energy of this
scenario.

E{mt,d)a + Eout,@h _ ZVO

= = 2.4
Ein,ideal Vl v ( )

Nideal =

Equation (2.4) confirms that the efficiency in this ideal scenario is set by the
voltage division ratio of the output impedance to the load impedance.

The next scenario under investigation is shown in Fig.2.7b, which is the
regular, non-Intrinsic-Charge-Recycling scenario, when the parasitic coupling Cp,,
is located at the negative flying capacitor terminal. Next to the energy formulas
derived above, for the absence of a Cy,, coupling, there is now an additional energy
loss taking place in phase ®,, due to the charging of C,,, by the output:

2
EchargeLosS,C,mr,@a = Cparvo- (25)

Again, the efficiency of this regular scenario can now be obtained by taking the
ratio of the total output energy to that of the input. The efficiency of the regular
scenario is then given by the following equation:
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Fig. 2.7 Sankey diagrams of the energy flow in different scenarios. (a) Energy flow in the absence
of a bottom-plate parasitic coupling Cp,,. (b) Energy flow in the regular non-Intrinsic-Charge-
Recycling case, showing an additional loss flow at the output. (¢) Energy flow in the Intrinsic-
Charge-Recycling scenario, consisting of the energy flow of the ideal case in parallel to the energy
flow as result of Cp,,
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Eout,@a + E{mt,d)b - EchargeLms,Cpa,,d)b
NREG = , (2.6)
Ein,ideal

in which substitution of Egs. (2.1)—(2.3) and (2.5) yields

2Cu AV, Vo — Cpar V2

) 2.7
CiyA VCﬂy Vi @7

NREG =

and finally by substitution of Cpor = aCpy, V, = ¥V, 4, AVCﬂy =V, —2V,, and
Vi = ZVO,idi

ly(ay +4y —4)

A ) 2.8)

NREG =

Whereas the efficiency in the absence of a bottom-plate parasitic coupling is only
dependent on y, it is now a function of both y and «.

To complete the analysis, a similar derivation of the efficiency is now repeated
for the Intrinsic-Charge-Recycling scenario. As shown in Fig. 2.7c, this scenario can
be interpreted as two energy conversion paths in parallel. On the one hand, there
is the efficient energy conversion path of the actual switched-capacitor operation
with small flying capacitor voltage ripple and the energy calculations of the ideal
scenario apply. On the other hand, there is a switched-capacitor path, due to the
bottom-plate parasitic coupling Cp,, in which the capacitor voltage ripple is much
larger and where the charge-transfer process is consequently much less efficient.
The additional energy, during phase ®,, from the input to charge C,,, equals:

Ein 1cR additionat = Cpar AV, Vi- (2.9)

During phase ®,, this parasitic coupling is discharged into the output and
contributes to the total output energy, albeit at the conversion efficiency of its linear
regulation equivalent. This energy E,,».op, from Fig. 2.7¢, is given by:

E(th,(I)b = CparAVCpW Vo- (2 10)
The efficiency of the Intrinsic-Charge-Recycling scenario is then obtained by:

Eout,CDa + Eout,CDb + Eour2,<1>b
Nicr = ; (2.11)
Ein,ideal + Ein,ICR,additional

which in combination with (2.1)—(2.3), (2.9), and (2.10) expands to:

2Cﬂy AV fy Vo + Cpar A VC,,,Z, Vo

, 2.12)
Cﬂy A VCﬂy Vi+ Cpar A VCpar Vi

Nicr =
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Fig. 2.8 Efficiency of both the regular as well as the Intrinsic-Charge-Recycling scenario for a
V,/V,.ia ratio of 0.9

and results, with substitution of Cp,, = aCpy, V, = yV, 4, AVcﬂy =V, =2V,
AV¢ ar = Vi— Vo, and V; = 2V, ;4, into the condensed form:

ly(ay —2a + 4y —4
Nicr = y(@y v ). (2.13)
2 ay—2a+4+2y—-2

Equations (2.8) and (2.13) summarize the efficiency of both scenarios as function
of o and y. Figure 2.8 plots the result for y = V,,/V, ;s ratio of 0.9. As expected,
when o = 0, both cases are coincidental and simplify to the ideal scenario
efficiency y. When the flying capacitor is not ideal and exhibits a bottom-plate
parasitic coupling percentage «, it can be seen that for low coupling percentages
below about 4 %, the regular scenario yields a slightly better efficiency result.
A break-even between the regular and the ICR scenario takes place at 4.04 %, after
which it is better to have the parasitic coupling capacitor located at the positive
flying capacitor terminal.

A more general analytic solution of this trade-off can be computed by equating
Eqgs. (2.8) and (2.13), and solving for parameter «:

AP -2y + 1)

y(y —2) ' @19

Upreak—even = {Oa

Next to the trivial solution of « being zero, the break-even is now visualized in
the o — y plane in Fig. 2.9. Depending on the operation point of the converter, it is
now clear which mode of operation yields the highest efficiency, given a fixed flying
capacitor and not including other converter losses.

The total system performance perspective, however, exceeds the efficiency point
of view. On the one hand, the power density of both non-ideal scenarios is different.
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Fig. 2.9 Break-even between the ICR and the regular scenario as function of the operation point:
o and y

Where the power throughput in the ICR scenario is increased, because the intended
switched-capacitor DC-DC operation is aided by an inefficient switched-capacitor
linear regulation path, the power density is decreased in the regular scenario, due
to the switched-capacitor resistor leakage to ground. The power density can be
considered by taking the ratio of the total output energy per flying capacitor. This
is a valid assumption if the flying capacitor area closely matches the total die area,
which in a CMOS context is indeed the case. Consequently, the power densities of
the regular and the ICR scenario are given by Egs. (2.15) and (2.16), respectively:

E()M (0]
PDgic = ’éﬂ“RE" = yV2 (4 —ay —4y) (2.15)
Jy

E()u O]
PDjcg = g VR = yV2 (4 —ay — 4y +2a) (2.16)
fly

Not surprisingly, the power density is also a function of the output voltage. This
follows from the fact that the voltage drop over the converter output impedance
Vi, = Voia — ¥ Vo.a, for a given y =V, /V, ;4 ratio, and is larger with increasing
output voltage. Consequently, this larger allowable overdrive voltage over the
converter output impedance yields a larger output current and an associated output
power. Of course a lower y also increases the output impedance overdrive voltage,
but this reduces the efficiency as both the output voltage and the voltage conversion
ratio deviate from their ideal, open-circuit output values.

In order to continue the comparison between the ICR and the regular scenario,
the power density improvement by selecting the ICR technique is now given by the
ratio of the power density with ICR to that without ICR:
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Fig. 2.10 Power density improvement of ICR with respect to the regular scenario. (a) Power
density improvement of ICR, up to large parasitic coupling ratios. The box in the lower left corner
indicates the area of the plot that is enlarged in (b). (b) Power density improvement of ICR, close-
up in the case of a low parasitic coupling ratio

Eq.(2.16) 4—ay —4y + 2«

PD ain — =
¢ Eq.(2.15) 4—ay —dy

(2.17)

This power density gain ratio is shown in Fig. 2.10a, for capacitors with relatively
high parasitic coupling ratios, and more in detail in Fig.2.10b, for higher quality
capacitors with a lower bottom-plate parasitic coupling. The results are also plotted
for several y settings, and it can be seen that even very low « coupling percentages
can give rise to a large improvement in the power density, especially for high y
values. With respect to a highly efficient switched-capacitor DC-DC operation,
exactly these high y values are necessary.

When comparing the ICR scenario to the regular one, it is unfair to only consider
the absolute efficiency and the resulting trade-off of Fig.2.9. It is more fair to
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compare both scenarios at equal power density. This means that the power density
improvement, as given in Fig. 2.10a, is traded into a corresponding lower switching
frequency. In turn, this reduces the switching associated losses and improves the
conversion efficiency. The Intrinsic-Charge-Recycling technique is thus a useful
technique to, given the parasitics that inevitably remain after having applied other
circuit techniques in order to minimize the parasitic effects, make the best of the
situation. It is noted that, as indicated by Fig. 2.8, there can be a penalty of selecting
the ICR scenario over the regular one, for the lower « range of capacitors. However,
this penalty is relatively small and toward higher y values, this penalty becomes
even smaller. In conclusion, considering the bigger picture involves considering the
possible efficiency penalty, of selecting the ICR scenario for low « values, versus
the efficiency gain that is obtained, by reducing the switching frequency in the
ICR scenario to obtain an equal resulting power density for fair comparison to the
regular scenario. Therefore, it can be concluded that the application of the Intrinsic-
Charge-Recycling technique is highly likely to be the better option. Depending on
the operation conditions o and y, the performance improvement can turn out to be
significant and can be calculated with Egs. (2.8), (2.13), and (2.17).

2.3.4 Multi-Phase Time Interleaving

Multi-phase time interleaving is an effective technique to reduce the ripple in power
converters [100, 113, 119]. The principle is to take a converter and subdivide it
into N smaller fragments, which are operating in parallel, but the switching occurs
on different time instants. Each fragment operates at the same base frequency as
before, but fragments are activated sequentially every Tcrx /2N, where Tcrk is the
clock period of the base switching frequency and the factor two in the denominator
is caused by the two-phase operation. The benefits of this technique can be seen on
multiple levels.

First, although the base switching frequency is unchanged, the output voltage
ripple frequency is increased by a factor N. This relaxes the specification of
the output filter, reducing the required passive component values to realize a
targeted ripple attenuation. Secondly, in the case of switched-capacitor DC-DC
converters, the requirement on the output decoupling capacitor is reduced because
the charge transferred per converter phase configuration transition is N times
smaller. Consequently, the charge sharing of the flying capacitor fragment and the
output decoupling capacitor will cause a smaller positive deviation of the output
voltage, since the Cy, to C,, ratio is reduced. A third aspect, which is also specific
to switched-capacitor DC-DC converters, is that a dedicated decoupling capacitor
is no longer necessary. The N — 1 converter fragments, that are configured in either
of the two possibilities, have their flying capacitor either in series or in parallel with
the output, in case of a 2 to 1 converter. As such, this flying capacitance is adding to
the decoupling of the output. Other voltage conversion ratio topologies benefit less
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than that with a ratio of two, but the concept is still valid. Moreover, elimination
of a dedicated output decoupling capacitor greatly enhances the power conversion
density [41, 56].

Conceptually, multi-phase time interleaving can be summarized as a technique
that reduces the Cy, to C,,, ratio and yields all benefits that follow from doing so.
From this perspective, Fig. 2.4 is also valid in this case.

2.3.5 Avoiding Multi-Phase Time Interleaving

Next to the many positive aspects of multi-phase time interleaving, Sect.2.2.1 and
Fig. 2.4 describe that allowing an output voltage ripple can yield a higher converter
efficiency. This concept is being explored in the work of Zimmer et al. [130] to
improve the system efficiency of a digital SoC. However, the earlier work of Le
et al. [42] advocates to use the multi-phase interleaving to improve the system
efficiency of a digital SoC. These conflicting perspectives are now discussed.

Typically, digital circuits are operated synchronously with a clock. In order to
ensure that digital logic circuits function correctly, they must complete their input-
to-output transition within the clock period, while respecting all setup and hold
times of other logic cells they interface with. This comes down to the verification
that the computation time of the slowest cell, which forms the critical path, is less
than the clock period, and this in the worst-case scenario. Such a worst-case scenario
involves, among many other process variation effects, the worst-case supply voltage.
As the supply voltage is lower, digital circuits run slower, therefore a minimum
supply voltage specification is an important part in the selection of the maximum
possible clock frequency. In the static scenario, where a circuit is always operating
at this frequency, any voltage surplus above this minimal specified supply voltage
level is a loss. This is due to the fact that, as a higher voltage will speed up the digital
computations, these computations will consume more energy associated with the
charging and discharging of gate capacitors in the digital logic, given by:

EC,supply = Qcapvsupply = Cszupply (2.18)

However, the fact that a logic computation is completed in a shorter time does
not yield any benefit, since the clock period is fixed, and everything remains idle
until the next clock period. In this case, multi-phase time interleaving is the best
approach, since it will minimize the voltage ripple excursions above the minimal
output voltage. Therefore, it is better to reduce the Cy, to C,, ratio as much as
possible. This can be verified by considering that, if a digital load is modeled by
an equivalent resistance, the power at the input of a 2:1 switched-capacitor DC-DC
converter is given by:
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P, DC—DC = Pload — Vlzoad,RMS Vl (2 19)
" Npc—pc Rioad  2Vioad.ave '

Equation (2.19) shows that a higher Vj,.4 gys Will increase the input power, while
there is no improvement in the performance of the digital load.

The merit of not applying multi-phase time interleaving relies on the premise of
being able to apply dynamic voltage scaling on a cycle-by-cycle basis, as function
of the actual time-varying supply voltage. Only then, it is possible to end the clock
period right after the critical path has completed its action. As such, there is no
time spent idle, while waiting for the next clock period. This enables for the system
to go in sleep after a job has been completed in a shorter time frame. Combined
with a higher npc——pc, as discussed in Sect. 2.2.1, the non-interleaving, or rippled
Vsupply» operation can in theory provide a lower input power. It must be noted that
the non-interleaving scenario will provide a higher average load voltage over the
supply, resulting in an increased energy/operation. However, the input voltage of
the non-interleaving converter can be reduced to make the average load voltages
more similar and minimize the energy/operation difference for both scenarios.
A drawback of not applying multi-phase time interleaving is that DC—DC converter
input current will again be more impulsive, and the associated effects of this dI/dt
over any parasitic inductance are highly undesirable.

2.4 Converter Design and Optimization

Chip area is a costly resource, for this reason it is not only the power conversion
efficiency that is considered when designing an integrated converter, but also power
conversion density is to be maximized. On a system level, the area allocated to
each circuit block must minimize the power flow losses from input to output in the
converter. Therefore it is necessary to also include the additional effects of block
interconnections, that are typically not part of the converter modeling. As these
resistive losses become more important, due to the high current density of power-
dense converters, it is no longer possible to consider these effects as negligible.

In [90] the contribution of the flying capacitor Cy, and the switch on-resistances
to the output impedance of the converter is modeled. In a Slow Switching Limit
(SSL) case, the flying capacitor impedance is dominant [Eq. (2.20)]. The other limit
is the Fast Switching Limit (FSL) case, in which the combined on-resistance of
the switches dominates the flying capacitor (dis)charge time constant. The FSL
resistance is given by Eq. (2.21).

32
Ry =Y (Zlf)w (2.20)

i
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Ry =2 Z Ri(ar)? (2.21)

R, = /R + (2.22)

Parameters a.; and a,; are topology-specific. The output impedance is then given
by Eq.(2.22). However this model does not yet include the ESR of the flying
capacitor Resr ¢, and metal routing resistance R, as shown in Fig.2.11. Both
these parasitics contribute to R, and result in Eq. (2.23).

R - \/(Rfsl + RESR Chy + Rroule) + Rssl (223)

From Eq.(2.20) it can be seen that the R;; can be made small by using more
capacitance Cpy, or by increasing the switching frequency f;,,. Integrating a large
capacitance in CMOS consumes a large area, and thus will be the bottleneck for
power density as the switching frequency cannot be chosen arbitrarily high, without
compromising system efficiency. For this reason MOS-capacitors are selected to
integrate Cpy, due to their high capacitance density of around 10 ;{i , in comparison
to the MIM capacitor or MOM capacitor alternative. Achieving high power density
requires optimal use of the available Cyy, i.e., design REsr.cpys Rroutes and Ry to be
low in comparison with Ry, while limiting the associated impact on the area.

Additionally, the flying capacitor bottom-plate parasitic coupling can be captured
by a modeling resistor in Fig.2.11, but is not added here. In case of applying
Intrinsic Charge Recycling, the coupling can be modeled by a resistor from input
to output. Alternatively, the coupling causes an additional resistor in parallel to the
load, in the regular scenario.

Next to the output impedance loss, Fig.2.11 shows the dynamic losses (Ryy,) as
result of the switched-mode operation. Resistor Ry, is not a physical impedance at
the location in Fig.2.11, but intends to model the loss associated with the power
switches, their drivers and level shifters. It is represented by Py, swirches-

Rroute RESR,CfIy Rssl Rfs[ RL
N\ Y= RotR
n 1 Vo,id Ro V, othL
NS
Vi (_) Rdyn RL p— Co

"

den ,switches

Fig. 2.11 Output impedance model for switched-capacitor DC-DC converter, extended with
additional loss contributions
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Optimizing power density results in the minimizing Eq. (2.23), while targeting
a desired threshold-efficiency as secondary objective. Figure 2.12 depicts the
crossover frequency shift of R, due to Eq.(2.23). Both REsr.cyy and R, only
have an area impact, but no cost in the dynamic power. Consequently, good design
involves to make these values much smaller than Ry [9, 115], which contributes, on
top of area, to dynamic losses. Regarding losses, the ideal value of Ry is obtained
when its associated cost Py, swirches 1S comparable to the dominant loss caused by R,,.
Indeed Ry (and thus R,) should be made smaller as long as the cost in additional
dynamic power is negligible to the dominant loss. This approach is similar to the
output impedance balancing described in [115] and includes the effect of Rgsg ¢,
and R e

The above design considerations were combined into the automatic procedure
that resulted in the proposed converter, of which the specifications are later
discussed in Sect. 2.6. Given a fixed area for the flying capacitor Cpy, as this is the
main area bottleneck, an optimal solution is searched for in the design space formed
by parameters REsr cyys Rroutes Rysis fsw, and y.

2.5 Implementation

The system architecture is shown in Fig. 2.13. The converter is built up with power
conversion cells, discussed in Sect.2.2. These cells contain 2 voltage domains,
each with a voltage range of V,;. Voltage domain 1 ranges from Vg to 2V,; and
contains transistors M1 and M3. Voltages between ground and V,; form voltage
domain 2 and this domain includes transistors M2 and M4. The advantage of
stacking 2 voltage domains is that the standard thin-oxide transistors (V, rated)
can be used, instead of the less-performing thick-oxide I/O devices (> V ; rated).
This is because each transistor only operates within one voltage domain, and
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Fig. 2.13 System architecture: 21-interleaving structure composed of unity converter cells,
controlled with 21-tap VCO

undergoes a maximum voltage swing of V,,. Thin-oxide transistors have a better
Q¢Rs.0n, hence they are preferred over the thick-oxide transistors if the topology is
compatible with voltage domains. Generally, capacitive converters can exploit this
very well, as demonstrated by Ng et al. [70] in a 12—1.5 V converter with extensive
implementation of multiple voltage domains. Using many voltage domains also has
consequences, level shifters are needed to pass clock signals in between voltage
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domains and during start up special care must be taken to protect the transistors
from overvoltage. In this design, an integrated linear regulator, implemented with
thick-oxide devices, was included to generate an internal supply voltage of V; to
ensure safe start up.

Proper operation of the power conversion cell requires the 2 phases to be non-
overlapping, as shown in Fig. 2.13. A clock signal from the ring oscillator is made
non-overlapping into ®,, and ®,,. Because of the voltage domain approach, these
non-overlapping signals also need to be present in the V-2V, domain. To this end,
a capacitively coupled level shifter is used [95]. Each core includes two level shifters
to generate the level-shifted counterparts of ®,, and ®,;, &, and ®,;, respectively.

To decrease the ripple on the output voltage the converter is fragmented into 21
equal parts, which are operated out of phase, interleaved in time. This degree of
interleaving was selected in order to obtain a specification of the ripple of the output
voltage that is below 10 % of V,,. In general, interleaving has a double advantageous
effect. First of all, the charge transfer is spread out over 21 smaller charge and
discharge currents, yielding a decreased output voltage ripple [101, 113]. This
relaxes the requirements of the output smoothing capacitor, as well as that of the
input smoothing capacitor. Another advantage is that the idle converter cores help
smooth the input and output. When 1 of the 21 converter cores switches between
phases, 10 other converter cores are located between V; and V, (®,) and another
10 converter cores are located between V,, and ground ($;). Hereby the charge-
transfer capacitors Cy, in the idle cores are effectively decoupling the output, with
the difference that at a later time they will also contribute to the charge-transfer
process. When the amount of interleaving is high, the idle cores are sufficient to
smooth a switching converter core. Then it is no longer needed to have a dedicated
output smoothing capacitor. Precious chip area is saved and the power conversion
density is boosted. In this prototype converter, a total of 12 nF is divided over the 21
converter cores resulting in a Cgy, of 0.57 nF per core. No dedicated output capacitor
was integrated and the output voltage ripple did not exceed 8 % of the output voltage
in steady state. Each converter core is provided with an out-of-phase clock signal,
generated by a 21-stage voltage-controlled ring oscillator (VCO), of which the
frequency is set by an external control voltage. For the interleaving approach to
work well, the switching action of each core should be spread out in time with
equal intervals. Small levels of phase noise in the VCO however are not a problem
because the flying capacitor Cy, is charged/discharged with exponential decaying
current pulses and thereby the interleaving sensitivity to phase noise in the VCO is
low.

Capacitive converters, as opposed to their inductive counterparts, implement a
fixed voltage conversion ratio (VCR) that is set by the topology of the converter. The
topology of Fig. 2.1 achieves an ideal (unloaded) VCR of 0.5, but under practical
conditions the VCR is lower due a non-zero output impedance [90]. The voltage
drop Vg, (set by y), introduced by this output impedance, forms an upper bound
for the maximum achievable efficiency. Therefore, Vg, is desired to be as low as
possible. From a regulation perspective this output impedance can also be used to
generate intentional voltage drops as to generate voltages below the ideal output
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Fig. 2.14 Chip photograph

voltage of the converter topology. This is similar to adding a linear regulator in
series with the ideal converter output, where a voltage drop is generated over a series
pass device. Control of the output impedance of the capacitive converter can be
obtained by changing the switching frequency. The efficiency of generating voltages
below the ideal output voltage is thus like that of a linear regulator. However for
small deviations below the ideal output voltage, this kind of regulation has only a
limited efficiency impact. On top of that, the overall decrease in efficiency is being
counteracted by a decrease in switching losses, associated with an output impedance
increase. For a wider range of output voltage regulation, while maintaining high
efficiency, it is necessary for the converter to reconfigure in a different topology
with a different corresponding VCR [27, 87, 105].

The total circuit of the proposed converter prototype was implemented in a 90 nm
bulk CMOS technology and measures 2.14 mm?. The total amount of integrated
flying capacitance is 12 nF. A chip micrograph is depicted in Fig. 2.14.

2.6 Experimental Verification

Figure 2.15 shows the efficiency of the converter when a constant output voltage
of 1V is delivered to a load. This measurement was conducted by sweeping the
load current, while the external control voltage was adjusted to set the switching
frequency in order to generate 1 V at the output. The load is varied from 250 mW up
to 1050 mW and both the converter prototype efficiency as well as the efficiency of
a corresponding linear regulator is shown. A peak efficiency of 65 % at a 1 W load
is achieved. From Fig.2.15, it is clear that the capacitive converter substantially
improves upon the linear regulator. The Efficiency Enhancement Factor (EEF)
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Fig. 2.15 Efficiency during a sweep of the load power P, at constant V, = 1 Vand V; =24V

introduced in [125] under a 1 W load is +36 %, meaning that this prototype converter
can extend the battery lifetime with the same amount.

A measurement to indicate the maximum efficiency, for an output power range
of 150 mW up to 1.65 W, is performed in Fig. 2.16. For each converter load power
point, the converter efficiency and the corresponding output voltage are plotted. This
was measured for both an input voltage of 2.4 and 2.6 V. When the converter is
supplied with an input voltage of 2.4 V, the converter efficiency peaks at 69 %, while
supplying 0.9 W to the output. In case 2.6V is present at the input, the converter
prototype is able to deliver a maximum output power of 1.65 W, and this at a power
conversion efficiency of 60 %. Both input voltage cases lead to a performance of
over 60 % in a broad load power range.

As mentioned earlier, capacitive converter topologies implement a fixed VCR,
but regulating the output impedance is suitable for generating output voltages, if
only a small deviation below the ideal output voltage is required. The external
control voltage is used to set the frequency and hereby the output impedance can
be controlled by Pulse-Frequency Modulation. Alternatively, Fig.2.17 shows the
efficiency under an input voltage decline from 2.6 V down to 2.35 V and a constant
output voltage of 1.03 V, while the load currentis 775 mA. Both converter efficiency
as well as the efficiency of a linear regulator are plotted and the switching converter
steadily maintains an efficiency of around 65 %.

The load regulation of the converter is measured in Fig. 2.18. Since the converter
does not have an integrated closed control loop, the measurement represents an
open-loop converter, configured to a single switching frequency. The load current
is stepped between 641 and 1170 mA, represented by the lower (CH1) waveform.
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The upper waveform (CH2) shows the reaction of the converter to this load variation.
The applied load step causes an output voltage difference of 95 mV, which results in
a load regulation of —0.175 Q2. The efficiency in both load current cases was 65 %.
A comparison to prior art is summarized in Table 2.1 and Fig. 2.19. All converters
in the comparison exhibit high power density, but each has a different technology or
topology background. It is shown that this work improves upon [125] and achieves
a high output power on top of a power density comparable to [42], although no
special technology options were used in this work and no high capacitance density
feature was available, as is typical in advanced nanometer technology nodes [110].
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The work in [13] achieves a very high power density, but the integrated prototype
only delivers a peak output power of 8.88 mW. The high power density can be
realized through the availability of a very large amount of integrated capacitance,
enabled by deep-trench capacitors. While the design in [13] only realizes a low
output power, issues such as heat dissipation and metal routing impedance are not
expected to be very pronounced. As such, extrapolation of the power density to
higher power implementations is optimistic. Nonetheless, very high power densities
can be achieved by this technology.

2.7 Conclusion

The converter in this work was designed to have a maximal power density, with
efficiency as secondary objective. To this end, Sect.2.4 provides insight on the
parameters and parasitic effects that affect the optimal design point. Section 2.3
introduces circuit and layout techniques to overcome the pitfalls that accompany
the integration of capacitive DC-DC converters in a cheap bulk CMOS technology.
The proposed Flying-Well technique and the Intrinsic-Charge-Recycling technique
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offer a performance increase, along with other incorporated techniques as the
use of multiple voltage domains and interleaving. This resulted in a 2.14 mm?2,
90nm CMOS capacitive 2:1 step-down demonstrator, capable of delivering an
output power of 1.65W or 0.77 m‘ivnz. Achieving these specifications, the converter
prototype does not escape high temperature operation and metal routing impedance
issues, that very-high-power-density converters only delivering a low output power
are not impeded by. Over a broad load range, the efficiency of the proposed converter
is above 60 %, which is on average a 20 % efficiency increase in comparison to
a corresponding linear regulator. It is shown that bulk CMOS can be a potential
vehicle for high-power, high-power-density converters at moderate efficiency. That
is the performance penalty when circumventing special technology options and
keeping cost down.



Chapter 3
Toward Monolithic Integration of Mains
Interfaces

3.1 Introduction

This chapter is the first in a set of four chapters, to discuss and report on the main
focus of this work: the investigation and realization of miniaturized transformerless
power converters to interface the mains voltage, and deliver an output voltage that is
compatible with the supply voltage of modern low-voltage CMOS technologies.
Therefore the functionality resembles that of the traditional AC-DC converter,
which has become a ubiquitous component in the household to the extent that most
users no longer take notice of what a central place this common component takes
up in daily life. Especially with the growing popularity of connected mobile devices
and the smartphone in particular, which has an exceptional hard time to last through
the day on a single battery charge, the little AC-DC adapter can be regarded as
a gadget enthusiast’s best friend. The integration focus of mains interfaces in this
work is not to replace the current AC-DC adapters, but to extend upon the available
mains converters by adding efficient and compact mains conversion at power levels
below the current spectrum.

3.2 Motivation

Research toward highly integrated mains AC to low-voltage DC conversion can
easily be justified. On the source side, the mains AC voltage is the predominant
power distribution method toward the end user, and this on a global scale [127].
This is a logical consequence of using AC machines to generate electricity. In
the early days of electrification, there was initially a proliferation toward many
local frequency standards. The multitude of used frequencies caused no single
standard to prevail until large companies weighed in to back a single frequency.
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In Germany, and later Europe, Allgemeine Elektricitits-Gesellschaft (AEG) decided
in 1891 to use 50Hz, while Westinghouse in the USA adopted 60 Hz in 1890
[72]. On the electricity consumption side, voltage is required in a different form.
Applications, which contain modern semiconductor integrated circuits, typically
require a DC voltage to operate. The actual voltage level varies depending on the
specific application, but generally more recent integrated circuits require ever lower
DC supply voltages. This leads to the voltage gap, a large discrepancy in voltage
specification between source and sink. Moreover, this discrepancy presents itself
very often, which is proven by the multitude of AC-DC adapters, wall warts, or
power bricks in a typical household.

Figure 3.1 shows the trend of volume reduction from bulky blocks to a more
compact form factor. This is made possible by moving from the bulky transformer-
based AC-DC adapters to switched-mode power supplies and in a later stage by
transitioning to a high-frequency switched-mode power supply approach, allowing
to reduce the size of passive components. Moreover, weight is also reduced due
to the transition of heavy ferrite-core low-frequency transformers into their lighter
high-frequency equivalents. Even though there is a positive evolution in AC-DC
adapters, applications are available that do not match with the specification scope
of typical adapters and are better served by other mains conversion approaches with
better matching specifications. A popular output power specification for adapters is
5Vatlor2A,resulting in 5 or 10 W at the output, respectively. Below 10 % of this

==l

Fig. 3.1 Evolution of AC-DC adapters: from bulky transformer-based through the traditional
switched-mode power supply to the recent high-frequency compact switched-mode power supply
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nominal output power rating, high conversion efficiency can no longer be assumed
and is also not a legal requirement, although efficiency standards are gradually
becoming more strict [19]. Consequently, applications with a power consumption
below this level are better supplied by other means of mains AC-DC conversion.

This motivates the search for pW-level and mW-level solutions to bridge the
voltage gap between source and sink, targeting low-power applications. In the pW-
range, possible application can be found in smart sensor networks, of which the
terminology has evolved into the more popular and widely accepted Internet-of-
Things (IoT) or Internet-of-Everything (IoE) denomination. Alternatively, efficient
delivery of mW-Ilevel output power can revolutionize standby power consumption
of consumer electronic appliances by adding an auxiliary power supply. In addition,
mW-level power supply from the mains can also serve as a main stand-alone
solution for future low-power target applications.

3.2.1 uW Level

A trend toward smart environments, as proposed by the Internet-of-Everything, is
posing substantial demands on sensor nodes to become available for in-building
light and climate control. To power these functions, one can aspire to use any method
of energy scavenging, but the limitations in power and cost for the scavenging
solutions are manifold. Alternatively, it might not be possible to rely on a battery
for energy storage due to the large volume that would result or the infeasibility
to recharge. Another option is to power sensor nodes from the mains, particularly
relevant for applications that already have access to the mains voltage such as
lighting control. Typical solutions for low-power low-voltage supplies are based
on flyback topologies [81] and the cost and size are determined by the external
components, such as a mains isolating transformer. For target application in this
work, it is required to realize a differentiation in cost and volume. Consequently, a
high level of integration is required in the solution.

3.2.2 mW Level

Many of the consumer electronics appliances in the household are permanently
connected to the mains. Among these appliances, devices belonging to the category
of remote-controlled devices are mostly never fully switched off by the power
button, but in fact go into a form of hibernation or sleep mode. This means that,
even when not actively used, the device continues to draw power from its internal
mains-connected power supply. Despite the obvious lower power level required by
the device in sleep, total system power consumption may be worse than initially
expected as result of the inefficiency of the internal mains-connected power supply
now being used at 1/10th to 1/100th of its nominal output power level. This confirms
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the need to develop a high-efficiency mW-power inexpensive alternative with a
small footprint to be added to the remote-controlled device to enable negligible
system power consumption when operating in sleep mode. In addition, a mW-level
power supply from the mains can also serve as a main stand-alone solution for future
low-power target applications.

3.3 Target Functionality and Specification

After introducing and motivating the proposed research in Sects. 3.1 and 3.2, this
section takes the next step in the development toward a concrete solution by
translating the wanted properties into specifications. To that end, it is necessary
to identify key functionality and quantify this into the system specifications that
define the boundaries of the solution space. On top of that, this exploration targets
an application-specific, in the sense that the output power of the converters under
aim is in a suitable matching range, custom prototype to advance on previous work
in terms of integration, performance, and cost.

From a high-level perspective, the target functionality is the ability to interface
to the mains voltage and to efficiently deliver a regulated low-voltage power supply
with sufficient output power capability to operate the applications described in
Sect. 3.2. An important aspect while achieving this functionality is to eliminate the
need for a transformer, in order to overcome the cost and volume bottlenecks of
readily available solutions while advancing the state of the art.

The input specification of the system solution is immediately well defined
because of the standardization of the mains [65], even though multiple mains
standards exist. The situation with respect to the specifications on the output side
is less clear. Typical IC supply voltages include the 0.9-1.2V range, 1.8, 2.5, 3.3,
5, 12V, etc. Their origin is found as being the nominal supply voltage ratings of
CMOS technology nodes through the evolution of CMOS technology scaling and
simultaneous voltage scaling. From these voltages, 3.3V is a good compromise in
between legacy technologies and the present-day high-end nanometer CMOS. It is
a very commonly used power rail on printed circuit boards and is consequently
a good target output voltage level. With respect to the output power, it can be
concluded that only relatively low amounts of power need to be extracted from the
mains in order to supply the applications mentioned in Sect. 3.2. Even though the
absolute power levels are low, a power range of uW’s in smart nodes up to mW’s
for auxiliary standby units spans three orders of magnitude. Realization of such
a wide operation range is not a simple feature to accomplish [118] and typically
involves multiple control parameters to vary or multiple operation modes [14],
where normally one is enough. Inevitably, when an application is on the low end
of this power spectrum, the power converter is operating at a very light loading
condition, and is not fully taking advantage of its die area and is operating at a low
actual power density in comparison to its nominal capability. Therefore, if target
applications are on either end of this power spectrum and only operate at that level,
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Table 3.1 Speciﬁcation VIN [VRMS] 85-265
targets for low power from
the mains Vour [Vbel 3.3
uW-range mW-range
Proad nom <100 MW < 100 mW
PIN,m) load N.A. < ll()PLuaa’.nam
Fig. 3.2 Performance feature Efficiency | Integration

order of importance | Thickness

Decreasing importance

| Cost
Volume

wide range is not required and power-level-specific scaled implementations are
more appropriate. Alternatively, this is an indication that optimized approaches for
either end of this power spectrum might require fundamentally different underlying
operation principles.

Next to input and output voltage specifications in combination with targets for
the output power, which are functionality specifications, as they are fundamental
in achieving the target functionality, other specifications of importance are system
efficiency, cost, and volume. They are performance specifications as their actual
value does not affect the ability to perform the target functions, but affects the
quality of how these are performed. Therefore, instead of setting target values
for these specifications, unless forced by system constraints, it is more sensible
to sort them in their order of importance or priority. Especially since performance
specifications typically yield trade-off relations between another.

Table 3.1 lists an overview of the functional specification targets and Fig. 3.2
indicates the priority order of the performance specifications.

3.4 Research Challenges

After the definition of target specifications, practical circuit techniques and imple-
mentation are necessary in order to realize the demonstrators under aim. At this
point, an assessment is made of what the research challenges of this work are with
respect to the available current state of the art.

A first challenge to solve when integrating mains interfaces is the handling of
high voltages on a chip or within a system where not every individual component
can come into direct contact with this voltage. This results in the requirement of
the circuit to arrange the components such that individual components are always
operated within their nominal boundaries but that the whole of components is
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handling a higher than nominal voltage. The voltage range of active circuits in
CMOS is generally limited due to the small feature size they are produced in and
the according breakdown voltages of the process materials. Technological solutions,
in the form of non-standard CMOS processes, are available with more relaxed
breakdown specifications. However, even in this case the issue is not mitigated and
special consideration is necessary to realize overvoltage-free and thus reliable circuit
operation. Passive components on the other hand can be created with more freedom
in layout and can therefore be designed accordingly so that the necessary voltage
range is directly incorporated.

A second challenge is to conceive circuit topologies to perform rectification,
high-ratio voltage conversion, and regulation. It is not required that the preceding
steps are performed in the listed order. Both a single-stage or multi-stage system cir-
cuit approach is considered, as long as the functional and performance specifications
can be met. With respect to the state-of-the-art solutions, a transformerless solution
is targeted to substantially differentiate this work from available commercial off-
the-shelf (COTS) components in volume and cost.

A third challenge, as with all integrated power converters, is the limited density
at which capacitance and inductance can be integrated onto a chip. Hereby
restricting achievable values to the first decade of the nF or nH range. In voltage
conversion circuits, passives can easily become large in a trade-off to reduced
switching frequency in order to achieve a high efficiency specification. At the
same time, the power conversion density is a critical performance parameter and
maximizing this yields the dual trade-off to reduce the passive component area
and increase the switching frequency. The resulting conflict between power density
and efficiency is ever present in monolithic power converters. When focusing only
on the specifications of the converter itself, this trade-off yields a very subjective
decision. Therefore, it is up to the designer to take into account the total system and
to realize optimization from this top-level point of view. It is exactly, and only, this
total perspective and its constraints that can objectively motivate specifications of
each system building block, and as such, the trade-off between efficiency and power
density in the case of a voltage converter.

A fourth challenge is the control of the voltage conversion in order to obtain
a regulated output voltage. Despite load fluctuations in the drawn output current
and line deviations of the input voltage, the target output must remain within
specification. On top of that, there is a growing need for very fast transient response
times to react on sudden input/output events. This follows from the evolution that
if power conversion is applied more decentralized, with many individual supply
nets and close to its individual load, a large shared buffer capacitance that provides
inertia to the power net is no longer feasible. The decoupling per voltage net is
reduced, while at the same time the dynamic range of the load current is increased.
Consequently, faster transient events occur, which require a faster transient control
response. In this regard, integration of the power converter is also an enabler to
achieve fast control as the feedback loop can be implemented with fast CMOS
circuits and the parasitics of the power delivery network [3] are low as result of
short physical dimensions of the converter-load combination.
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3.5 Bridging the Voltage Gap

3.5.1 Single-Stage Approach

The mains AC as input to a converter presents challenging peak input voltage
specifications up to 169 and 325V in case of the US and EU mains, respectively.
The higher the intended level of CMOS integration, the more limited the options
to interface such a high voltage become. This is a consequence of the limitation in
voltage ratings of native CMOS integrated components, and the restriction to only
use such components that yield fewer possible circuit implementations.

1. Active devices: Standard nm processes typically offer switch voltage ratings
of 2.5V/3.3V, which are already special-purpose input—output devices with
higher ratings than the regular transistors standard in nm CMOS. Techniques
such as stacking devices in series [8, 94] can be used to construct switch
blocks with enhanced voltage ratings, but are still limited by the finite body-
to-substrate diode reverse-breakdown voltage. When larger switch blocking
voltages are unavoidable, a possibility is to use a process with the option
to implement laterally diffused MOS (LDMOS) devices. This enables active
devices interfacing up to many tens of volts.

2. Passive components: Passive components can on the one hand be implemented
with active devices in the case of a MOS-capacitor or with special process option
components such as metal-insulator-metal (MIM) capacitors on the other hand.
Unlike these passive components that are limited in voltage rating by the building
blocks they are composed of, passive components implemented in the metal stack
benefit from the freedom in layout to obtain custom-designed voltage ratings.
However, larger voltage ratings require larger spatial separation of the component
terminals and thus result in a lower density of the integrated passive.

Even though the implementation options for a monolithic single-stage approach
are reduced, this approach will be further investigated in Chap. 4.

3.5.2 Two-Stage Approach

Next to full integration in a single stage, partitioning the mains AC-DC conversion
over two cascaded stages allows increased design flexibility in each stage and
enables each stage to focus more efficiently on a subset of the system challenges.
This approach motivates to use external components to step-down the high-voltage
mains in a coarse manner to an intermediate voltage compatible with CMOS
integrated active devices, which can then implement a secondary conversion and
provide fine regulation of the output. This will be later explored in Chap. 5.
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3.6 Conclusions

The realization of an integrated power converter to interface the mains and deliver
a low DC voltage in a compact form factor poses many challenges. As discussed
in this chapter, a most prominent aspect is to enable high-voltage capability
with a combination of lower-voltage building blocks. Opportunities to address the
challenge consist of flexible output power specifications that target the uW levels
and mW level, but are otherwise loosely defined. Alternatively, within the scope of
achieving a compact and highly integrated solution that differentiates itself with
a 10x improvement with regard to current available solutions, total freedom to
conceive a system is available.

From the discussions in this chapter, two implementation perspectives emerge
that will now be explored in detail in the upcoming chapters. On the one hand a
full monolithic approach focusing on the lowest power, but in a very small form
factor, is presented in Chap.4. On the other hand, an approach with a high level
of integration, using only a limited set of low-volume external components, offers
more flexibility to address both higher power as well as efficiency at the cost of an
increased implementation volume. The system trade-offs and an implementation are
discussed in Chaps. 5 and 6, respectively.



Chapter 4
A Single-Stage Monolithic Mains Interface

in 0.35 um CMOS

4.1 Introduction

In everyday integrated circuits a DC supply voltage is assumed to be available to
power the IC. But where does it come from? Commonly used power sources have
their origin in either harvested power or the mains grid, as the also often-used
batteries in mobile applications are of course just energy carriers and need to be
recharged.

For the first option, it is possible to harvest energy from various sources that
are present in the surroundings. RF radiation [59], kinetic [25], thermal [47], or
photovoltaic [107] energy can be harnessed using the appropriate harvester into
an electrical output. This output can then be further converted and regulated by
integrated power management circuits. However, the power output of a harvester
is related to the power available in its environment and therefore is subject to
uncertainty. Consequently, system down times may occur, which can last for
extended periods of time.

Alternatively, the mains grid proves to be a very reliable source of power with
blackouts occurring, on average, less than once a year [15]. It is also widely
available through an extensive infrastructure already in place. Unfortunately for
integrated circuits, the mains grid distributes power in the form of a high-voltage
low-frequency sine wave, specified in regional standards [127]. This generally
requires converters employing costly high-voltage discrete components, such as a
rectifier and a transformer [2], taking up significant PCB area.

In this chapter an integrated mains interface is proposed according to the single-
stage solution perspective discussed in Chap. 3, with the goal of fully integrating
it on chip. This eliminates the need for high-voltage-rated external components,
drastically reducing the footprint. However, the complexity is now shifted toward
the integrated circuit, creating the challenge to interface with these high voltages.
The approach encompasses the monolithic integration of a capacitive step-down
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interface that separates the active circuit from the high-voltage input, enabling
integrated circuits to operate straight from the mains as supply voltage. This feature
opens up the mains as possible power source for new application domains, where
the otherwise necessary discrete converter makes the solution unfeasible or too
expensive. Possible example applications are physically small low-power systems
that cannot consider the mains as power source if it requires a bulky converter
and consequently are limited to battery power and/or energy scavenging operation.
The mains as power source implies, in return, that the system is stationary, for
example, to be used for in-building sensor applications and other applications listed
in Sect. 3.2.

Previous research in this area concentrated on the feasibility of a high-
voltage-input integrated power supply by using the high-voltage capability of
a silicon-on-sapphire (SOS) technology [73], to implement circuits capable of
interfacing the mains input. To circumvent the need for high-voltage active circuits,
a capacitive division of the input voltage has been presented by Tamez et al.
[106] to reduce the required voltage rating of the subsequent power management
circuits. However, this capacitive division of the AC input voltage considerably
lowers the total system power throughput due to limited rectifier diode on times,
because the voltage division occurs before rectification, reducing the duration
when the sinusoidal rectifier input is larger than its output. This work aims to
combine the efficiency benefit of a capacitive step-down approach with the feature
of a maximal power throughput by maximizing the rectifier diode on times. To that
end, the operation of a capacitive AC-DC step-down stage is examined, offering
the advantage of a decreased voltage rating for the subsequent active circuits, but
with a maximal power throughput by eliminating the capacitive division before the
rectification. The resulting demonstrator was measured for line input voltages from
85 Vrums up to 265 Vrus for both 50 and 60 Hz and was able to supply a load current
of 1.93 pA and 2.87 uA at 3.3V for the US and EU mains standards, respectively.

This chapter is organized as follows. Section 4.2 discusses the challenges of
handling the mains as input voltage in an integrated circuit. The system architecture
and operation are proposed in Sect.4.3. Section 4.4 presents a compact model
for an ideal capacitive AC-DC step-down converter, followed by the prototype
implementation details in Sect.4.5. Measurements results are reported in Sect. 4.6
and final conclusions are drawn in Sect. 4.7.

4.2 High-Input-Voltage Architectures

Interfacing voltages beyond the nominal rated device voltage generally requires
special circuit techniques to prevent device overvoltage from occurring and conse-
quential device destruction. Successful techniques to do so include device stacking,
on the one hand, where cascoded devices each share a portion of the total
voltage [8, 93], and voltage domain stacking on the other hand, in which multiple
nominal voltage rails are serialized [67]. The cascoding approach is useful up to
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a few times the nominal rated supply voltage as the complexity to implement
these techniques increases substantially for each added level of stacking devices.
Nevertheless, voltage levels up to 10V have been reported using 0.18 um CMOS
processing [96]. The voltage domain stacking approach can be taken a step further,
but is fundamentally limited by substrate-to-well diode reverse-breakdown voltage.
This voltage depends on the doping concentration, where higher doping level results
in a lower breakdown voltage, and lies in the 10-15V range for modern bulk
CMOS processes. Therefore, extensive voltage domain stacking requires a medium
or high-voltage CMOS process, either with an additional buried layer or either
through a silicon-on-insulator (SOI) approach. Where in the former the substrate-
to-well diode is rated for larger voltages, there is no longer a diode in the latter.
Instead, the breakdown voltage is now related to the isolation material and its
thickness. The ability to stack many voltage domains does require a very regular,
repetitive topology structure, such as a ladder converter. In the case of Meyvaert et
al. [61], a collection of many switches and capacitors, each handling only 1 Vy;,
are combined into a series-stack of 10 voltage domains. But, this is assuming that
the circuit is functioning in its steady-state operation and starting up to this nominal
state is not trivial, possibly requiring the temporary support of high-voltage devices
that were targeted to be circumvented by the approach.

When considering the mains voltage with a nominal peak voltage of 375V in
the 265 Vrys case, it is clear that these techniques are inadequate and alternative
approaches are needed. With the mains voltage input exceeding the rated voltage of
the active circuitry by two orders of magnitude, it is required to create a voltage gap
between the mains input and the active circuit. This can be achieved by placing a
series impedance [73, 106] to contain a high voltage, so that the remaining voltage
over the active circuitry is low and within the nominal specification. As discussed
in [73], it is possible to use a resistor. Such an approach would have a very low
efficiency, due to the very large resistive voltage drop, and is therefore undesirable.
On the other hand, the possibility to use a capacitor is also discussed, which in the
ideal case is lossless and thus a better choice.

Such a series capacitor approach is taken in the work of Tamez et al. [106] in
the form of a capacitive voltage divider, as shown in Fig.4.1a. The mains input
voltage V¢ is divided by the combination of capacitors C;, and Cy;, to a safe lower
value Vx, which can be handled by the rectifier and the rest of the active circuit.
The divided voltage Vy is then rectified onto a smoothing capacitor Cpc, which
supplies current to a load. The maximal operation value for Vp¢ is found to be
V4 2Vx rus, occurring when the load current is absent. Therefore it is required that
the capacitive voltage division ratio rg;, is chosen to fulfill r;, N 2Vacrms < Viated
in order to guarantee that no overvoltage will take place at Vp¢ at the worst-case
condition when the load current is zero. Consequently, this necessary division ratio
a4y reduces power throughput in all other lower load conditions as the rectifier
diodes are only turned on when Vx > Vpc¢, which only occurs for a short time
near the peak of Vyx. When Vyx decreases below Vp¢, the rectifier diodes turn off
until Vx goes below —Vpc. During this time Cp¢ buffers Vpc.



52 4 A Single-Stage Monolithic Mains Interface in 0.35 um CMOS

a VAC,pIus VX

l
Cin //’\x\ Y
VAC @ C div —— } T )
v \‘\'\(Q/C - To LDO
AC ,minus N and load

b
x
2
AC,plus £ VDC
£
O
\ i /
X
N
N
AC,minus

|
|
|
|
|
|
/7
, 7
|
S
o
N
N

<
|}
o
>ead sujew o)

Fig. 4.1 Schematic (a) and associated waveforms (b) of a typical capacitive voltage divider

This work proposes to use a series capacitor as a capacitive step-down, inter-
acting with the load and the power management regulation circuits located behind
the rectifier, showing similarity to [73]. But other than in [73], this work targets
the use of a CMOS technology by moving the high voltage toward the integrated
passive components. And unlike [106], which guarantees safe operation at the
worst-case load by reducing the rectifier input voltage Vy, overvoltage is avoided by
providing a proper current sinking capability after rectification by a shunt regulation
path. This approach maximizes the rectifier diode on-time as V¢, floats at the
rate of the mains when the rectifier is off, keeping 7,5 to a minimum. Hereby power
throughput is nearly ideal and maximizes the input-series capacitance utilization,
reducing the necessary capacitor size and cost in comparison to other approaches,
such as the capacitive division. Figure 4.2a, b demonstrates the proposed concept.

4.3 Proposed System Architecture and Operation

The converter topology, shown in Fig.4.3, combines an AC-DC step-down stage
and DC post-regulation stage. The first stage consists of 2 high-voltage-rated passive
components R;,, C;; and a full-wave rectifier [24], forming the capacitive step-down.
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Fig. 4.2 Schematic (a) and associated waveforms (b) of the proposed capacitive step-down

The output voltage Vp¢ of the AC-DC stage is determined by the combination of
the input-series capacitance current and the output load current. The active post-
regulation stage is composed of a shunt path and a series regulator. While the
series regulator removes any remaining ripple from Vp¢ toward the regulated output
voltage V,,, the shunt path via transistor My, ensures that Vpc is limited to a safe
voltage value within specification. This is necessary when a reduction of the output
current, to lower than nominal values, would otherwise push the equilibrium Vp¢
level up to destructive values.

Next to the fully integrated approach of Fig. 4.3, integrating all components on
chip, Fig.4.4 shows an alternative implementation, which does rely on external
components. It is also implemented to avoid the limited availability of monolithic
high-voltage passives. Circuits from the fully integrated approach are reused in a
scaled-up version, with the exception that the high-voltage input impedance and DC
buffer capacitor are now implemented with discrete components, as seen in Fig. 4.4.
By exchanging the on-chip components for external components, larger capacitance
ratings are feasible to enable the same functionality at a scaled-up throughput level.
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4.3.1 Capacitive AC-DC Step-Down

To discuss the operation of Fig.4.3, it is assumed for the sake of simplicity that
R;, = 0, the rectifier is ideal (Vipp1—m2 = 0, Vppi—p2 = 0), Cpc is infinite and
charged to a voltage Vpc. A mains RMS voltage V¢ is considered to be present at
the input terminals, as shown in Fig.4.2b, and the initial condition of V¢, = 0 is
valid. In this case when V¢ pius, referred to Vac minus, increases from 0V up to Vpc,
devices M1, D1, and D2 remain off while M2 is on. Next, for Vpc < Vacpus <
/2V4c, D1 turns on and current flows to Cpc. Immediately after the mains peak is
reached, D1 turns off followed soon after by M2 since the low terminal of C;, starts
to float and decreases at the same rate as V4c pius, until a drop of 2Vpc has taken
place. At that time, Vac minus— Vac pius = Vpc and D2 turns on, while M1 has already
turned on just before, providing another current flow toward Cpc. This continues
until the negative peak at which D2 turns off. The above operation continues to
alternate.

Input-series capacitor C;, separates the active circuit from the high-input mains
voltage. While the high terminal of Cj, is subjected to the full mains voltage,
meaning a peak-to-peak voltage V. pign Of 24/2V,c, this is not true for the low
terminal (Vac jow)- The low terminal is bound by the rectified voltage Vpc resulting
in a Vpy 10w = 2Vpc. Next to the series-input capacitor C;,, which safeguards the
active circuitry from high voltages, a series-input resistor is added, to protect the
circuit against an inrush current of destructive proportion. When the system is
initially connected to the mains at a time of a high voltage or peak while Cj, is not
charged, there is an instantaneous voltage difference of the input capacitor, with an
exponential charging current as result. Without resistor R;,, a most-likely destructive
current rushes in to charge Cj,, only limited by the parasitic series resistance located
between VAC,plus and VAC,minus-

4.3.2 Shunt Overvoltage Protection and Series Regulation

Until now it was assumed that Cpc was infinite and fixed at Vpc, limiting Vac jow
with respect to ground during both positive and negative mains half cycle. In
practice, this cannot be assumed automatically and must be actively managed. The
limitation, in this work, is guaranteed by the parallel combination of the shunt path
and a low-dropout (LDO) series regulator passing the current to the load. At nominal
load the shunt path is inactive and all power passing the rectifier is consumed by the
load, satisfying both < |ic, ...| > = liadnom and Vpcpom = Vi (aside from
the minimal dropout voltage). The resulting equilibrium of Vpc om 1S given by
Vour of Eq.(4.7), in which < |[i¢, .| > equals the load current ij,uqnom for that
nominal case.

When load power decreases to a lower level ijpqq,1ow» Vreg Will be kept constant by
the series regulator. This is not true for Vpe, which will settle at a new equilibrium
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Vbc.iow in order to satisfy < |ic, .| > = iioadiow- From Eq. (4.7) it can be seen
that, for a given set of fixed parameters V;,, Ci,, and fqins, this can only occur by
increasing V,,; (i.e., Vpc). The new Vpc 1, equilibrium can be calculated according
to Eqgs. (4.1) and (4.2). In conclusion, this means that for a lower than nominal load
current, Vpc will easily exceed the safe operation voltage limit. For this reason, a
shunt path was included through My, in parallel with the series regulator, in order
to limit Vpc to a maximum of V), + Vi, . At less than nominal load current, the
shunt path will sink current igp,,, to compensate for the reduction in ij,,q. Thereby,
the load seen by the capacitive AC-DC step-down stage remains constant, and Vpc
does not reach overvoltage levels.

< |iC,‘,,_[(m,v| > _ 4fmainx Cin (VAC - VDC,low) (4 1)
< |iC;,,_,,,,m| > 4fmains Cin (VAC - Vreg) .

ic.. |>
VDC,low = VAC - . (VAC - Vreg) (42)
< |lcin.lmm | >

4.4 Converter Model

This section analyzes the power throughput of a capacitive step-down stage in the
ideal case, which is depicted in Fig. 4.5, and consists of an AC voltage source which
is capacitively stepped down and ideally rectified to a DC output voltage. A compact
calculation model is presented in Egs. (4.3)—(4.8).

The capacitive step-down introduces an impedance bottleneck as result of the
low mains frequency and a low capacitance value for Cj,. The latter is caused
by the high-voltage nature of capacitor Cj,, leading to a low capacitance density.
Given the ideal representation in Fig. 4.5, it is now investigated what the maximum
attainable power throughput is that can be expected for an ideal AC-DC step-
down. The power throughput is analyzed for the following set of system parameters:
the mains amplitude V4¢, the mains frequency fiqins, the amount of series input
capacitance Cj,, and the output voltage V,,,;.

Fig. 4.5 Schematic C
representation of the ideal in
model with AC input voltage,

a capacitor over which a

voltage is dropped, an ideal

rectification, and a DC output \2

voltage V
out

high | | low VAE,Iow

AC,minus
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Vin(t) = VAC Sin(znfmainst) (4‘3)
VCin (t) ~ (VAC - Vour) Sin(Z”fmainst) (44)

On the one hand, Eq. (4.3) represents the input voltage as function of time present
at the high terminal of the capacitor Cj,. On the other hand, the low terminal of Cj,
exhibits a square-wave pattern with amplitude Vpc. As a result of these voltages
present at the capacitor terminals, the voltage over C;, can be approximated by
Eq.(4.4). The capacitor current as function of time is then given by Egs. (4.5)
and (4.6):

. dve,
ic, (t) = Cin df (4.5)
= Cin (VAC - Vout) COS(Zﬂfmaimt) Zﬂfmainx (46)

Averaging this over time consequently leads to the average capacitor current <
lic,,| > in Eq. (4.7), which can be combined with the output voltage V,,, to calculate
the output power P,,, according to Eq. (4.8).

< |iC,',,| >= 4fmains Cin (VAC - Vout) (4’7)
P()ut =< |iCi,,| > Vour (4‘8)

It can be seen in Fig.4.2b that the proposed architecture operation constitutes
voltages Vac iow and Vac minus to exhibit block-pulse-like behavior, approaching the
ideal case, i.e., an AC square-wave output of the capacitive AC-DC step-down
topology that is fed into the rectifier. This is opposed to previous work [106], in
which the capacitively divided voltage Vx still looks like a sine wave. A sinusoidal
rectifier input results in sub-optimal power throughput due to the fact that power is
only transferred when the rectifier diodes turn on (Vx > Vcifiea) Which is limited by
the slower voltage variation of Vx. Alternatively, for this proposed architecture with
its block-pulse-like rectifier input, the rectifier diode on times is significantly longer
than for the sine wave rectifier input of Tamez et al. [106], hence improving power
throughput. A diode on time of 91 and 93 % was achieved in this demonstrator
for the US and EU mains cases, respectively.

Since the mains voltage is already standardized, both system parameters V¢ and
Jnains are fixed. Figure 4.6 shows the output power capability of an ideal AC-DC
stage as function of the two remaining degrees of freedom. A trade-off between
input capacitance Cj, and the output voltage V,,, is observed. On the one hand
when V,,, is fixed, the average capacitor current < |ic, | > of Eq.(4.7) is linearly
influenced by the input capacitor C;, and consequently the output power given by
Eq. (4.8) also scales linearly. Alternatively, when keeping the series input capacitor
constant, a higher output voltage V,,, results in a lower average input capacitor
current as can be seen in Eq.(4.7). However, this effect is negligible for voltage
values of V,,, below 50 V and therefore the output power relation as function of V,,,
scales linearly in this region.



58 4 A Single-Stage Monolithic Mains Interface in 0.35 um CMOS

1000 - Q
900 - o
800 -
700
600

500
400

C,y [PF]

300
200
100

3
Vour [V

Fig. 4.6 Trade-off in achievable output power (uW) as function of parameters C;, and DC output
voltage V,,; for V, gys = 230V and f,,4ins = SOHz

4.5 Implementation in CMOS

4.5.1 High-Voltage Passive Components

Capacitor C;, bridges the high-voltage gap between the high-voltage mains input
and the low voltages on chip, as discussed in Sect. 4.3. While the active circuits do
not come in contact with high voltage, the input capacitor C;, and input resistor R;,
are subjected to a maximum voltage of V¢, up to 375V in the case of Vi, grys =
265 V. With the chemical-vapor-deposition (CVD) silicon oxide in the metal stack
having a breakdown of at least 1 ?IX [111], a minimal spacing of 3.75 um is needed
to ensure breakdown will not occur. To this end the input capacitor was implemented
as a metal-metal fringe capacitor with at least 4 um of oxide between the capacitor
plates. On top of that, metal corners were rounded to avoid the point effect. In
Fig.4.7 a top view of the custom layout of the capacitor is depicted and Fig. 4.8
shows a cross-section of Cj,. The half unit cell of Fig. 4.8 must first be mirrored
over its front plane. The resulting unit cell can then be expanded to obtain the
total capacitor. The high-voltage plate is located solely in the top metal as to
ensure sufficient spacing (>4 pum) to the low-voltage terminal and the substrate.
Voids are left in this high-voltage plate through which the low-voltage plate, mainly
located lower in the metal stack, rises up to the top metal. This structure was found
to maximize fringing while considering metal density reliability rules. Nevertheless,
capacitance density suffers from the widely spaced capacitor plates and 12.5 n’ll)[}:lz is
achieved for this structure, resulting in a total C;, capacitance integration of 50 pF.
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Fig. 4.8 Half unit cell of high-voltage fringe capacitor conceptual cross-section

The input resistor is implemented using a series connection of vias and the top
two metals in the stack, ensuring a large spacing to the substrate (Fig. 4.9). Oxide
spacing exceeds 6 um to ground to be able to withstand even higher voltages, such
as short spikes in the mains input. These result into additional inrush current events
and consequently cause voltage drops across R;,, attenuating the voltage spike and
causing a partial overvoltage relieving of C;,. Resistor R;, was designed to be 32 k€2,
with typical values after processing around 36 k€2.
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Fig. 4.9 High-voltage resistor composed of meandering top metals and vias

4.5.2 Regulation Circuits

A regulated output voltage V., of 3.3V is desired. To this end, a regulation stage is
implemented to post regulate the rectifier output. The minimum allowed value for
Vbe, on which the regulation is performed, is found to be:

VDC = Vreg + VLDOdropout,min (49)

Equation (4.9) demonstrates that Vpc must minimally be the regulated out-
put voltage V., of 3.3V, incremented with the minimal LDO dropout voltage
V1D0dropout,min- Achieving this headroom for series regulation while keeping Vpc ymax
constrained to a safe operation value requires sufficient decoupling after the rectifier.
The area underneath Cj, is therefore efficiently reused to implement more than 10 nF
of NMOS capacitance. Besides its necessity for safe operation, it also increases
system efficiency, as less noise needs to be chopped off by the LDO, allowing the
average value of Vpc to be decreased to a value closer to V. For this reason,
the prototype converter can optionally be decoupled with an external low-voltage
1 uF SMD capacitor. Transistors M1 and M2 are implemented with available thick-
oxide LDMOS devices, as part of a set power devices rated up to 25V available
in the technology, to ensure safe rectifier operation. The Schottky diodes D1 and
D2, forming the other half of the full-wave rectifier, do not cause overvoltage issues
toward substrate either.

The post-regulation stage has a dual function, as previously mentioned. First, it
is responsible for limiting the active circuit operation voltage Vpc by means of the
shunt path. Secondly, a series regulator removes the noise that remains after the
rectification.
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Shunt Path

Transistor My, is a thick-oxide P-type LDMOS device, biased with an overvoltage
protection control signal V,,. When load power is decreased and Vpc increases
above V,,, + Viu, the P-type LDMOS will start to conduct and will limit the
maximum of the rectified voltage to a safe value.

Alternatively, this shunt path can be addressed to shut down the converter. From
Fig.4.6 it follows that setting Vpc toward zero makes the output power P,,; also
collapse toward zero, achieving shutdown.

Low-Dropout Regulator

The LDO regulates the rectified voltage into a noise-free output voltage V.
Considering the limited power budget available at the output from the AC-DC
stage, it is imperative that power consumption of this regulator is low compared
to the full budget, in order to minimize the impact on system efficiency. Thus static
currents in the error amplifier and feedback path were chosen to be 100nA and
50nA, respectively. A gain-bandwidth of 100kHz was realized under the loading
of the gate capacitance of M, which can be sized relatively small due to the
low expected current levels. The feedback path was chosen to be implemented by a
diode-connected stack of 6 subthreshold-biased PMOS transistors in order to create
a high-ohmic 1/3 voltage divider on a small chip area.

4.6 Chip Measurements

The converter prototype was measured for various mains voltage, frequency specifi-
cations. Figure 4.10 shows the maximum achievable output power as function of the
input mains RMS voltage ranging from 85, 120, 230 up to 265 V and this for both 50
and 60 Hz cases. It can be seen that the achievable load power scales linearly with
the input RMS voltage, but does not reach its full calculated potential. This is due
to the limited amount of buffer capacitor Cp¢ available on chip. This causes Vp¢,
in the higher current range, to drop below the level needed to regulate the target
Vieg- An external low-voltage SMD can optionally be used to alleviate this. When
the input voltage frequency is 50 Hz, the load power scales from 3.6 yW for a 85V
input up to a maximum of 10.5 uW at 265 V. Similarly, with a 60 Hz frequency input
the load power varies from 4.2 uyW up to 12.7 pyW. Measuring the efficiency involves
quantifying the input power which, in contrast to the output power, is not a simple
task. Specifically, the measurement of the input current through the V¢ s terminal,
from Fig. 4.3, failed. An approach with a current probe was insufficiently accurate
due to the pA-range current levels to be measured. Alternatively, a voltage-based
current measurement over the resistive series impedance was found to be infeasible
due to the fact that the voltage drop over this impedance, which contains the
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Fig. 4.10 Measured maximum output power for a regulated 3.3V output as function of mains
specification, for a C;, of 50 pF

information, itself is well below 1V while it exhibits a common mode range equal
to the peak-to-peak voltage of the mains. As such, it was not possible to accurately
measure the input current and the efficiency, accordingly. However, simulations
indicate an expected efficiency in the range of 70-75 % at nominal power.

Figure 4.11 shows the system voltage waveforms of both rectifier inputs, the
rectifier output Vpc, and the regulated output voltage V., for the typical EU mains
input case. For an input voltage and frequency of 230 Vrys and 50 Hz the converter
supplies 9.5 yW. After series regulation of the ripple clearly visible in Vpc the
regulated output voltage V., exhibits a noise of less than 150 mV peak-to-peak,
which is below 5 % of V... The waveform inputs of the rectifier show the presence
of a parasitic coupling in the measurement setup. Signal V¢ yins contributes more
input current than its complementary signal V¢ jo,. This imbalance is due to the fact
that the generated mains signal in the test setup is not solely AC coupled as it should
be, but also exhibits some DC coupling to ground. Since the proposed topology of
Fig. 4.3 only employs one series capacitor, the parasitic DC coupling to ground can
propagate into the measurement via the path with no series capacitor. To avoid this,
another measurement was performed with 2 external 1 nF high-voltage capacitors.
Both mains connections to the chip contained a 1 nF capacitor in this case, which
are connected to the rectifier inputs. The according power is shown in Fig. 4.12 for
the different mains input possibilities. In Fig.4.13, it is now clear that the input
power contribution of both mains half cycles is balanced, as would be expected of
the topology.
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Fig. 4.12 Measured maximum output power for a regulated 3.3V output as function of mains
specification, for two external C;, capacitors of each 1 nF
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Fig. 4.13 Converter output waveforms for Vgys = 230V, fiuuins = S0Hz input and 3.3 V output
for the external C;, capacitors of each 1 nF

For all tested input cases, the output voltage V., can be regulated to a fixed 3.3V
over the full load power range from zero up to the maximum achievable load power
Pjoaq as presented in Figs. 4.10 and 4.12. This proves the functionality of the shunt
path provided by My, allowing for overvoltage free and stable operation over the
full load power range, and the series LDO regulator.

A chip micrograph is shown in Fig.4.14 and shows the die measuring 6 mm.
Most of the area is occupied by the integrated high-voltage-capable passive compo-
nents C;, and R;,. For area efficiency the NMOS capacitor decoupling device routed
up to metal 1 is located underneath the actual high-voltage input-series capacitor
Cin, which itself is fabricated using metals M2 and above. The stacking of these
devices is possible without oxide breakdown because only the high terminal of Cj,
is subjected to high voltage and is confined to the top metal.

Finally a comparison of the proposed converter with a prior state-of-the-art
integrated AC-DC converter is given in Table 4.1. The measurement results of
this converter show increased power density, demonstrating the enhanced converter
architecture proposed in this work. On top of that, the input voltage range has been
extended from 120 Vrys up to the maximum of 265 Vyys.
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Fig. 4.14 Chip micrograph

Table 4.1 Specification

. . Reference [106] This work  This work
comparison to prior art Tech node (um) 0.13 0.35 0.35 +2x 1nF

Veus (V) 120 120 230 120 230
Jrnains (Hz) 60 60 50 60 50
Power/area (uW/mm?) 0.43  1.06 1.58 - -
Vieg (V) 4 33 33
ton diode (%) 48 91 93.5 91 93.5
Pout.max (UW) 1.5 64 95 637 104.3

4.7 Conclusion

In this work, a high-voltage-capable capacitive AC-DC step-down interface is fully
integrated in 0.35 um CMOS, altering the external components requirement from
multiple high-voltage devices to a single optional low-voltage SMD for improved
performance. The presented converter architecture ensures an optimal operation
because voltages Vac ow and Vac minus approach square-wave behavior, as is the case
of the ideal model, enabling maximal rectifier diode on times and hence maximal
power throughput. The prototype measurements show achievable load powers of
6.4 and 9.5 uW in the most typical cases of 120 Vgryms, 60 Hz and 230 Vrys, S0 Hz,
respectively. This, while a fixed 3.3 V regulated output can be supplied with a peak-
to-peak voltage ripple of less than 5 % over the full output power range.



Chapter 5
Two-Stage Approach for Compact and Efficient
Low Power from the Mains

5.1 Introduction

This chapter continues the investigation of Chaps.3 and 4, but introduces an
alternative solution approach to realize the same goal of extracting relatively low
amounts of power from the mains into a low DC voltage, and this at high efficiency.

Investigating a new system concept is a logic next step as the approach of Chap. 4
explored, and reached, the power throughput limits of a monolithic approach in a
0.35 um CMOS process. Although the integration of very high voltage, over 100V,
passive components is possible within the metal stack and thus enables the ability to
interface the mains, the combination of the low realizable density of the passive
components, the low mains frequency, the fixed input voltage, and the required
low-voltage output, resulted in pW-level output power, as indicated by Eqgs. (4.7)—
(4.8). Since there is little to no maneuverability in either of these contributors, a
limit is reached. Therefore, another system concept is proposed, which consists of
two independent voltage converters in cascade, to increase the degrees of freedom
and consequently the implementation flexibility. This enhances the feasibility of
simultaneously realizing all target specifications, introduced in Chap. 3.

The introduction of a solution concept that allows a high flexibility goes hand
in hand with the introduction of many trade-offs, which need to be investigated
and explored. This will be the main focus of this chapter. Questions such as which
converter to use in each stage, the order of the converters, how to allocate the total
mains conversion over these two converter stages, regulation of the whole, etc. will
need to be answered.

Section 5.2 discusses the aspects and consequences of a two-stage approach.
Possible implementations for the primary and secondary conversion stage are
proposed. Section 5.3 provides insight in the trade-offs of switched-capacitor
converter topologies, and their generation. Multiple candidates are analyzed and
compared for application in the proposed two-stage system approach.
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5.2 Subdivision of the Voltage Processor

5.2.1 Synergy Through Cascading

The monolithic implementation of Chap. 4 demonstrated the difficulty of combining
all required voltage processing steps into a single solution. Especially the high-
input-voltage level, far beyond what the active devices are rated for, limits the circuit
possibilities. This section discusses the opportunity and impact of subdividing the
total conversion step into two individual, cascaded steps.

Partitioning the total mains conversion step into two independent converters
allows the research challenges, associated with extracting low power from the mains
and discussed in Sect. 3.4, to be spread out over both converters. This spreading
may consist of distributing the realization of a single specification, e.g., the total
voltage conversion ratio, over both converters. At the same time, it is possible to
allocate and confine a system specification, e.g., the handling of the mains input
voltage, into a single converter. Thus, a two-stage approach unlocks the positive
synergy of the individual building blocks by allowing each subblock to more
efficiently focus on a subset of the total tasks, possibly yielding a solution with a
higher end-to-end performance.

Typical off-line AC-DC power supplies with output power levels exceeding
75 W, which require them to have a limited emission of harmonics as dictated by
the IEC 61000-3-2 Electromagnetic compatibility (EMC) harmonics directive, even
split the problem into three individual converter stages. In this case, a first stage
typically consists of a power-factor-correction (PFC) boost stage of the mains to
a DC voltage in the range of 400V, to ensure compliance with the IEC 61000-
3-2 norm. Secondly, an isolated DC-DC step-down conversion covers the bulk of
the very large voltage conversion ratio and has the benefit of a constant input DC
voltage, regardless of the line conditions. Finally, the third and last conversion stage
implements a point-of-load DC-DC converter to provide a load-specific supply
voltage, conform to specifications such as voltage ripple and load regulation [18].
This division of the total voltage processing into individual specification-targeted
subsystems simplifies the system as a whole. However, the end-to-end efficiency
of a cascade of k subsystems is determined by the product of each of the k stages,
as given in Eq. (5.1). Consequently, using the assumption that each subsystem has
the same efficiency, each of the k subsystems should have an efficiency as dictated
by Eq. (5.2) to reach a desired system efficiency. An end-to-end efficiency of 90 %
requires to realize each subsystem stage at an efficiency of 94.7 and 96.5 % in the
case of a two-stage and three-stage approach, respectively. A trade-off is observed,
subdivision of a problem in a number of cascaded stages can enable a positive
synergy, but too many cascaded stages will render the benefits undone.

k
Nend—to—end = l_[ nsubsystem,i (5 1)

i=1

nsubx‘\'stem,i = \k/’]end—to—end (52)
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5.2.2 Considering the Low-Power Mains-Connected Context

The output power level in the targeted context of low power from the mains does
not require compliance with IEC 61000-3-2 and consequently the development of a
prototype needs no special attention toward the emission of harmonics. Therefore, it
is not required to draw a continuous current from the mains, allowing full flexibility
in the mains-interfacing circuit. Consequently, this investigation assumes a two-
stage approach to be sufficient, unless show-stopping issues come to light during
the course of the exploration, which would lead to reiteration toward a different
solution approach.

Figure 5.1 schematically represents a cascade of two converters to distribute the
voltage processing steps: rectification, voltage conversion, and regulation. By only
cascading two stages, the impact of cascading on the efficiency from Eq. (5.1) is kept
to a minimum. Considering the target specification of Chap. 3, the input voltage
Vac, the output voltage Voyr, and current i,,, are already defined. The remaining
design choices, taking Fig. 5.1 into account, are on the one hand the topology of
the first stage or primary conversion step, the second stage or secondary conversion
step and the voltage Vpc that links them in between. On the other hand, it is up
to the designer to divide or allocate the voltage processing steps to one of the two
converter stages. Making the correct design choices is a key moment in the project
as global optimization of the total system can only be achieved through making
design decisions with the global picture in mind. Considering this perspective, the
design choices are now discussed in further detail.
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Fig. 5.1 Two-stage system concept
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5.2.3 Design Choice Overview

From Fig.5.1, it is clear that the design choices, in essence, can be reduced to
selecting the DC bus voltage Vpc and choosing where to apply rectification and
regulation. By selecting Vpc, the division of the total voltage conversion ratio over
the converter stages is immediately set.

Bus Voltage

Increasing Vpc, on the one hand, reduces the voltage conversion ratio of the first
stage and enables this stage to be more efficient. Moreover, a higher bus voltage
will lead to lower bus currents. Inevitably, unwanted resistance is found in the
bus that forms the link between the primary and secondary converter. A lower
bus current consequently reduces the bus impedance loss caused by its IR drop,
or similarly reduces the packaging requirements of the interconnect. Finally, a
higher intermediate DC voltage has a strong impact on the energy stored in the
capacitor Cpc as the stored energy is related to the square of the storage voltage.
Consequently, the energy available from this buffer capacitor, given a specified
capacitor voltage discharge, is given in Eq. (5.3):

AEc = ;C(Vgegm ) (5.3)
Both a larger allowed voltage discharge range and a higher absolute voltage at which
this range is situated result in a lower capacitance requirement for a specific amount
of energy extraction. Since this investigation aims at low output power levels, this
can be of particular use to buffer the required output energy during a (rectified)
mains cycle of (10ms) 20ms. To illustrate, buffering 100mW for a period of
20 ms, requires 2 mJ of energy storage in the buffer capacitor. This can be achieved,
according to Eq. (5.3) and a 100 % efficient secondary conversion stage, by allowing
a 22 uF buffer capacitor, initially charged to 50V, to discharge by 1.85V.

The ability to fully buffer a mains cycle enables even more flexibility in the
primary conversion step. Next to not yet having specified its output voltage, it is not
required to have a continuous power transfer, both from the mains input harmonics-
emission perspective as well as the energy flow perspective at the output.

Decreasing Vpc, on the other hand, reduces the voltage conversion ratio of the
second stage and enables this stage to be more efficient. When this is taken up to
the point that it is required to convert an input of only a few volts, the possibility to
use a low-voltage standard CMOS process technology emerges. Using such a plain-
vanilla process reduces the cost of the secondary conversion step and simultaneously
increases the compatibility and feasibility to co-integrate this conversion step side-
by-side with its intended load.
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Rectification

Rectification of the mains voltage is a simple voltage processing step, which can be
implemented passively and requires in this case either two or four diodes for half-
wave or full-wave rectification, respectively. Alternatively, a mains-voltage-rated
switch can be inserted between the mains and the primary converter to only turn
during the positive half-wave and also achieve half-wave rectification. Extending
this concept can of course achieve full-wave regulation. To avoid negative voltages
further upstream in the system, rectification is best implemented at the beginning of
the first conversion step.

Considering the option of selecting an appropriate buffer capacitor Cpc and
storage level Vpc combination, with an allowed voltage deviation, it is not explicitly
required to implement full-wave rectification. Instead, an additional 1 mJ, equal to
100 mW sustained over 10 ms, should be stored to buffer the negative half-wave of
the mains in the case of an ideal secondary conversion step. However, the addition
of extra diodes to achieve full-wave rectification has a lower volume impact than
the capacitive storage of 1 mlJ. Hence, full-wave rectification is preferred from a
system-level perspective.

Regulation

Regulation involves the conditioning of the output voltage to remain within its spec-
ified tolerance, regardless of the dynamics that occur, within their own specification
limits, at both the line and the load. The exact conditioning requirements of the
output supply voltage depend on the load circuit functionality. In digital circuits, a
critical specification is the minimum supply voltage level that occurs in a worst case,
because the circuit speed is related to the supply voltage. Consequently, a lower
than specified supply voltage can yield slower than specified signal propagation,
corrupting calculations [37]. Besides the minimum supply voltage constraint of
Vimin, digital circuits are very robust to supply noise, although all overhead voltage
beyond V,,;, results in increased loss power [1, 32]. In contrast, analog circuits
are more sensitive to output voltage ripple amplitude and frequency [80]. The
importance of the load supply voltage on its performance motivates implementing
regulation as close as possible to the load. This is confirmed in the ongoing power
supply granularization, in which the power supply is distributed within the load
[86, 103]. As such, the feedback path is as short as possible and hereby the impact
of the interconnection parasitics on the controller performance is minimized.

Design Choice Summary
The implementation of rectification and regulation is best allocated to the primary

and secondary conversion step, respectively. With respect to the division of the volt-
age conversion ratio over the two converter stages, the above discussion indicates
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that increasing the intermediate voltage Vpc unlocks a system-level advantage.
However, this does not yet pose any absolute voltage requirements for Vpc. As
a result, settling on a suitable intermediate DC voltage still contains a degree of
freedom. The resulting flexibility can now be exploited to select this parameter as
trade-off in terms of the performance of the first and second converter stage, so
that the system end-to-end efficiency in Eq.(5.1) is maximized. To this end, an
implementation-oriented discussion of possible primary and secondary converters
follows.

5.2.4 Primary Converter

The purpose of this section is to explore options to deliver an intermediate voltage
Vpc with the mains as input. Within the context of a low-power supply from the
mains, it is not required to have power factor correction and isolation. Instead, it
is highly regarded to perform well in terms of efficiency, compactness, and cost. At
this time, it is noted that the focus of this work is monolithic integrated circuit design
and that it does not intend to cover the intricacies and optimization of discrete off-
line power converters, which merits its own dedicated study. However, with respect
to the realization of a feasible and efficient mains converter system, a brief overview
of conceptual first conversion stages suffices. By doing so, the primary converter can
from hereon be regarded as a black box, but with the knowledge that it can actually
be realized.

Capacitive AC-DC Step-Down

The capacitive AC-DC step-down converter topology, monolithically implemented
in Chap.4, is revisited. Relieving the requirement to be fully integrated enables
to increase the capacitance of the high-voltage capacitor in series with the input
by implementing it with an off-chip component. This increases the input current
of Eq.(4.7). Moreover, a higher output voltage out of the capacitive step-down
topology, up until éVAC,pk, results in a higher output power throughput [Egs. (4.7)
and (4.8)]. Figure 5.2 demonstrates this by showing the required input-series
capacitance Cj,, as function of the Vpc intermediate bus voltage, to provide a
100mW at Vpe. As example, both the EU 230 Viys at 50 Hz mains as well as the
US 120 Vrums at 60 Hz mains data are plotted. It can be observed that the required
Ci, value rapidly decreases with increasing bus voltage, down to its minimum value
of 18.9nF, for the EU case, at Vpc = éVAC,pk = 162.6V. After this minimum,
the required C;, increases again and can be found by mirroring the plot over the
vertical Vpc = 162.6 V—axis, similar to how the US data can be mirrored across
Vboc = 84.9V. From the data in Fig.5.2, a Vpe of 84.9V fulfills the minimum
C;, for the US mains, while the minimum EU C;j, value is already nearly reached.
However, the sensitivity of Cj, is not strongly dependent on the exact bus DC
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voltage value in this range and, with respect to the performance and feasibility of the
secondary converter, can be selected to be lower for only a relatively small increase
of C;,. As such, less is more.

Figure 5.3a, b depicts two implementation possibilities of the capacitive AC-DC
step-down topology. The input capacitor C;, matches with that of Fig.5.2. When
comparing the two possibilities of Fig. 5.3, the option with only one series capacitor
seems to be better as, in total, only a quarter of the total capacitance is necessary than
in the other case. However, in this implementation, the capacitor needs to be rated
for twice the voltage, which will roughly take twice as much volume. Therefore, the
difference between the two implementations, regarding volume, is only a factor of
two.
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Fig. 5.4 Principle of charging the buffer direct from the mains with (a) half-wave rectification and
(b) full-wave rectification

Direct Buffer Charging

An alternative approach to deliver energy to a secondary converter stage is shown in
Fig.5.4. The principle is to charge the buffer capacitor by directly connecting it to a
half-wave or full-wave rectified version of the mains, as exemplified by Fig. 5.4a, b.
This can be done in an efficient fashion if switch S1 closes to connect the capacitor
Cpc to the rectified mains when it has voltage Vpc uin- The capacitor is then charged
by the mains and once it has reached the Vpc qx level, switch S; is opened. By
doing so, the buffer capacitor Cpc can be periodically replenished, either at the
mains frequency or twice the mains frequency in case of half-wave or full-wave
rectification, respectively.

The consequences of this approach are that the buffer capacitor, and its allowed
voltage discharge range, must be sufficiently large, as given by Eq.(5.3). Alter-
natively, switch S; has short on-time, during which it must sustain the buffer
capacitor charge current. In the example of Sect.5.2.3, where every cycle 1.85V
is required to be replenished to a 22 uF capacitor, this translates into a S1 on-time
of 27 us. Switch S; is required to sustain 1.5 A during this interval. The timing
constraints related to direct charging of the buffer capacitor can be relaxed, but
requires the implementation of an additional boost or non-inverting buck-boost DC—
DC converter to extend the voltage window in which the mains can be used as input
source to charge the buffer. The added voltage conditioning of the extra DC-DC
converter increases the charging time window and consequently reduces the charge
current. Alternatively, the timing related to direct charging of the buffer capacitor
can also be reduced by reducing the buffer capacitor. Hereby, the buffer storage
energy is reduced, limiting the output power specification of the system to a lower
value. But to conclude, this can be a suitable approach if, instead of 100 mW, it is
the target to realize a lower output power specification.
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5.2.5 Secondary Converter: High-Efficiency and High-Ratio
DC-DC Voltage Conversion

In subdividing an AC-DC converter system for low power from the mains, this
chapter has discussed, in Sect. 5.2.3, the benefits of increasing the intermediate DC
bus voltage from a system functionality point of view. However, this proposition
is only valid on the premise that it is feasible to implement a highly perfor-
mant DC-DC converter, which must handle a large voltage conversion ratio and
regulation on the side, as secondary conversion step. This section will discuss
implementation options to achieve a DC-DC converter with such specifications.

High-ratio voltage step-down conversion is typically performed by inductive
synchronous buck converters. Only recently, their switched-capacitor counterparts
are evolving in this direction [68, 84, 87]. Despite the widespread use of induc-
tive converters for this application, the fundamentally different operation of SC
converters shows promise to outperform inductive converters at a high voltage
conversion ratio. SC topologies generally require a larger number of components
than inductive converters, but still compare favorably in terms of volume due to
efficient component utilization [34, 68].

An inductive buck converter is shown in Fig. 5.5a and uses only 2 switches and 1
inductor, but these need to be rated for the full input voltage and current. It depends
on the Pulse-Width Modulation of its duty cycle to set the VCR. This offers the
advantage to flexibly alter the VCR in a continuous way. Consequently, the inductive
buck converter depends on very low duty cycles for high step-down ratios. This
becomes an issue as higher switching frequencies are desirable to get a smaller
inductor. A low duty cycle in combination with a high switching frequency leads
to a very short on-time of the high-side power switch. Since this device handles
the full input voltage and current, a significant amount of power is consumed in
its high-speed (de)activation.

In contrast, the VCR of an SC DC-DC converter is mainly set by consecutive
capacitor configuration transitions that make up the switched-capacitor topology.
These configuration transitions are similar to those in a buck converter, but because
it only contains capacitors, the voltage conversion ratio is consequently a topology-
specific parameter. The maximum achievable VCR, given in Table 5.1, depends on
the number of charge-transfer phases within an operation cycle and on the number
of flying capacitors in the topology [52]. This enables the key advantage of fixed
duty-cycle operation, regardless of the VCR. Figure 5.5b, c shows how the highest
VCR can be reached by a 2-phase and a 3-phase SC topology, using two flying
capacitors. The voltage conversion ratio is 3 and 4, respectively.

Besides the previously addressed popular synchronous buck converter, other
approaches are emerging in research. Resonant conversion is employed in a 50V
to 5V prototype [51]. The power density is increased through using a switching
frequency in the Very High Frequency (VHF) range, which on its own is made
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possible by reducing the switching losses with Zero Voltage Switching (ZVS) and
Zero Current Switching (ZCS) conditions. The peak efficiency of this approach is
reported to be 82.9 % for a 1 W output, which is not compatible with the targeted
specifications in Chap. 3.

Other hybrid capacitor—inductor converter topologies with focus on large voltage
conversion ratio have been proposed as early as 1988 [64], but have only been
gaining traction in the field of integrated power management more recently in
the form of multilevel converters [120], soft-charging converters [46, 75, 99], and
resonant switched-capacitor (ReSC) converters [35, 88]. Even though not all of these
research prototypes implement large voltage conversion ratios, it is clear that the
combination of capacitors and inductors yields promising results.
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5.2.6 Summary of System Considerations from Full-System
Point of View

The discussion in this section has introduced, motivated and explored benefits and
trade-offs present in a two-stage approach to realize an AC-DC conversion to extract
low power from the mains. The beneficial trend of increasing the intermediate bus
voltage Vpc, to voltage values above the typical level of about 12V, has been
discussed in Sect.5.2.3. To extract a more concrete and suitable DC bus voltage
from this trend, the implementation feasibility for both the primary and secondary
converters has been discussed.

From this discussion it can be concluded that from a primary converter per-
spective, in case of a capacitive AC-DC step-down converter as primary stage,
bus voltages up to 84.9 V minimize the input-series capacitance requirement and
consequently its related volume impact. However, a Vpc of 30 V and upwards can
be seen to already offer a large reduction of Cj,, with respect to using this topology
as a single-stage mains to 3.3 V conversion. Hence, this Vp¢ range of 30 to 84.9V
can be used to optimize the trade-off between primary and secondary converter
performance. In case of the direct buffer charging, it is not the absolute voltage
level of Vpc that limits its application feasibility, but the ability to conduct a certain
current during a short time window that sets the ceiling on the power throughput
and consequently its useful operation range.

From the secondary converter perspective, there is growing interest in high-
ratio voltage conversion DC-DC. Multiple approaches have been reported in
recent research, each with benefits. As contribution to this field of exploration,
Sect.5.2.5 proposed the switched-capacitor approach for high-voltage-conversion-
ratio DC-DC conversion and discussed its key differentiating features, which
prompt expectations of high-performance operation. Therefore, this work selects
the switched-capacitor approach to perform high-ratio voltage conversion and
investigates the performance limit of these converters at a high VCR value. To that
end, an in-depth discussion on switched-capacitor topologies is detailed in the next
section.

5.3 Searching for Switched-Capacitor Converter Topology
Candidates

5.3.1 Topology Trends: Regularity vs Irregularity

Even when only the minimum number of flying capacitors, as given in Table 5.1, is
used in an N-phase SC topology, already multiple topology options are possible to
achieve a certain VCR. Exceptionally, when the number of used capacitors equals
1, there is only one possible topology that achieves the maximum ratio condition
of 2. Besides using the minimum number of flying capacitors necessary to obtain a
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VCR, it is also possible to use a topology that requires many more. Consequently,
the number of SC topologies that leads to a certain VCR is very large and this clearly
makes the selection of an ideal topology candidate a non-trivial issue.

Having more capacitors than necessary allows the flying capacitor bias voltages,
and consequently the voltage ratings, to be reduced. This leads to switched-capacitor
DC-DC topologies with high regularity where not only the capacitor voltage ratings
are low, but those of the switches as well. This is demonstrated by the ladder
converter of Fig. 6.9, where all flying capacitors and all switches have a voltage
rating requirement of one unit value, V,. 1V, corresponds to 1 Viy or 1 Vgur,
whichever is the lowest, the former in case of step-up conversion and the latter
in case of a step-down conversion. Highly regular SC topologies with low switch
and capacitor voltage ratings are ideal from a CMOS integration point of view as
the use of many devices to reduce individual component ratings is not penalized
due to monolithic integration. At the same time, the reduced component ratings are
a necessary condition if the low-voltage devices of CMOS are to be used. Unfor-
tunately, regular topologies with only low-voltage components are not among the
most efficient in capacitor utilization [90], increasing the capacitance requirement
to obtain a specific output impedance Rpyr. On top of that, CMOS integration
has limitations. The relatively low capacitance densities of integrated capacitors
result in a substantial die area consumption. Moreover, non-negligible parasitic
capacitive coupling to the substrate makes up for an important loss contribution
[60]. Therefore, a monolithic SC DC-DC converter combining high efficiency, high
power density, and high VCR is currently out of reach of standard available CMOS
technologies. Less common capacitor technologies, like the advanced-process deep-
trench capacitors [124] and the advanced-material-property ferroelectric capacitors
[82], offer increased performance at an increased production cost. As alternative to
costly integrated capacitor technologies, it is also possible to sacrifice monolithic
integration and use cheap commercial off-the-shelf ceramic capacitors.

The targeted combination of high efficiency, high VCR, and high-input voltage in
a compact and low-cost SC converter motivates fully integrating the power switches,
control logic, and auxiliary circuits, while keeping the flying capacitors external.
This enables larger capacitance with lower parasitics compared to integrated capac-
itors, but also adds 2 pads per capacitor to the pin count. Thus, when external flying
capacitors are used, it is highly desirable to use SC topologies only needing the
minimum number of capacitors of Table 5.1 to keep the pin count low. Topologies
with a minimal capacitor count, opposite to regular SC topologies with many more
capacitors, lead to highly irregular structures. Switch and capacitor voltage ratings
of individual components can vary over a large range. However, voltage ratings
equal or greater than the full input voltage rating, when in step-down, are uncommon
to occur due to the structural stacking nature of SC topologies.

Among SC DC-DC converters with minimal capacitor count for a specific VCR,
a 3-phase approach as demonstrated by Karadi and Villar Piqué [34] can require
less flying capacitors to achieve a certain VCR compared to regular 2-phase SC
converters [52, 53], as stated in Table 5.1. But there is a penalty in efficiency due to
a less optimal component utilization. As each phase only lasts 33 % of the period,



5.3 Searching for Switched-Capacitor Converter Topology Candidates 79

compared to 50 % in 2-phase operation, larger switches are necessary, which leads
to an increased switching loss. Moreover, the addition of phases to a switched-
capacitor topology increases the gate-drive complexity. As power switch drain and
source terminal voltages are likely to change with each topology reconfiguration,
so does the gate voltage and its the gate-driver requirements. Indeed, this has an
impact on efficiency through its related circuit overhead. Nevertheless, limiting the
number of capacitors to the strict minimum in order to keep the pin count low,
inevitably, leads to higher complexity in the power-switch drivers of the selected
irregular SC topology. The goal of an as high as possible efficiency, as required to
realize an attractive two-stage system efficiency, in this work leads to the selection
of a 2-phase SC converter.

5.3.2 Switched-Capacitor Topology Construction

In order to investigate a suitable two-phase switched-capacitor DC-DC topology,
it is necessary to have insight into how one is constructed and to what rules it
must adhere to. To clarify the following discussion, the naming of the elements that
make up an SC topology is now defined. A switched-capacitor DC-DC topology
may consist of N multiple capacitor configurations, which are sequentially activated
by opening and closing the related power switches. Hence the name switched-
capacitor topology. A cycle or switch cycle can be defined as the sequential
activation of these N capacitor configurations. As such, a cycle consists of N phases,
each representing one of the N capacitor configurations. Hence the origin of an
N-phase SC topology. The capacitors transfer charge and consequently are called
charge-transfer capacitors. As this charge transfer results from the relocation of
these capacitors to a different absolute potential, during which their capacitor bias
voltage ideally remains unchanged, they can also be called flying capacitors. Multi-
phase operation, a widely popular ripple reduction technique, is not to be mistaken
with the N phases of a switch cycle. Instead multi-phase operation consists of, and
can be described more uniquely, by the time-interleaved operation of M converter
fragments. A converter fragment is readily obtained by dividing an SC converter’s
switch and capacitor resources into M equal fragments.

An SC topology consists of an input voltage source, an output voltage source
as load, any number of charge-transfer capacitors and switches to configure these
building blocks into the capacitor configurations of each phase. For the purpose of
SC topology construction, it is only required to consider the voltage sources and
the flying capacitors, which are assumed to be ideal and therefore approximate a
voltage source. However, they differ in the ability to source or sink charge. A real
voltage source is able to source or sink charge indefinitely, i.e., only sourcing charge
(input source) or only sinking charge (output load), and this during one or all of
the phases of the topology cycle. In contrast, the flying capacitors cannot have an
infinite capacitance, and consequently must be charged in at least one phase and
discharged in at least one other phase, in order to achieve an equilibrium bias voltage
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Fig. 5.6 1-3 series-parallel switched-capacitor DC-DC topology, shown without switches in its
two separate phases

in steady state. In case of a two-phase converter, charging a capacitor in one phase
leads to a necessary discharge during the other phase.

An example is given in Fig. 5.6 with a 1-3 step-up converter. During the first
phase, the input voltage sources a charge amount of 2¢g to charge capacitors C,
and C,. During the second phase, the flying capacitors are reconfigured and the
charge amount is now delivered to the output voltage load. Indeed, a voltage
difference AV must be present between the steady-state capacitor bias voltage at
the end of phase 1 and phase 2, in order for charge flow to occur. The voltage
conversion ratio of 3, in Fig.5.6, is idealized and consequently this AV is not
shown. But once a non-zero current is consumed by the load, the effective output
voltage will be lower than the ideal output voltage by the amount of the voltage drop
that is caused by the load current over the finite converter output impedance. Each
capacitor is charged during one phase and discharged during the other, resulting in
an equilibrium capacitor bias voltage of 1V in steady state.

In effect, the rules to construct a two-phase switched-capacitor DC-DC converter
topology are fairly straightforward. An SC converter topology can be seen as a
collection of voltage source input—outputs, switches, and capacitors, in which the
steady-state capacitor bias voltages must mathematically fit in each configuration
phase assembly. By switching over these phases during a switch cycle, DC-DC
conversion is obtained. To avoid short-circuit currents that deteriorate efficiency, it
is important that the consecutive topology phases are activated in a non-overlapping
fashion.

5.3.3 Switched-Capacitor Topology Survey

In search of a suitable solution, multiple SC topologies are now explored and
analyzed with respect to topology-specific performance defining parameters. These
include the component voltage rating of the capacitors, the power-switch blocking
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voltages, the charge transfer contribution of each component, and the required
output signal swing of the power-switch drivers. Even though there is always a
discrepancy from theoretical analysis to practical implementation, these parameters
provide information and insight on the expected performance and implementation
feasibility.

By using external flying capacitors, capacitance availability does not pose a
bottleneck and parasitic capacitor coupling and its related power loss can be
neglected. Consequently, the switching loss of the power switches and their
drivers is focused on. As the required swing to properly drive a power switch
becomes larger, the related power loss contribution is increased and robustness is
simultaneously compromised. Therefore, SC topologies with the least demanding
requirements regarding power switches and power-switch drivers are the target
of the following topology survey. In the approach of using external capacitors,
it is indeed preferred to keep their number to a strict minimum. To this end, a
number of two-phase SC topologies are investigated that comply with the minimum
capacitor requirement [53] to achieve a certain ratio, as given in Table 5.1. For a
voltage conversion ratio up to 13, this translates into a flying capacitor count of 5.
Next to this minimum requirement, it is also investigated if the power-switch gate-
driver complexity is reduced in a few topologies, using one capacitor more as per
minimally required. Due to the length of the survey result data, it is not included in
this chapter, but instead is listed in Appendix A. Table 5.2 gives an overview of the
eleven topologies under investigation, using the set of capacitor bias voltage ratings
from high to low as denomination for each SC topology. With a target output voltage
of 3.3V, voltage conversion ratios in the range of 11-13 are investigated to end up
with an intermediate DC bus voltage Vpc in the vicinity of 40 V.

As indicated in the result data, all voltage ratings in the survey are normalized
to the output voltage. It can be confirmed that, as discussed in Sect.5.3.1, the
low capacitor count leads to irregular topology architectures with various possible
component ratings. In general, the higher the component rating, the higher its
volume/area impact. But this volume impact is linked to the discrete set of possible
voltage ratings in which switches and capacitor are available. Therefore, a higher
capacitor bias voltage or switch blocking voltage rating only leads to a volume

Table 5.2 Topology survey

) . VCR Capacitor bias voltages ratings Appendix entry
topologies overview

11 33321 Table A.1
65221 Table A.2
83321 Table A.3
44321 Table A.4
222221 Table A.5

12 55221 Table A.6
75221 Table A.7
443111 Table A.8
842211 Table A.9
933211 Table A.10

13 85321 Table A.11
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impact when it requires the component to be implemented with the next available,
but higher-rated, device. The voltage impact on volume is a result from the fact
that higher potential differences require larger physical terminal spacing to avoid
dielectric breakdown. Although there is a continuous relation between terminal
spacing and the maximum voltage before dielectric breakdown occurs, actual
switches and capacitors are only available and optimized for a limited set of
device ratings. Therefore, components are rarely used to their full rating and over-
specification is inevitable. The lower the rating resolution in which components
are available, the more over-specification is likely to occur. From the capacitor
perspective, typical available component voltage ratings are 4, 6.3, 10, 16, 25,35V,
and onwards. This gives a lot of flexibility to implement each capacitor with a
COTS capacitor, with best matching voltage rating. When considering integrated
switches, the number of available device voltage ratings is typically low and over-
specification is common. However, switch stacking can be a solution, yet in some
cases not practical, to increase the flexibility and is a good approach to better match
the implemented switch voltage rating to the required functional switch blocking
voltage, with as little over-design as possible.

From the data in Appendix A, it can be seen that the topology with voltage
conversion ratio 11 and capacitor bias voltages 65221 is a promising candidate.
It has the lowest requirement with respect to gate-driver output swing with only
one driver needing a 3 Voyr swing, totaling 9.9 V. On top of that, the maximum
switch blocking voltage is limited to 6 Voyr, which with its 19.8 V matches with
the available 20V device rating of the available high-voltage CMOS process
technology. Hereby, the need to use the next-in-line, and largely overqualified and
lower-performance 40 V devices, is mitigated.

Figure 5.7 confirms these claims. Among the surveyed topologies, those with
the lowest power-switch driver swing specification yield the best performance in
simulation. The best candidate from this exploration is shown in Fig.A.2 and
Table A.2 and is consequently selected for implementation, which will be the focus
of the next chapter.

5.4 Conclusion

This chapter introduced a two-stage approach in order to increase the flexibility of
an AC-DC conversion system, aimed at extracting a low power from the mains.
The newly introduced design choices, as result of taking a two-stage approach, are
discussed and trade-offs are highlighted. From this discussion, it is concluded that
increasing the DC bus voltage to a level above the typical 12 V-level can yield
a substantial benefit in the context of low power from the mains. Therefore, this
chapter continued by investigating possible primary and secondary converter stages
to serve in such an AC-DC converter with high intermediary bus voltage, with
special focus on the possibilities to perform high-ratio voltage conversion in a highly
efficient and compact fashion.
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Chapter 6
An 11/1 Switched-Capacitor DC-DC Converter

for Low Power from the Mains

6.1 Introduction

This chapter describes the implementation of a switched-capacitor DC-DC con-
verter to be used as second stage in the two-stage AC-DC system concept,
introduced in Chap.5. The converter is required to perform a large step-down
voltage conversion ratio and this from a high-input voltage. Since this converter
will be used in a two-stage system, where total efficiency is the result of subsystem
efficiency multiplication, efficiency is the most important specification and is
targeted to be at least 90 %. The output of the converter is expected to deliver
100mW at 3.3V, as provided in the project target specifications of Table 3.1.
Other goals, next to the efficiency and output specification, are to obtain a compact
solution that is low cost and robust. The targeted combination of high efficiency,
high VCR, and high-input voltage in a small-volume SC converter motivates
integration of the power switches, control logic, and auxiliary circuits, while keeping
the flying capacitors external. This enables larger capacitance with lower parasitics
compared to integrated capacitors, necessary to achieve the stringent efficiency
specification. Since full monolithic integration is consequently infeasible, focus is
shifted to keeping the number of external components to a strict minimum.

6.2 Motivation

Getting from the mains to a few volts to power electronic circuits requires a very
large voltage conversion ratio since the rectified US and EU mains have DC levels
of 169 and 325V, respectively. Primary converters, such as flyback converters, use
the winding ratio of the isolation transformer to achieve large step-down ratios to
generate bus voltages of about 12 V. This bus voltage can supply a load system or
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be additionally down-converted, if necessary. The higher the bus voltage, the higher
the efficiency of the primary converter can be and the lower the bus I’R losses
will be. This motivates the investigation of highly efficient DC-DC converters with
a high-voltage conversion ratio to use as secondary converters in mains AC-DC
applications.

Figure 6.1 shows a two-stage mains AC-DC system, of which the secondary
DC-DC step-down conversion, and its implementation, is the focus of this chapter.
Intermediate bus voltage Vpc is set to nearly 40V in a trade-off between on the one
hand the increased performance of the first stage, reduced / 2R losses at the bus, and
a relaxed buffer capacitance specification, and on the other hand a reduced buffer
capacitor voltage rating and complexity of the secondary stage. Spreading the mains
AC-DC conversion over two cascaded stages allows increased design flexibility in
each stage and enables each stage to focus more efficiently on a subset of the system
challenges. Consequently, a two-stage approach is better suited to achieve the target
specifications of this work, compared to a single-stage approach [58] in which the
high-voltage constraints result in a power density limitation.

This chapter details the ratio-11 switched-capacitor DC-DC topology with
capacitor bias voltage ratings 65221 and its implementation into an NXP 0.14 pm
SOI BCD technology. To that end, the outline is structured as follows. A detailed
overview of the proposed system architecture, its operation and implementation is
given in Sect. 6.3. The need for additional circuits to support the actual main DC-DC
converter automatically follows from combining the requirements of its reliable and
functional operation. The main building blocks of the system are discussed in detail.
To continue, measurements and performance validation follow in Sect. 6.4. Part of
this validation includes the selection of appropriate COTS capacitors. Finally, key
concepts and conclusions are summarized in Sect. 6.5.

35-40V
v AC-DC | 3.3V

C C
@ ¢ | sc DC-DC [ Lovr

Fig. 6.1 Two-stage mains AC-DC system with high-voltage intermediate bus voltage and energy
buffer Cpc
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6.3 System Overview and Operation

6.3.1 Architecture

The system-architecture block diagram is shown in Fig.6.2, indicating the on-
chip circuits as well as the external components and reference inputs. The main
11/1 switched-capacitor power converter is located in the top-right corner and
consists of 16 power switches, their drivers and 12 level shifters. It can be
seen that all intermediate auxiliary DC supply voltages 0x (0 Vour= gnd) up
to 11x (11 Vour= Vn) are provided to the main converter by an auxiliary rail
generator. These additional supply rails are necessary in control-signal level shifting
and in the power-switch drivers. Five identical external 10 uF/25V/0603 ceramic
capacitors are used to implement the flying capacitors and the input V;y and output
Vour are also decoupled externally. The output voltage Voyr is fed back into a
lower-bound hysteretic controller, which closes the feedback loop. Figure 6.2 also
shows a Multiple-Input Multiple-Output auxiliary (MIMO) rail generator and its
control block on the left-hand side. This is an additional 11/1 fully integrated
ladder converter, consisting of 22 switches, 21 capacitors, and 20 level shifters, to
efficiently generate all intermediate auxiliary DC supply voltages.

Reference voltages and frequencies are externally supplied as this allows more
flexibility during measurements. Also, their functionality is not part of the innova-
tion goals that this work aims to demonstrate. Consequently, power consumption

(external) v
On chip X 10uF/251/0603 m—-l— 20uF

| [ T

T;?%i::;ltlzy 11/1 Main converter i
gen : Ox- 1 power plant:
22 switches 16 switches v
21 caps [our]
20 level shifters 12 level shifters
Control Control
signals signals
Auxiliary rail generator Hysteretic __22“’:
PFM clock generation controller T
g -
fAux= IMHz fMﬂin=200kHZ REF
(external) (external) (external)

Fig. 6.2 System-architecture block diagram
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related to the generation of these inputs is not included in the measured efficiency.
Nonetheless, since on-chip buffering of the reference inputs takes place, power
consumption due to the loading of these inputs is included in the efficiency.

6.3.2 11/1 Power Plant

Figures 6.3 and 6.4 show multiple aspects of the 11/1 switched-capacitor topology
in detail. The two capacitor configuration phases are shown separately in Fig. 6.3.
Switches are omitted in this representation for clarity. The capacitor structure
connects to the input only during phase ®;, which results in the charging of
capacitors C; — C3 while C4y — Cs are simultaneously discharged. During the
following phase ®,, the structure is reconfigured and capacitors C; — C3 are
discharged, while C; and Cs are charged. Alternately charging in one phase and
discharging in the other results in the steady-state capacitor bias voltages that
are also shown in terms of the output voltage Voyr, abbreviated in this work to
1V, or 1x. More details on the topology-specific capacitor parameters are given
in Table 6.1. Next to the capacitor bias voltages, the charge-transfer contribution
per capacitor to the total output charge per cycle and the capacitors for each phase
is given.

A full circuit implementation of the switched-capacitor topology, showing all
capacitors and switches with their drivers, is given in Fig. 6.4. Switches S;—g close
in @y, while S9_6 close in ®,. Switch blocking voltages, in terms of Vpyr, of each
switch are listed in Table 6.2 and range from 1 Vouyr up to 6 Vour= 19.8 V. This
maximum blocking voltage is just above half of the input voltage rating and only
1/11th of the DC output current is carried, demonstrating the reduced individual
component ratings with respect to buck converters.

The converter IC has been implemented in an NXP 0.14 um SOI BCD technology
with the option of 3.3 V-10 devices as well as 20V LDMOS devices with a 3.3V
gate oxide. Because the Q,R,, product of a cascade of two 3.3V devices is lower
than that of an LDMOS, S;5 consists of two 3.3V devices to achieve the required

0y 11V, b
1+

Fig. 6.3 Capacitor configuration of both phases in the 11/1 SC topology
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Fig. 6.4 Transistor-level converter implementation of the 11/1 SC topology, showing capacitors,

switches, and driver details

Table 6.1 Topology-specific capacitor parameters: bias voltage,

charge multiplier, and terminal potential per phase

C; i= 1 2 3 4
Vepyvias  [Vour]l 6 2 2 1
qci [ 1 2 2 4
C terminal + - 4+ - 4+ - +
Vi [Vour] 11 5 5 3 3 1 1
Vo, [Vour] 6 0 2 0 2 0 2

blocking voltage of 2 Vour. Although S, and S3 only need to block 2 Vgur, they
are implemented with an LDMOS for reliability, as drain and source terminals
experience large potential variations during phase transitions. When the source
potential of a switch is connected to a flying capacitor terminal, which changes with
each topology phase reconfiguration, its corresponding driver must also be able to
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Table 6.2 Topology-specific switch parameters: block voltage and
charge multiplier

S; i= 1 2 3 4 5 6 7 8
Vitoeki  [Vourl 5 2 2 1 4
qsi [ q(fTT ] 1 1 2 2 4 4 1
S; i= 9 10 11 12 13 14 15 16
Vitoeki  [Vourl 35 3 1 6 1 4 2
qsi [0 1 2 1 2 2 4

adapt accordingly. For §7,12,14, the required drive swing remains limited to 2 Vour,
but S, requires a 3-state drive signal with a 3 Voyr swing, leading to a more complex
driver needing multiple auxiliary supply rails. These necessary auxiliary supply rails
are also shown in Fig.6.4 in the schematic representation of each power-switch
driver.

6.3.3 Power-Switch Driver Construction and Operation

Correct functionality of the SC converter requires proper power-switch drive signals,
ensuring a strict non-overlapping of both capacitor configuration phases to prevent
short-circuit paths. Due to the SC topology irregularity, discussed in Sect.5.3,
power-switch driver outputs with up to three states and a swing of up to 3 Vout can
occur. This section discusses the driver requirements in detail, as well as a uniform
technique to construct the necessary signals.

Since the source node of some switches is not connected to a DC-level voltage,
but to a capacitor terminal that undergoes a potential variation when the capacitors
in the topology are reconfigured during a phase transition, a three-state gate-drive
signal is required to properly open and close a switch, and keep them as such. This
is illustrated in Figs. 6.5 and 6.6. Figure 6.5 details the on-time, dead-time, and off-
time of the switches, given the non-overlapping ®; and &, signals. A switch that
is part of the capacitor configuration of phase ®; needs to close during ®; ,, and
needs gate potential V®, ,, to accomplish this. Then, in the subsequent dead-time
in between @, ,, and P, ,,, this switch needs a second gate potential V&, 4.4, to
open and ensure a strict non-overlapping activation of both SC topology phases.
With the activation of the phase ®, switches at the start of ®,,,, the SC topology
is reconfigured according to Fig. 6.3 and the absolute capacitor terminal potentials
are changed. This causes the need for a third gate potential V®; .4 for the ®,
switches, with their source attached to such a capacitor terminal, in order to stay
open during ®, ,, and P, 4.,4. These three-gate potentials are represented by a gate
potential coordinate in the form of (V® ,, .. V®1 geaq; V@1 op). For switch S5, this
equals (4 Vour .. 5 Vour; 2 Vour) as shown in Fig. 6.6 and requires a 3-state driver,
handling a swing of 3 Vgyr. Figure 6.7 shows the S, driver to generate the desired
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Fig. 6.5 Overview of the ®; — &, clock pair and naming convention of the signals in this work

Fig. 6.6 Detailed
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output. Besides needing auxiliary DC supply rails 2xVour, 4xVour, and 5xVour,
multiple input signals are necessary. However, these additional inputs have only two
states and 1 Voyt swing, which simplifies their construction to level-shifted versions
of signals derived from the non-overlapping ®; — &, pair. The level shifting is
performed by capacitively coupled latches, shown in Fig. 6.8. Both the driver circuit
and the capacitive level shifters require the auxiliary supply rails to function. Once
these rails are available, this approach offers a uniform technique to generate all

power-switch drive signals.
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Fig. 6.8 Schematic ) (X +1 )V
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6.3.4 Auxiliary Rail Generation

Section 6.3.3 confirms the necessity of the auxiliary rail generator in the proposed
system to properly operate the main 11/1 converter and its drivers. Instead of adding
an auxiliary DC-DC converter per additional rail [34, 43], a unified approach
of generating all rails simultaneously is preferred since the required number of
auxiliary rails is much higher in this converter. Moreover, stacking control voltage
domains in series leads to a substantial charge recycling benefit[77, 78].

Figure 6.9 shows the Multiple-Input Multiple-Output auxiliary rail generator,
generating all integer multiples of Vpyr. In contrast to a Single-Input Single-Output
converter, where charge flows into the converter input terminal and out of the output
terminal, each intermediate DC node of the MIMO rail generator is a terminal that
allows for bidirectional charge flow in/out of the converter. Charge flows out of the
converter if the terminal voltage level is below its steady-state value and vice versa.
An 11/1 ladder topology is selected due to its high regularity, as discussed earlier in
Sect. 5.3, and resulting simplicity to integrate monolithically. The converter uses
22 switches and 21 capacitors and is implemented with 2 fragments that are,
instead of being time interleaved, switching in opposite phase to reduce noise on
the intermediate rails. Switching a converter fragment in opposite phase reuses
the already available control signals and results in a negligible implementation
overhead. The active area of the ladder converter takes up 0.77 mm?. This backbone
of auxiliary supply rails now allows control signals to be transferred to any level with
capacitive level shifters, enabling the uniform technique to construct drive signals,
as proposed in Sect. 6.3.3.

Next to its primary function, the auxiliary rail generator is crucial to safely power
up the system. The ladder converter operation continuously equalizes the voltage of
its stages, causing all intermediate supply rails to simultaneously ramp up during
start up with the total voltage over the converter V;y shared equally over all internal
voltage rails. In order to execute start up, the output voltage Voyr is expected to be
supplied to the converter output node by another means, such as a linear regulator.
This initial voltage is then used to ramp up the intermediate supply rails, while the
main converter is continuously switching to precharge the external flying capacitors
to their steady-state bias voltage. While this booting process is taking place, the
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physical connection of the input source to the V;y node can be made by either one
of the following options depending on what behavior can be expected from the input
source. If the source voltage needs to start up as well and ramps up to the nominal
input voltage from 0V, then it can simply be connected and fixed to the Vjy input
node. Alternatively, if the source already is supplying its nominal voltage, a single
high-voltage switch is required to disconnect the Vjy node from the input source
until the converter booting process has completed and Vjy has reached a similar
level to that of the input source.

When the input source turns off and its output turns high-impedance, the
continued switching of the system will perform a safe ramp-down, similar to
start up.

6.3.5 Control System

The system in this work contains two separate converters and each requires a
suitable control approach. Since only the main 11/1 converter needs to provide a
tightly regulated and low-noise output voltage, its control is of primary concern.



94 6 An 11/1 Switched-Capacitor DC-DC Converter for Low Power from the Mains

(external) v
On chip 5 100F/25V/0603 m—_LQO“F

! ! l

MIMO auxiliar .
rail eneratorY 11/1 Main converter
gen ' Ox- 11x power plant:
22 switches 16 switches ]
21 caps [ our
20 level shifters 12 level shifters
Control Control
. CLK . :0-0,.
signals Main signals 12
Aux converter Main converter
clock generation clock generation __2211F
and non overlap and non overlap -

|||—

CLK
A tadder 4.2us T d 1
Q D‘_G delay Flip-Flop N

RN _CLK CLK Main,DELAY

20ns
delay
i f. =200kHz v
(external) (external) (external)

Fig. 6.10 System-architecture block diagram, showing details on the hysteretic control of the main
converter and the synchronized open-loop control of the auxiliary ladder converter

The regulation and noise specification of the intermediate supply rails are much
less stringent as they are only used internally. Figure 6.10 extends upon Fig. 6.2 and
depicts the schematic implementation of the controllers.

Main Hysteretic Controller

A lower-bound hysteretic control approach is selected for the main converter as
its digital nature offers excellent robustness and noise immunity [115] as well as
fast Pulse-Frequency Modulation (PFM) [6, 7, 43]. Figure 6.10 shows the resistive
divider, feeding back the divided version of the output voltage Voyr to be compared
with an external Vggp, representing the desired output voltage level. The comparator
is clocked at 200kHz and is succeeded by a Toggle Flip Flop to select only rising-
edge transitions and generate the PFM control signal. Due to the frequency halving
of the T-Flip Flop, CLKj;, is limited to a maximum frequency of 100kHz. This
operation frequency is the result of maximizing the converter efficiency, within
the context of the targeted output power and the capacitance available in 0603
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ceramic SMD capacitors. CLK)y,;, is converted into a two-phase non-overlapping
clock signal pair ®; — ®,, and a few derivative signals in order to generate all
required inputs to be buffered or level shifted into the drivers.

Auxiliary Controller

The auxiliary rail generator (ARG) does not require a very tight regulation of the
intermediate supply rails and consequently its effort can be significantly reduced.
In this work, the ARG is operated in open loop with a fixed switching frequency
of 1 MHz. However, as the auxiliary rail generator only supplies power to the
drivers and level shifters, which only consume power when the main converter goes
through a phase transition, it is unnecessary for the ARG to keep equalizing the
internal rails when they have already reached steady state. Therefore, in order to
improve light-load efficiency, the fixed frequency clock signal of the ARG is only
passed on during a window that is synchronized to the main converter switching
frequency. As can be seen in Fig.6.10, a 4.2 us delay together with an exclusive-
OR gate generates a window with equal length following each CLKy,;, transition.
A D-Flip Flop, to suppress glitches, passes along the fixed reference frequency
during this time. Figure 6.11 shows the relevant waveforms to clarify the principle.
This implementation allows flexibility during testing as both the delay and external
reference frequency are configurable, but can be replaced with a counter and digital
logic to achieve the same. The resulting CLK},44r signal is made into a non-
overlapping clock signal to control the two-phase ladder ARG.

6.4 Chip Implementation and Measurements

The micrograph of the converter prototype, measuring 1.98 mm by 2.29 mm, is
shown in Fig. 6.12. The main converter and its controller are located on the right-
hand side, with the MIMO auxiliary rail generator to its left. The intermediate
supply rails are clearly visible.

The topology-specific capacitor parameters, given in Table 6.1, show that
capacitors C; and Cs, both having higher bias voltages, transfer less charge per cycle
than C, — C4. Nevertheless, identical 10 uF 25 V-rated 0603 ceramic capacitors are
selected for the flying capacitor implementation. Selecting a capacitance larger than
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Fig. 6.12 Chip micrograph of the converter prototype, measuring 4.53 mm?, indicating the
location of the building blocks

necessary compensates for the capacitance reduction that is typical with ceramic
capacitors under DC bias. This is demonstrated in Fig. 6.13 [66], showing the typical
capacitance reduction of ceramic capacitors as function of their DC bias voltage.
A substantial reduction from the initial value can be expected, from a 40 % decrease
at only 3.3V up to a 90 % reduction at 20 V. The choice of identical 10 uF 25 V-
rated 0603 ceramic capacitors results in an actual capacitance value close to the
optimal ratio, as indicated in Table 6.3.

Capacitor C| is the bottleneck in Table 6.3 as it is the largest actual capacitance
that can be achieved in a 0603 SMD package with a 25V rating, according to
Fig.6.13. The current overdimensioning of capacitors C; — C3 and C4 cannot be
traded for less-overdimensioned SMD capacitors of a smaller 0402 package as the
desired capacitance value at a 25V rating is not available, and would lead to these
components becoming the bottleneck. Alternately, the highest available capacitance
rating is selected on purpose also for C; — C4 within the 25 V-rated 0603 ceramic
SMD capacitor series, because a higher capacitance rating yields a lower equivalent
series resistance for a fixed package size.
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Fig. 6.13 Capacitance variation under DC bias of the 10 uF 25 V 0603 ceramic capacitor, used to
implement the flying capacitors

Table 6.3 Ideal and actual C i= 1 2 3 4 5
achleYed relatnfe flying Ideal ratio w.r.t. unity 1 2 2 4 1
capacitance ratio

Actual ratiow.r.t.unity 1 3 3 6 1.2

6.4.1 Efficiency

A first performance validation is shown in Fig.6.14. The output power Poyr is
varied from O mW up to a maximum load power of 140mW, while the output
voltage is tightly regulated to a DC level of 3.3V with an output voltage ripple
less than 5% of Voyr. Voltages have been measured without Kelvin contacts.
The measurement has been repeated for multiple input voltages over a 1.6 V range.
The lowest input voltage of 37.42 V represents the case with a maximum theoretical
efficiency 19,4 0f 97 %. The 1, indicates the maximum intrinsic efficiency of
an SC converter when only the loss due to the output impedance is considered.
Nmax denotes the voltage division ratio of the voltage divider composed of Royr
and Ry,qq, of which Voyr is the output of the divider. It is thus a measure for
the voltage lost over the output impedance Royr. With an output voltage Voyr
of 3.3V and 1,4 = 97 %, the ideal output voltage of the converter, before Royr,
is 3.3V/0.97=3.402V, and thus 102mV is lost over the output impedance. The
corresponding input voltage Vv equals to 11 Vourigeas = 37.42 V. When the output
voltage is desired to be fixed at 3.3 V and the input voltage Vjy is increased, a larger
voltage drop over the output impedance will occur and consequently 7,4, is reduced.
Input voltages 37.42V up to 39.03V correspond to 7., settings of 97 % down
to 93 %.
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Fig. 6.14 Efficiency versus output power measurement for multiple input voltages, corresponding
to a 7yqy setting of 97 % for Viy = 37.4V down to 93 % for Vjy =39V

For the measurement where 7,4, 1S set to 97 %, 3 % of the losses are intrinsic
and the remaining extrinsic losses consist of a dynamic and a static contribution.
The dynamic part is caused by the switching of the main converter switches and
drivers, the loss as result of parasitic coupling of its capacitor terminals to other
nodes, and the power consumed in the operation of the auxiliary rail generator. The
static contribution is composed of the control circuitry power consumption. The
maximum efficiency in this case is 95.5 % for an output power of 70 mW, indicating
that only 1.5 % is lost because of the extrinsic losses. At higher input voltages,
the output impedance is allowed to be larger and actual switching frequency can
consequently be lower. Therefore, the dynamic contribution of the loss is lower
than in the highest 7,,,, setting and typically equals about 1 % in this converter for
output power levels above S0 mW. As result, the measured efficiency is just 1 %
below the 7, efficiency setting for a wide range of output power levels when 17,4,
equals 96 % down to 93 %. The flatness of efficiency over output power variation
confirms the PFM operation of the converter. As the output power is decreased,
the switching losses reduce as well, resulting in a flat efficiency response. Thanks
to PFM, both in the main as well as the auxiliary converter, and current reuse in
the ladder auxiliary rail generator, a quiescent current of 22 pA is achieved, leading
to light-load-efficient operation. This number does not yet include the power that
is necessary to generate the frequency and voltage references that are provided
externally in this prototype, as observed in Fig. 6.2. However, a low impact on the
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efficiency is expected due to the low values of the reference frequencies and the
nW-range power consumption reported in recent voltage references [26] as well as
very accurate uW-range solutions [50].

Figure 6.14 also shows a steep efficiency curve for low power levels with respect
to the maximum output power. At 1, 2, and 3 mW, efficiency surpasses 60, 70, and
80 %, respectively. Alternatively, this translates into an efficiency above 80 % for an
output power in the wide range of 2.8 % up to 100 %P our max- From 20 %P our max
and upwards, the efficiency in Fig. 6.14 is observed to be at least 91 %.

6.4.2 Load Regulation

The lower-bound hysteretic controller’s ability to regulate the output voltage is
represented in Fig.6.15. A worst-case scenario measurement has been performed
to validate the controller to its full extent. This has been done by inducing a load
step from the highest allowed output power condition toward a zero-load condition,
and vice versa. Figure 6.15 shows how the converter prototype responds to a load
step with a fall time of 300ns from 140 to OmW. No overshoot is observed as
the switching frequency is instantly decreased by a factor of nearly 2000 from
its maximum switching frequency of 100kHz to just 52Hz. A 65 mV DC-shift is

140mW OmW. 140mW

42.79mA to OmA OmA to 42.79mA
tf=300ns tr=140ns

Vv

o
(100mV/div)

' No overshoot No droop

Main
converter

clock
(1.65V/div)

100kHz 111923 52Hz X 1923 100kHz

Time base [10ms/div]

Fig. 6.15 Load transient response of full load steps, while V;y = 37.42V, demonstrating the
instant switching frequency jumps that prevent both overshoot and undershoot
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present as result of the difference between the loading conditions. Alternatively, it
can be seen in Fig. 6.15 that a load increase of 0—140 mW with a rise time of 140 ns
occurs without any droop. Consequently, the guard band in between the hysteretic
lower bound and the minimal required system supply voltage is minimized. The
combination of the 5pus sampling period and a single 22 uF 0603 SMD ceramic
capacitor suffices for the converter prototype to handle the worst-case load current
step-up and step-down. Even though the minimal switching period of the converter
is 10 us, charge can be delivered to the output every 5 us because the SC topology
has two phases which both deliver charge to the output.

6.4.3 Line Regulation

Not only the output current can vary as result of an activity variation of the load.
The input voltage is also subject to variation as it is the output of a preceding
source, which has its own output regulation specifications and limitations thereof.
The presented converter is able to maintain a regulated output voltage for any input
voltage within the specified 1.6 V-range of 37.4-39 V. This has been validated with
a measurement, again, of the worst-case condition.

Figure 6.16 demonstrates a DC-level input voltage step of 1.6 V with rise and fall
times of 380 and 350ps, respectively. The measurement has been performed
while delivering 100mW at 3.3 V. As the input voltage is increased, for fixed
output voltage and current, the voltage drop over the output impedance of the
converter is required to be larger. Given a fixed load current, the output impedance
thus increases, which is achieved by operating the converter at lower switching
frequency. This behavior is confirmed by Fig. 6.16 where it can be seen that when
the input voltage is increased, the switching frequency inversely tracks this variation
at the input. The change in switching frequency is more clearly visible in the output
voltage ripple amplitude as lower switching frequency leads to a larger ripple.

Secondly, to demonstrate the presented converter can be used as second stage in a
two-stage mains AC-DC system, an example AC-DC converter, shown in Fig. 6.17,
has been built in order to generate a more realistic input supply voltage variation.
Figure 6.18 indicates the response of the converter prototype to the input voltage
variation coming from the AC-DC output. The converter maintains a regulated
3.3V output under a 100 mW load, while the input voltage is subject to a 100 Hz
variation of 472 mV. The switching frequency tracking of the input voltage variation
can again be observed, both in the main converter clock signal as well as in the
output voltage ripple amplitude.
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Fig. 6.16 Line-regulation response when the input is subject to a 1.6 V step-wise line variation,
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Fig. 6.17 Example implementation of a primary stage AC-DC converter to test the converter
prototype with a realistic input
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6.4.4 Comparison

Finally, a comparison of this work to the state of the art is plotted in Fig.6.19
and Table 6.4. Although the switched-inductor competitors are able to handle a
very large voltage conversion ratio range, Fig.6.19 confirms the trend of their
decreased efficiency toward larger voltage conversion ratios, as result of the duty-
cycle asymmetry and the short on-time of the high-side switch. The proposed SC
DC-DC converter topology is not affected by this issue, but is only specified to
function in a smaller VCR range, and reaches very high efficiency at its intended
operation point.
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Fig. 6.18 Line-regulation response when the input is delivered by the example AC-DC stage, of
Fig. 6.17, while supplying 100 mW

Table 6.4 lists a more-detailed comparison of this work to the switched-inductive
converters of Fig.6.19. All listed converters have comparable input voltage and
output voltage and current specifications. Next to a higher peak efficiency, the
comparison shows a significant advantage of the presented approach at light-load
conditions. Moreover, despite the need for more external components, the form
factor of our solution is smaller, thinner, and lighter than their switched-inductor
alternatives.

6.5 Conclusion

A switched-capacitor DC-DC converter has been demonstrated to be an excellent
candidate to perform a high step-down VCR of 11/1, while attaining high efficiency
above 91 % over a broad output power range and interfacing high voltages in
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Fig. 6.19 Efficiency versus voltage conversion ratio comparison of this work to the state of the art

the 37.4 to 39V range. The two-phase SC topology requires only 5 external
0603 ceramic flying capacitors, which is the theoretical minimum to achieve
the 11/1 ratio. Even though this solution requires a larger number of discrete
components with respect to switched-inductor converters, the final footprint is
smaller. Moreover, the 50 %-duty-cycle SC approach can achieve beyond 91 %, and
up to 95.5 %, conversion efficiency at high VCR values. This compares favorably to
the efficiency of their inductive counterparts, which suffer from on-time limitation
of the high-side switch as consequence of the duty-cycle asymmetry.

A fully integrated Multiple-Input Multiple-Output auxiliary rail generator con-
cept is proposed as a single solution to simultaneously provide all intermediate
auxiliary supply rails. This enables a uniform technique to reliably generate all
necessary power-switch control signals, regardless of complexity.

The hysteretic control allows full load-step transient response without any
undershoot or overshoot, with a single 22 uF 0603 output buffer capacitor. In
addition, good line regulation with a realistic input from an example AC-DC
conversion stage is shown. In comparison to state-of-the-art inductive converters
with similar Vjy, Voyr, and Poyr specifications, this work achieves a higher
efficiency, over a much broader load range (2.8—-100 %) and in a smaller and lighter
form factor.



Chapter 7
Monolithic SC DC-DC Toward Even Higher

Voltage Conversion Ratios

7.1 Introduction

This chapter investigates the feasibility to achieve higher voltage conversion ratios
in fully integrated DC-DC converter solutions. DC-DC conversion, however, is
a very large playing field in the world of power electronics and the attention in
the further discussion is focused on monolithically integrated DC-DC conversion.
Consequently, the impact of CMOS process technology will be of paramount
importance. Even when the scope is directed at high-ratio integrated DC-DC voltage
conversion, as hinted toward by the chapter title, many implementation options still
exist. To further identify the research region of interest, this chapter will study the
switched-capacitor DC-DC approach.

The pursuit of a DC-DC converter that combines: (1) high-ratio voltage con-
version, (2) monolithic integration, and (3) the switched-capacitor approach is of
particular interest. In order to successfully realize the high-ratio voltage conversion,
these three features facilitate, and also depend on, each other.

Figure 7.1 visualizes the synergy between the three earlier mentioned features.
Arrow one indicates that high-ratio voltage conversion feature “benefits from” the
switched-capacitor approach. This is proven by the prototype with a high-voltage
conversion ratio in Chap. 6, where it was demonstrated that the switched-capacitor
approach outperformed its inductive buck counterpart.

Arrow two represents the beneficial contribution of monolithic integration to
the combination of a high-ratio switched-capacitor DC-DC converter. The required
number of components increases along with the voltage conversion ratio [53], which
can make discrete implementations infeasible due to the rising component count and
the associated volume. With monolithic integration, the number of individual circuit
components is no longer an issue.
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Finally, arrow three closes the circle and shows that monolithic integration
benefits from the switched-capacitor approach as CMOS integrated capacitors
generally, additional process steps not taken into account, showcase better quality
factors than CMOS integrated inductors.

Coming back to the research question of how to achieve large voltage conversion
ratios with an SC DC-DC converter in a monolithic solution, it iS necessary
to quantify the performance limits as function of the voltage conversion ratio.
Consequently, the larger part of this chapter will revolve around this quantification.
Next to the voltage conversion ratio, both the input and output voltage are necessary
to fully determine the conversion. Clearly, a 10-to-1V conversion will pose different
implementation issues than a 100-to-10V step-down conversion. Therefore, high-
voltage conversion ratios do not necessarily lead to high voltages [83, 85], but
mostly it does.

The outline of this chapter is shortly summarized. Section 7.2 creates additional
background motivation for the research question and states this chapter’s goal.
Section 7.3 discusses the IC technology impact on DC-DC converters and, sub-
sequently, introduces the key differentiating parameters necessary for comparison.
Continuing, Sect.7.4 uses these parameters to investigate and analyze popular
switched-capacitor topologies. A note on the difference between theory and practice
is discussed in Sect. 7.5. Here, the importance and influence of circuit techniques on
practical prototypes are put in the spotlight. Validation by simulation is presented
in Sect. 7.6, demonstrating performance and area-cost trade-offs with respect to the
voltage conversion ratio. Final conclusions are listed in Sect. 7.7.

7.2 Motivation and Target

The ever-present voltage gap between a voltage source and a load requires DC—
DC converters to efficiently bring source and load together. A typical voltage gap
is present in hand-held systems which are battery operated. Lithium-ion batteries
exhibit terminal voltages of 2.8—4.2V while the circuit supply voltage is roughly
1 V. Alternatively, step-up conversion of the same voltage source can be required
to generate the supply rail for a backlight LED driver. While the VCR of the
former example remains low, the latter requires a higher VCR and deals with higher
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voltages as well. Other examples that typically require even higher VCRs include
LIDAR, Power over Ethernet, ultrasound transmitter drivers, piezo actuators, and
drivers for MEMS applications.

Both an inductive as well as a capacitive approach is possible to implement
the energy storage element, critical to a DC-DC converter’s operation. Inductive
DC-DC converters have the advantage over switched-capacitor DC-DC converters
that they can implement a continuous VCR by means of Pulse-Width Modulation.
But this also implies that the VCR is related to the PWM duty cycle and as such
can become an issue toward high VCR. Even more so when taking into account
that the switches in an inductive converter must be rated for the full input voltage,
requiring high-voltage devices, which are more difficult to quickly turn on and off.
This is in contrast to switched-capacitor DC-DC converters where the VCR is more
determined by its topology, consisting of two specific capacitor configurations that
are time-alternated in a two-phase operation scheme in order to perform voltage
conversion. Thus duty cycle can be kept at 50 % regardless of the actual VCR. On
top of that, single devices only need to block a fraction of the system rated voltage
and current, leading to a better device utilization [90].

Another strength of SC converters is their suitability for monolithic integration
as they only require components native to an integrated circuit (IC) technology:
switches and capacitors. Hereby eliminating component count limitations which
would otherwise obstruct implementation practicality and feasibility of non-fully
integrated solutions.

Despite the previous motivations to select the switched-capacitor DC-DC
approach for high conversion ratios and this upwards/downwards to/from high-
voltage levels, they have not yet gained traction in this application field. The
current state-of-the-art VCRs are limited to 8 [67—70] and many practical aspects
that influence performance at high VCR are left unanswered. At this point, it must
be noted that available step-up converters with a high ratio [117, 128] are not
ideal comparison candidates, as these implementations rely on diodes. The use of
diodes simplifies the functionality due to the absence of an otherwise required gate
drive, but at the same time limits the circuit to step-up mode. This chapter aims to
generalize and to discuss general bidirectional high-ratio converters, which rely on
active switching to realize the switched-capacitor configurations. In addition, it is
the goal of this chapter to investigate the combination of the aforementioned SC
strengths into a monolithically integrated high-voltage-conversion-ratio switched-
capacitor DC-DC converter. To that end, performance and cost trade-offs are
analyzed for VCRs of a factor 10 and more by means of topology parameters and
metrics. Different implementation options are compared and the best candidate
to use in high-ratio and/or high-voltage applications is selected. Again, only
monolithic solutions are considered in order to maximize cost effectiveness of
the proposed solution, which has its consequences on the solution space due to
technology limitations on the one hand but also possibilities on the other, related to
the CMOS approach.
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7.3 Impact of CMOS Integration and Topology Comparison
Parameters

Fully integrating a switched-capacitor DC-DC converter can be an attractive step as
external board space and components are omitted. However, also limitations arise
from choosing the monolithic approach. A switched-capacitor DC-DC converter
relies on capacitors to store energy in its electric field and switches to configure the
capacitors into the physical topology configurations that result in a specific VCR, so
the availability and specifications of these basic components are shortly summarized
with respect to power conversion applications. Fortunately the nature of CMOS
integration allows, within a set of process fabrication limits, a very flexible layout.
This freedom is an advantage of the monolithic approach, enabling custom-designed
structures, with customized component ratings, and overcoming component count
limitations.

7.3.1 Integrated Capacitors

Capacitors can be integrated in CMOS in quite a few ways, each resulting in
different specification parameters, of which the capacitor voltage rating V¢ yureq [V,
capacitance density Co [pﬁz ], parasitic coupling ratio to the substrate Cpar/ Cperro =
a [%], and the equivalent series resistance R, [€2] are most crucial for application
in DC-DC converters. Even though the equivalent series inductance L.y [H] on its
own is a property not to be omitted, the L.y values of integrated capacitors are low
enough that they can be neglected without consequence.

The capacitor voltage rating increases with the spacing of the capacitor plates,
for a given dielectric, and therefore is inversely related to capacitance density for
both planar and non-planar structures. Since « is the ratio of the parasitic substrate
coupling capacitance to the net usable capacitance, it is inversely related to both
the physical spacing of the capacitor structure to the substrate and to its capacitance
density. Lastly, R, is set by the resistance of capacitor plates, which are heavily
layout-dependent and thus a design parameter at the cost of capacitance density.

A more in-depth overview of different types of fully integrated capacitors is
summarized:

Gate-Oxide Capacitors

Gate-oxide capacitors employ the planar thin or thick oxide, normally used for
. . o . fF fF .

making transistors. Densities typically range from 3 um? 10 10 um? depending on the

actual oxide thickness. Consequently, these capacitor’s voltage ratings coincide with

the nominal voltage ratings for the thin- and thick-oxide transistors. The bottom

plate is embedded in the substrate and thus subject to high substrate coupling, unless
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a silicon-on-insulator process is used. Despite the relatively high substrate coupling,
« can still be small if the capacitance density is high, i.e., thinner oxides. However,
as gate oxides get thinner, they also become more susceptible to leakage current.

Metal-Insulator-Metal Capacitors

MIM capacitors are widely available non-standard planar structures, using a thin
isolating layer with a higher dielectric constant than oxide to achieve very linear
capacitors with capacitance densities typically in the range of 1.5 pﬁz to 2.5 H:Z' In
some process technologies, it is possible get this type of capacitor in a double or
triple stack. Their voltage rating V¢ 4.4 1S about two to three times that of the gate-
oxide capacitors, depending on the actual capacitor plate spacing d and the dielectric
material used in the technology process. Due to their location higher up in the metal
stack, they can exhibit a very low parasitic ratio o, especially if their capacitance
density is doubled or tripled due to MIM capacitor stacking.

Metal-Oxide-Metal Capacitors

MOM capacitors are built within the regular metal-stack metals and possibly vias.
These are typically arranged in a vertical parallel-plate structure to combine both
the metal-to-metal and via-to-via parallel-plate capacitance along with metal-to-
via fringing capacitance. The freedom in the spacing of the vertical plates allows
for a custom-designed capacitor voltage rating, which is the most differentiating
feature of this type of capacitor. Moreover, selecting the lowest level to be part of
the structure allows the parasitic coupling ratio to be varied. Generally a low « can
be achieved by not using all metals down to the lowest, but consequently at low
capacitance densities in the range of 0.5 H:Z to5 pﬁz depending on actual number
of used metals and the plate spacing.

Deep-Trench Capacitors

A non-standard limited-availability capacitor structure [5, 124] that is able to attain
ultra-high capacitance densities of over 200 ﬁz, due to its vertical orientation,
deeply rooted in the substrate. As such, despite being embedded in the substrate,
a is virtually eliminated. Originating from embedded DRAM, these capacitors
are typically optimized toward maximum capacitance density and a capacitor
voltage rating high enough to reliably support embedded DRAM application, which
does not need to be high.
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Ferroelectric Capacitors

These capacitors are planar non-standard structures [21, 82], similar to the MIM
capacitors, but much less common. The principle is similar, but a ferroelectric
insulator material allows for a higher capacitance density with respect to the MIM
capacitor.

Conclusions on Integrated Capacitors

Only three of the above types remain if only widely available integrated capacitor
structures are considered: gate oxide (GO), metal-insulator-metal (MIM), and metal-
oxide-metal (MOM) capacitors. At the same time compatibility to the majority of
available CMOS processes is of paramount importance, except for niche segments,
when the cost of processing comes into consideration. Therefore, it can be seen that
low-loss, low-density capacitors with flexible high-voltage rating are available in
the form of MOM capacitors. Alternatively, GO and MIM capacitors allow low-to-
medium loss, higher-density capacitors but with a technology-fixed lower voltage
rating.

7.3.2 Integrated Switches

Considering power conversion applications where switches are either fully OFF or
ON, the QgucR,, is a useful technology-specific figure of merit that demonstrates
the required charge to reach a certain conductance in the ON state. In practice, a
switch does not have to be composed of just a single device and it can in fact be
a collection of components, which together form a “switch” with a voltage rating
related to the collection of individual switch devices, as long as they are combined
in a reliable way, so that no single device is subjected to overvoltage stress. This
enables many switch implementation possibilities [49, 89].

The standard thin-oxide device, rated for the nominal technology supply voltage
Vbpsnom With the technology’s minimal-feature-size gate length, together with a
second type of Input—Output (I0) device with a thicker oxide and larger minimal
gate length, to sustain higher voltages Vpp o, form the basic set of devices to
implement a power converter. The QgueR,, is lower for the thin-oxide devices,
even if they need to be stacked in series to construct a new switch structure that
can withstand higher voltages [96]. Switch stacking does come at the cost of
a more complex gate-driver scheme in order to achieve reliability [92, 93], but,
if properly designed, the added complexity translates into higher performance.
A simple two-transistor self-biasing gate drive for the cascoded devices exists [8],
but only increases the total blocking voltage with a part of the cascoded device’s
rated voltage, limiting the performance of this technique. Clearly, the large number
of switch stacking combinations allows a lot of flexibility in custom designing
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the blocking voltage. Other difficulties with extensive switch stacking include the
reverse-breakdown voltage limit of the substrate-to-well junction and the need for
auxiliary supply voltage rails to support the gate driver.

Laterally diffused metal-oxide semiconductor devices can block higher drain-
source voltages and form an alternative if switch stacking is no longer an option,
but require extra processing steps.

7.3.3 Topology Comparison Parameters

Metrics to evaluate the performance limits of SC DC-DC converters have been
proposed in [91], and focus on comparing the contribution to R,, for a given
switch V—A product and capacitor energy storage. These metrics offer an effective
approach to compare idealized converter topologies and explore the fundamental
limits toward a high-voltage conversion ratio. But the idealized character of the
converter topologies does not capture the CMOS integrated context specifics, of
which it is an absolute necessity to take them into consideration. Hence, this
chapter tries to include the CMOS context into the comparison toward high-voltage
conversion ratio.

An output impedance R,,, model for SC converters is derived in [90], in which
the converter output impedance is split up in two asymptotic limit approximations.
Combining these approximations leads to a practical, user-friendly model, which
is sufficiently accurate for initial calculations. A key feature is that the switched-
capacitor topology, that is being modeled, is captured simply in a set of topology-
specific parameters that describe capacitor utilization (k.) and switch utilization (k).
Since both influence the output impedance of the converter, these parameters are a
measure for the utilization efficiency of the available capacitance and conductance.
A low k. leads to less required flying capacitance for a given R,,, specification and
consequently yields smaller parasitic coupling losses. Therefore, topologies with a
low k. vector, represented by a low K, value, are preferential over others regarding
parasitic coupling C,,, and power density. The relation between K, and k. is given
in Table 7.1. However, the total loss related to charging and discharging the parasitic
coupling is given by Eq. (7.1), and is also a function of the parasitic capacitor voltage
swing Vi, par.i> squared.

Exw,i = aicﬂy,ivz (7.1

sw.par.i

Consequently, another metric Mj,,, introduced by Van Breussegem and Steyaert
[114], is required to capture this influence. Metric M, given in Eq. (7.2), quantifies
the combined loss impact of each of the flying capacitor’s parasitic substrate
coupling.

Moo =Y keiViy pars (7.2)
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The loss is quantified as function of the parasitic coupling voltage swing Vs, par.i,
inherent to two-phase topology reconfiguration, and is weighed by the utilization
k.; of that flying capacitor. The combination of these topology-specific metrics, K,
and M,,,, enables to compare topologies and to evaluate their performance prospects
toward high VCR.

By selecting K, and M, as main benchmarks for comparison, the switch-
utilization efficiency is neglected. This is motivated by the fact that the capacitor is
typically the bottleneck component, when integrating switched-capacitor DC-DC
converters. The capacitance density of integrated capacitors heavily influences the
realizable power density [5, 57, 121]. On top of that, M, -associated losses have a
large impact on the system efficiency as C,, may be subject to very high-voltage
swing [60, 114] and produce losses, as given by Eq. (7.3).

Pd.\'nscpar = Z aicﬂ}’sivszw,par,if?W (73)
i

7.4 Topology Comparison

Many options are possible to implement a certain VCR [33], e.g., a single topology
or a cascade. Cascading topologies, however, are to be avoided due to increased
losses as result of having the cascade of converter output impedances in series.
Cascading a topology can often be avoided by embedding it directly into the
original converter topology, but may require an extra capacitor to preserve correct
functionality, as is the case in Fig. 7.2d.

Next to the motivation mentioned earlier, switch utilization is less important
than capacitor utilization efficiency, in an integrated context, because the typical
low capacitance density of an integrated capacitor leads to a much bigger impact
on the total die area compared to that of switches. Therefore, Fig.7.2 depicts
topologies that are well known for their efficient capacitor usage, and consequently
integration friendly. Both Fig. 7.2d and Fig. 7.2a show a 4:1 Dickson Star topology,
but Fig.7.2d demonstrates the possibility to embed an additional 2:1 ratio at,
what would normally be, the output of the regular 4:1 Dickson Star topology. The
advantage of the embedded approach is that the additional loss associated with
converter cascading is avoided.

Table 7.1 lists the topology extracted parameters for comparison as function
of voltage conversion ratio N. Vector k., and its condensed result K., shows the
capacitor utilization efficiency. A low K. indicates that a topology is capacitor
efficient and more importantly it can be seen that as the VCR becomes infinity,
K. converges to a low finite value. Even though capacitor utilization efficiency
in this case does not take any area cost as result of the capacitor voltage rating
into account, a valid comparison of the required capacitance is obtained. For all
compared topologies, except the Doubler, this is even the lowest value theoretically
possible and thus ideally suited for monolithic integration.
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A more striking differentiation is shown by Table 7.1 in the parasitic swing
metric Mj,. Topologies that structurally exhibit higher Vj, ,qr values as the VCR
increases suffer a lot since its associated losses are proportional to Vfwypar, as given
by Eq.(7.1). Out of all compared topologies, the Dickson Star topology clearly
outperforms all others, as its My, metric not only converges, but also does this
to a very low finite value. On top of that, it is noted that this M, value for
infinite VCR is only twice that of the theoretical minimum at N=2. The Dickson
Star topology hereby nearly eliminates the negative influence of an increasing
voltage conversion ratio on overall converter performance. Thereby minimizing
the influence of the parasitic substrate coupling, inherent to the integrated circuit
technology. Alternatively, IC technology is a good match for the incremental
V.. ratea Tating requirement of the Dickson Star topology as layout freedom in MOM
capacitors allows them to custom fit the voltage requirement.

7.5 The Difference Between Theory and Practice

A clear result from the previous section was obtained, demonstrating the low
sensitivity of the loss associated with the parasitic capacitor-to-substrate coupling
Cpar to the voltage conversion ratio in the Dickson Star topology. This, where other
topologies showed a stronger dependency. However, the proof of the pudding is in
the eating and theory does not always coincide with practice.

The road from topology concept to a converter prototype can be winding if an
appropriate driver concept for the, possibly large number of, power switches turns
out to be complex. The energy cost of generating control signals, reliably level shift
clock signals, properly drive power switches to a non-overlapping fashion at all
times may amount up to a significant impact on the total efficiency. It is clear that
the end-system prototype must meet its performance specifications and this means
that in selecting the converter topology, the inclusion of these additional aspects
must still allow the feasibility of the target performance. If this can no longer be
achieved, it is required to select another topology.

On the other hand, circuit techniques can also reduce or mitigate topology
shortcomings. Multi-phase time interleaving [100, 113] of the switched-capacitor
converter enables to eliminate the need for an area-consuming dedicated decoupling
capacitor. Connecting the MOS-capacitor in a particular fashion leads to a reduced
parasitic capacitor coupling to the substrate [41, 56]. Charge recycling during the
dead-time of the non-overlapping two-phase clock, from one parasitic capacitor
to another, operated in opposite phase, decreases the resulting loss by a factor of
two [4, 79]. The above techniques demonstrate that not all is lost when actually
implementing a switched-capacitor DC-DC converter, and that these improvements
can actually make a finished prototype perform better than estimated solely on a
theoretical basis.

However, applying the previously mentioned techniques is not always possible or
might require more energy overhead than benefit. When looking at the Dickson Star
topology (Fig. 7.2a) in particular, it can be observed that all the parasitic capacitance
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is connected to two physical nodes and always switched between the ground and
the output potential, as it is located between the capacitor bottom plates and ground.
Therefore, no additional level shifting is required to implement the charge recycling,
allowing it to be a very simple performance boost. The only required overhead
consists of the addition of a pass-gate and a clock signal indicating the dead-time.
Since the parasitic capacitors of the other topologies in Fig.7.2 are connected to
more physical nodes and charged to different potentials, charge recycling is not as
obvious as with the Dickson Star. Therefore, it can be concluded that the road to
an implementation prototype for the Dickson Star is paved and is not expected to
negatively impact performance, instead the performance expectations are increased.

7.6 Simulation Results for Dickson Star Topology

Section 7.4 demonstrated that the Dickson Star converter topology is the optimal
choice for high-voltage conversion ratios in a monolithically integrated context.
Simulations of such a topology are shown in Figs. 7.3 and 7.4. The efficiency of an
optimized Dickson Star converter with parasitic reduction, i.e., charge recycling of
the bottom-plate parasitic, and a VCR equal to 11 is shown in Fig. 7.3. The switching

Fig. 7.3 Dickson Star 82
topology with parasitic 80
reduction at VCR=11, f;,, =
10MHz, V;, =41.7V, 78
Vour = 3.3V, Poyy = 40mW, 76
and C,,; = 2.9nF

74

72

70

68!
1

7 [%]

15 2 25 3 35 4 45 5
a [%]

Fig. 7.4 Evolution of the
converter efficiency with
rising voltage conversion
ratio, f;,, = lI0MHz, o =
3%, Vo =25V, Py =
20mW, and Cy, / Vi, =
1.94nF/19 V for N=5 to
2.86 nF/100.5 V for N=35

n [%]

71

5 10 15 20 25 30 3I5
Voltage conversion ratio N



7.6 Simulation Results for Dickson Star Topology 117

frequency is 10 MHz and an output voltage/power of 3.3 V/40 mW is converted
from a 41.7 V input. The graph shows the efficiency as function of realistic parasitic
coupling ratio « values. It can be seen that a range of 4 % in « results in an efficiency
decrease of 11 %, emphasizing the impact of the parasitic substrate coupling in a
monolithic SC converter.

Figure 7.4 shows the simulated efficiency of a partially optimized converter as
function of the voltage conversion ratio. Itis optimized in the sense that the converter
is implemented with two fragments in opposite phase, which enables to reduce the
loss of the bottom-plate parasitic coupling by a factor of two, by shorting a charged
and a discharged parasitic capacitor pair during the dead-time. As expected from
Table 7.1, the efficiency tends to converge as loss contributions stabilize due to
the convergence of both K. and M, while the VCR keeps increasing linearly. It is
shown that an efficiency of above 70 % is achievable at very high-voltage conversion
ratios, if an o of 3 % is reached. Designing capacitor structures to yield low parasitic
coupling ratios will be a trade-off between low « and low die area, thus performance
versus chip cost. Achieving low parasitic coupling is simplified in technologies such
as silicon on insulator allowing higher performance per area, but at an increased base
cost for the technology.

A final set of simulation results is given in Figs.7.5, 7.6, 7.7, 7.8, showing the
influence of the physical implementation consequences resulting from the flying
capacitor voltage rating requirements. As the VCR increases, so do the capacitor
voltage ratings of the flying capacitors related to the VCR increase. Once the
average capacitor voltage rating increases beyond the fringe capacitor nominal
rating, additional capacitor terminal spacing is required and both oy = 1.4%
and the average area density of Cy, are influenced, as can be seen in Figs.7.5
and 7.6, respectively. Hereby, the efficiency of a typical Dickson Star converter
with increasing VCR will not converge as in Fig. 7.4, but is shown in Fig. 7.7. Even
though there is no actual convergence trend, good efficiency can be obtained at
high VCR if o can be kept low. Figure 7.8 demonstrates the corresponding power
density—VCR relation at V,,, = 1.8 V.
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7.7 Conclusions

This chapter introduces the research questions related to high-ratio DC-DC con-
version in a monolithic context. After proposing, and motivating, the switched-
capacitor approach as solution for this application, key parameters were introduced
that enable to compare the benefits and drawbacks of topologies toward high-voltage
conversion ratios. This was then applied to a set of topologies to investigate trends
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and find a suitable candidate. This candidate was found in the form of the Dickson
Star topology, which demonstrated to be superior to the other topologies, in an
integrated context. This is mainly due to the convergence of both K, and Mj,, to very
low values, when the VCR becomes large. Since the step from concept to practical
implementation can yield issues that are not predicted by the theory, additional
background on the consequences of circuit implementation was discussed. The
expected performance was confirmed by simulation results and demonstrated the
feasible realization of monolithic SC DC-DC converters with very high-voltage
conversion ratios, while attaining attractive efficiency. Thus, it is confirmed that
SC converters are indeed good candidates for high VCR applications, provided the
feasibility to keep Qaperage lOW.



Chapter 8
Conclusions and Future Work

8.1 Overview and Conclusions

In the past, the trend to integrate power supplies has been driven mainly by the
associated cost-reduction perspective. Indeed, pushing the operation frequency of
switched-mode power supplies to higher frequencies has steadily reduced the cost
and volume of the passive components. Once these values are small enough, it is
possible to include them within the package (PSiP), or even on the chip (PSoC).
This evolution is currently taking place.

But this is no longer the only motivation. New markets are appearing, posing
new challenges in terms of power efficiency and other fields. Regardless of the
buzzwords like Internet of Things or Internet of Everything, and which concepts and
applications it eventually will implement, it is clear that the number of connected
devices is seeing a strong growth and, more importantly, that the viability of this
growth relies on successfully overcoming its main challenges: energy efficiency and
security. As discussed in Chaps. 1 and 2, addressing the former challenge involves
the combination of multiple circuit techniques to optimize system efficiency,
which are gradually becoming less compatible with the traditional approach of a
discrete, centralized, external power supply. Next to the cost-reduction perspective,
integrating power management circuits is now becoming a necessity, in some cases,
from the application point of view. To bring such advances into practice, this
work has focused on the efficient implementation of monolithic switched-capacitor
DC-DC converters, by analyzing the performance limitations in a CMOS context,
and proposing techniques to reduce and overcome these challenges. In a CMOS
switched-capacitor DC-DC converter, the impact of the flying capacitor bottom-
plate parasitic is of paramount importance to the performance. Therefore, this effect
has been modeled and exploited to implement a high power density SC DC-DC
converter in CMOS.
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Besides energy efficiency improvements on a micro-scale in the field of on-
chip power delivery, integrated power conversion is also a candidate to address
the macro-scale challenge of reducing standby or vampire power. The discrepancy
between the power level in active and standby mode renders it unlikely that a single
power converter is highly efficient at both power levels. In case of the proposed
solution approach, which introduces an auxiliary power supply to cover the standby
power delivery, it is imperative that the overhead of an additional power converter is
as low as possible. Both features, a low power level and a low overhead, in cost and
volume, point toward integrated power conversion as a proper match. To this end,
Chaps. 3 and 4 discuss the detailed realization of a monolithically integrated AC-DC
converter that is able to deliver a pW-level output power. The interface of very high
mains voltages in a CMOS process requires relying on passive components, in the
metal stack, to contain a high voltage. Consequently, only low voltages are present
in the active post-regulation circuit. The bottleneck of using passive components, to
handle the high-voltage interface, is examined and a topology with optimized power
throughput is demonstrated.

An alternative two-stage AC-DC approach is explored in Chaps.5 and 6.
Despite the relaxation of full integration to a hybrid implementation, to enable high
efficiency operation in the mW-range, a significant effort is spent in keeping the
overhead as low as possible. It is shown that a two-stage approach enables a larger
flexibility to implement the challenge of a mains AC-DC conversion. Moreover,
a two-stage system benefits from the synergy that both subsystems only need to
perform a subset of the total functionality, which can be more efficient. Chapter 5
proposes to only perform a coarse step-down to a relatively high intermediate
bus voltage in the primary AC-DC conversion step, as a larger set of functional
requirements is likely to incur a larger energy penalty in this stage, due to the
high-voltage components, than expected in the secondary. In order to combine
high efficiency over a wide range and a high-ratio voltage conversion from a high
intermediary voltage, while performing fine output regulation, a new switched-
capacitor DC-DC converter topology was introduced, implemented, and validated
in Chap. 6. It is demonstrated that SC DC-DC converters are excellent candidates
for high-ratio voltage conversion. This originates from the fact that the voltage
conversion ratio is a topology-dependent parameter, unlike it is a consequence of
the duty cycle in the traditional inductive buck converter. As such, the switched-
capacitor DC-DC converter can maintain a 50 % duty cycle, whereas the buck
converter cannot, at the penalty of having a fixed voltage conversion ratio.

The promise of switched-capacitor DC-DC converters toward high-ratio voltage
conversion is further elaborated in Chap.7. Within the scope of monolithic inte-
gration in CMOS, the fundamental limitation on performance, by the inevitable
parasitic effects from Chap. 2, as function of voltage conversion ratio is explored.
The effect of the flying capacitor bottom-plate parasitic is found to be a dominant
loss contribution toward high ratios. Consequently, topologies in which the volt-
age swing of this parasitic coupling is limited are found to be superior toward
high-ratio voltage conversion in a monolithic context. Hence, the star-configured
Dickson converter topology is best suited for monolithic integration of high-voltage
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conversion ratios, since the voltage swing is constrained to 1 V, regardless of the
VCR. Consequently, it is a very differentiating result to find the worst-case penalty
associated with this bottom-plate parasitic effect in the Dickson Star converter is
only a factor of two higher at infinite VCR than its best-case value, at a VCR of two.
In contrast, the impact of the parasitic capacitor voltage swing in other topologies
quickly diverges to infinity.

8.2 Main Contributions

The following list summarizes the key contributions of this work.

Modeling of the flying capacitor bottom-plate effect, which is known to be a
substantial loss contribution in monolithic switched-capacitor converters. This
work demonstrates the beneficial effect of applying this inevitable parasitic
into a positive charge-transfer contribution, instead of a negative one. This is
demonstrated in a bulk CMOS converter prototype to achieve a high power
density realization. This work reported the highest output power, at the time,
for an SC DC-DC converter.

Analysis of the power throughput bottleneck in a capacitive AC-DC step-down
mains interface. Moreover, a monolithic implementation, enabled by custom-
designed high-voltage-rated passive components, is demonstrated in a 0.35 um
technology. This is the first demonstrator in CMOS that is able to interface an
input voltage of up to 265 Vrys.

Application of the switched-capacitor DC-DC converter approach, instead of the
inductive conversion approach, to perform high-ratio voltage conversion from a
high-input voltage, with a custom-designed topology that requires the theoretical
minimal number of external components. This work realizes a higher voltage
step-down conversion ratio, from a higher input voltage than other state-of-the-
art SC DC-DC converters. Moreover, this work beats the conversion efficiency
of comparable inductive converters. Additional differentiation is obtained by
demonstrating highly efficient operation down to very light loading conditions, a
missing feature in the comparable inductive converters.

Application of a Multiple-Input Multiple-Output monolithically integrated con-
verter as an encompassing solution to generate all required auxiliary power
supply rails, necessary for level shifting and driving of the power switches.
Additionally, this converter enables safe start up and shut down.

The exploration of switched-capacitor DC-DC conversion toward high-ratio
voltage conversion in a CMOS context, establishing the superiority of the
Dickson Star topology.
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8.3 Future Work

Despite the increased level of attention from the research community, the following
research questions are promising candidates to deliver disruptive results. As such,
these topics might deserve more focus in the future.

8.3.1 Fundamental Concepts

The following fundamental concepts concern possible approaches to innovate in
power conversion when focusing on, and only on, the converter perspective.

Hybrid Capacitor-Inductor Topologies

An incredible amount of effort has been spent into the development of switched-
inductor DC-DC converters. Indeed, they combine many practical attractive aspects
such as a very low number of components, a flexible voltage ratio conversion
through Pulse-Width Modulation and a high reliability. More recently, interest in the
switched-capacitor approach has picked up because this kind of DC-DC converters
rely on capacitors, which can be more efficiently integrated into CMOS [103]
and have a much higher volumetric energy density than inductors [86]. The latter
property creates the expectation of a higher power conversion density. However,
in order to achieve highly efficient operation, only a fraction of this energy can
actually be utilized to the end of power transfer. This is a result of the charge sharing
loss that occurs when charging a capacitor with another capacitor. The addition
of an inductor can enable either resonant or a more current-source behavior, to
reduce this loss. Even though the beneficial effects of hybrid capacitor—inductor
topologies have been known for a long time [64], it is only recently that the research
community has picked them back up for further examination. Combining (1) the
switched-capacitor strengths, such as high-ratio voltage conversion, efficient device
utilization, and high capacitor energy density, (2) the strengths of the switched-
inductor approach, including a flexible voltage regulation, and (3) the synergy of
both approaches, yielding soft charging or resonance, sounds promising indeed.
Implementation paths to combine these strengths consist of the multilevel approach
[36, 120], the soft-charging approach [45, 75], and the resonant switched-capacitor
approach [35, 88]. Further research in these directions is bound to deliver interesting
results.
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3D Packaging

Switched-mode power converters transfer energy from input to output. In order to
do so, they rely on a component to temporarily store the energy. This can either be a
capacitor, which stores energy in an electric field, or an inductor, which turns to the
magnetic field to store its energy. Regardless of scaling down their values, through
continued increase of the switching frequency, they inevitably take up costly die
area. This chip area can be spent more useful on the integration of active devices,
which actually require the ability of ultra-deep submicron CMOS processes to
realize tiny transistors. Therefore, it is more sensible to implement passive devices in
process technologies, optimized for making such components. However, resistance,
inductance, and capacitive coupling of the interconnect, from actives to passives on
separate dies, can hardly be tolerated, as otherwise the operation frequency cannot
match the high speed that CMOS technology enables voltage converters to attain.
Consequently, innovation in the packaging is required to enable a close physical
spacing of the active die(s) to the passive die(s). The successful realization of such a
combination might even put the PSiP approach ahead of the PSoC approach. Efforts
in this direction are ongoing with the combination of an active die and a separate
die for the passives [10], or with the passive component in a custom additional
metal stack on top of the regular active die [12]. Alternatively, a complete mm-scale
sensor node is presented in [11], even though it comprises multiple stacked dies for
the subsystems. These examples demonstrate the potential of thinking outside the
plane and into the box.

Passive Component Technology

As already discussed above, the energy storage capability of the passive component
is one of the key parameters to attaining high power conversion density. In this
regard, advancing the state of the art in voltage conversion, despite utilizing
the most advanced and even future circuit techniques, is largely dependent on
technological advances in capacitor and inductor technology. Especially since there
is a strong motivation to go toward 3D integration of power converters, there should
be no argument not to use the most optimal technologies to implement passive
components in this 3D stack. Recently introduced state-of-the-art technologies, such
as micro-supercapacitors [22], are an example of thin, low-cost capacitor structures.
Hence, application of these devices in actual power converters should prove to be
highly rewarding.
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8.3.2 Application Concepts

The following application concepts suggest to expand the optimization horizon to
cover the full system, enabling a synergy in the interaction between power converter
and its load.

Serializing Voltage Domains

A huge challenge in power delivery are high power loads at low voltage, resulting
in a large current flow. This leads to significant constraints on the power grid
impedance, as well as the power converter output impedance. Instead of placing
load circuits more in parallel, they should be placed more in series [44, 98]. As such,
lower supply currents are traded in for a higher voltage. When perfectly balanced,
no power converter is even required at all. Of course, a power converter is necessary
to balance the supply voltage levels, as a perfect symmetry in load current of a
series-load approach is currently not allowed to be a requirement from the converter.
Moreover, the converter is not allowed to require anything. But even in this non-ideal
scenario, the DC-DC converter is only required to transfer less power, worst-case
scenario, than in the all-parallel voltage domain approach [78, 97]. Therefore, this
is a promising research concept. After all, the ultimate DC-DC converter is not
needing the converter in the first place.

Energy-Aware Computing

Although a power converter, traditionally, is not allowed to put requirements on how
and when the load circuit is allowed to consume power, this master—slave relation
between load and power converter should be revisited, as tradition is not a good
argument when doing circuit design. Providing the power converter with ahead-of-
time information on future energy consumption of upcoming executions, even in
the most rudimentary on—off sense, could drastically improve energy efficiency on a
system level. Moreover, awareness of the energy consumption within the computing
unit and flexible allocation of executions to hardware in a series-voltage-domain
approach might even virtually eliminate any imbalance of the load current [74].
Since part of such useful information is readily available in digital circuits, there
should be no reason why not to distribute this also to the power converter. Also
in other cases it is clear that information sharing between the load circuit and the
power converter proves to be very beneficial. For example, this information can be
used to reduce design margins when coping for effects such as process variation,
temperature variation, and aging [16]. Therefore, it is time to consider the power
converter as an integral part of the circuit, and no longer as a trivial DC voltage
input to it.
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Dense Energy Storage in Self-Reliant Harvesting Devices

Devices that, as consequence of their deployment in space, need to be self-reliant
typically harvest incident power. This energy is stored on a capacitor, which acts
as an energy buffer. Once the buffer is full, an action can be taken that consumes
the stored energy. This action, that a deployed device is able to take, is limited by
the energy storage capability, and as such, the combination of the buffer capacitance
value and the square of the storage voltage. Consequently, it is in the general
interest that the storage voltage is as high as possibly allowed by the capacitor
rating to maximize the energy storage capability. Alternatively, for a fixed target
action, the required capacitance value can be smaller, possibly enabling monolithic
integration and an associated reduction of the system volume. At present, this
maximal storage voltage is not a common design target, as even the minimally
required voltage conversion is not an evident task. In case of RF radiation, the
initial harvested voltage is very low, typically below the transistor threshold voltage,
and passive AC-DC voltage multipliers are used to generate voltages of about 1 to
1.8 V. When more of these multiplying stages are cascaded, the mismatch of the
output impedance of the harvesting antenna and the input impedance of the AC-DC
multiplier increases. Consequently, the passive multiplication process is not a viable
approach to go to a higher storage voltage. This is where active DC-DC conversion
can make the difference. By decoupling the target storage voltage from the initial
AC-DC multiplier, new degrees of freedom are enabled to realize a more efficient
system from the top-level point of view. Of course, active step-up also creates the
need for active step-down, but since switched-capacitor DC-DC converters work
bidirectionally, this is a promising use-case scenario.



Appendix A
Topology Survey Data

Due to the in-depth extraction of topology-specific data, representation of these
results becomes lengthy. For this reason, the results are listed in this appendix,
instead of impeding the readability of the manuscript (Figs. A.1, A.2, A3, A4, A5,
A6, A7, A8, A9, A.10, and A.11 and TablesA.1, A.2, A3, A4, AS, A.6, A7,
A8, A9,A.10,A.11).
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Fig. A.1 11 to 1 step-down switched-capacitor DC-DC topology with capacitor bias voltages
33321

Table A.1 11:1_33321 topology-specific capacitor and switch
parameters: bias voltage, charge multiplier, blocking voltage, and
gate voltage swing

C; i= 1 2 3 45

Vepybias [Vourl 3 3 3 1 2

qci [0 1 11 43

S; i= 1 2 3 4 5 6 7

Viwocki  [Vour] 8 3 3 1 1 2 1

qsi o 111 1 4 3 3

Veateswi [Vour] 1 5 2 1 1 2 1

S; i= 8 9 10 11 12 13 14 15 16
Viiock.i [Vour] 9 6 3 1 8 6 3 1 1
gsi 7 111 3 1 1 1 4 4
Veateswi  [Vourl 2 2 2 1 1 1 1 1 1
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Fig. A.2 11 to 1 step-down switched-capacitor DC-DC topology with capacitor bias voltages
65221

Table A.2 11:1_65221 topology-specific capacitor and switch
parameters: bias voltage, charge multiplier, blocking voltage,
and gate voltage swing

C; i= 1 2 3 4 5

Vepypias [Vourl 6 2 2 1 5

qci 5y 2 2 4 1

Si i= 2 3 4 5 6 7 8
Viwocki  [Vourl] 5 2 2 1 1 1 4 1
qsi ("7 11 2 2 4 4 1 1
Veateswi [Vourl] 1 3 1 1 1 1 2 1
S; i= 9 10 11 12 13 14 15 16
Viwoeki  [Vourl 5 3 1 6 4 2
gsi o 12 2 1 1 2 2 4
Veateswi  [Vour] 1 1 1 2 1 2 2 1
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Fig. A.3 11 to 1 step-down switched-capacitor DC-DC topology with capacitor bias voltages
83321

Table A.3 11:1_44321 topology-specific capacitor and switch
parameters: bias voltage, charge multiplier, blocking voltage, and
gate voltage swing

C; i= 1 2 3 4 5

VCﬂy,bias [VOUT] 8 2 1 3 3

qci [ 1 3 4 1 1

S; i= 1 2 3 4 5 6 7 8 9
Votoeki  [Vour] 5 2 1 1 1 6 5 3 2
gsi ['7 1 1 3 4 4 111
Veateswi  [Vour] 1 1 1 1 1 2 1 2 1
S; i= 10 11 12 13 14 15 16

Vpioeki  [Vour] 8 3 3 3 1 2 1

gsi o 1 1 1 1 3 3 4

Vgar(',sw,i [VOUT] 4 2 1 1 1 2 1
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Fig. A4 11 to 1 step-down switched-capacitor DC-DC topology with capacitor bias voltages
44321

Table A.4 11:1_44321 topology-specific capacitor and switch
parameters: bias voltage, charge multiplier, blocking voltage,
and gate voltage swing

C; i= 1 2 3 4 5

Vepybias [Vourl 4 4 2 1 3

qci [ 1 1 3 3 2

S; i= 1 2 3 4 5 6 7 8
Vblock.i [Vour] 8 3 2 1 1 1 2 1
qsi [(*7 1 1 1 3 3 3 2 2
Veatreswi  [Vour] 1 3 1 1 1 1 2 1
S; i= 9 10 11 12 13 14 15 16
Vbioeki  [Vourl 7 3 8 4 1 2

qsi o 11 1 1 2 3 3 3
Veateswi  [Vour] 1 1 2 2 1 1 2 1
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Fig. A.5 11 to 1 step-down switched-capacitor DC-DC topology with capacitor bias voltages

222221

Table A.S 11:1_222221 topology-specific capacitor and switch parameters:
bias voltage, charge multiplier, blocking voltage, and gate voltage swing
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Fig. A.6 12 to 1 step-down switched-capacitor DC-DC topology with capacitor bias voltages
55221

Table A.6 12:1_55221 topology-specific capacitor and switch
parameters: bias voltage, charge multiplier, blocking voltage, and
gate voltage swing

C; 1= 2 3 4 5

Vepybias [Vourl 5 5 1 2 2

qci [0 1 52 2

Si i= 1 2 3 4 5 6 7 8
Viwocki  [Vourl 7 5 1 4 2 3 1
qsi [ 11 1 5 2 2 2 2
Veateswi [Vour] 1 2 1 1 2 2 1 1
S; i= 9 10 11 12 13 14 15 16
Viwoki  [Vour] 10 5 7 2 2 1

qsi [0y 1 1 1 1 2 2 5 5

Vgute,sw,i [VOUT] 4 3 1 1 1 1 1 1
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Fig. A.7 12 to 1 step-down switched-capacitor DC-DC topology with capacitor bias voltages
75221

Table A.7 12:1_75221 topology-specific capacitor and switch
parameters: bias voltage, charge multiplier, blocking voltage,
and gate voltage swing

C; 1= 1 2 3 45

Vepybias [Vourl 7 2 2 1 5

qci [0y 1 2 2 51

S; i= 2 3 4 5 6 7 8
Viiock.i [Vourl 7 2 2 1 1 1 7 2
qsi (7 12 2 2 5 5 1 1
Veateswi [VYour] 1 3 1 1 1 1 3 1
S; i= 9 10 11 12 13 14 15 16
Votoeki  [Vourl 5 3 1 1 7 5 3 2
qsi (45 12 2 5 1 2 1
Veateswi [Vourl 1 1 1 1 3 2 1
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Fig. A.8 12 to 1 step-down switched-capacitor DC-DC topology with capacitor bias voltages
443111

Table A.8 12:1_443111 topology-specific capacitor and switch parame-
ters: bias voltage, charge multiplier, blocking voltage, and gate voltage

swing
C; i= 1 2 3 4 5 6
Vepybias [Vourl 4 4 3 1 1 1
qci [0 1112 3 3
S; i= 1 2 3 4 5 6 7 8 9 10
Voioeki [Vour] 8 4 3 1 3 3 2 2 1 1
gsi [9 1 1 1 1 2 2 3 3 3 3
Veateswi [Vour] 1 4 1 1 1 1 1 1 1 1
S; i= 11 12 13 14 15 16 17 18 19
Vitocki  [Vourl 8 11 4 7 1 4 4 1 1
gsi (9 11 1 1 1 1 2 3 3
Veateswi [VYour] 1 4 1 4 1 2 1 1 1
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Fig. A9 12 to 1 step-down switched-capacitor DC-DC topology with capacitor bias voltages
842211

Table A.9 12:1_842211 topology-specific capacitor and switch parame-
ters: bias voltage, charge multiplier, blocking voltage, and gate voltage

swing
C; i= 1 2 3 4 5 6
Vepybias [Vour] 8 2 1 1 2 4
qci [0 1 23 3 11
S; i= 1 2 3 4 5 6 7 8 9 10
Vptoeki  [Vour] 4 2 1 1 1 1 8 2 8 4
gsi (9 11 2 3 3 3 1 1 1 1
Veateswi [Vour] 1 2 1 1 1 1 2 1 3 1
S; i= 11 12 13 14 15 16 17 18 19
Viiocki  [Vour] 4 8 2 2 4 2
qsi (1 11 2 2 3 3 1 3
Veateswi [Vour] 1 5 1 2 1 1 2
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Fig. A.10 12 to 1 step-down switched-capacitor DC-DC topology with capacitor bias voltages

933211

Table A.10 12:1_933211 topology-specific capacitor and switch param-

eters: bias voltage,

swing
C; i=
Vesybias  [Vourl
qci [ q?;T ]
S; i=
Vitocki  [Vourl
qsi [ q‘ng
Veateswi  [Vourl
S, i =
Vitoeki  [Vourl
qsi [9o0
Veateswi  [Vourl

charge multiplier, blocking voltage, and gate voltage

1 2 3 45

9 1 1 2 3 3

1 3 4 11

1 2 3 4 5 6 7 8 9 10
31 1 1 2 1 9 6 5 3
11 3 4 1 1 1 1 1 1
12 1 1 2 1 3 1 3 1
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Fig. A.11 13 to 1 step-down switched-capacitor DC-DC topology with capacitor bias voltages
85321

Table A.11 13:1_85321 topology-specific capacitor and switch
parameters: bias voltage, charge multiplier, blocking voltage,
and gate voltage swing

C; i= 1 2 3 4 5

Vepybias [Vourl] 1 2 3 5 8

qci %Y1 5 3 21 1

Si i= 2 3 4 5 6 7 8
Viiock.i [Vour] 5 5 8 3 3 5 5 2
qsi 7 11 1 1 1 1 1 2
Veatreswi  [Vour] 1 2 1 1 2 1 4 1
S; i= 9 10 11 12 13 14 15 16
Vitoeki  [Vour] 3 1 1 1 1 1

qsi [0y 2 3 3 5. 5 5
Veateswi  [Vour] 4 3 1 1 1 1 1 1
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