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As the size of the electronics in mobile and IoT devices scales down while

performance demands scale up, power management integrated circuits (PMICs) face

increasing pressure to provide highly efficient conversion in increasingly small areas.

Most modern mobile devices are powered from Li-ion batteries that operate between

∼3−5 V. However, the system-on-chips (SoCs) that are powered in such systems are

typically operating at /1.2 V, requiring DC-DC converters that can provide high contin-

uous conversion ratios up to 15×. Ideally, this DC-DC converter should both be efficient

in order to maximize battery lifetime, and also small in order to minimize device vol-

ume. Unfortunately, for a given topology and packaging technology, there is typically

a direct trade-off between efficiency and power density making the achievement of an

acceptable trade-off point for a DC-DC converter more challenging.

This thesis introduces new topologies and techniques that help ease this trade-off

between efficiency and power density while providing additional benefits like enhanced

xxi



light load efficiency and reduced input noise and EMI. The first part of the thesis in-

troduces a passive-stacked 3rd order buck (PS3B) converter that offers loss-, structure-,

and noise-related benefits as compared to a conventional buck converter. Specifically,

all the passives including two inductors are stacked in a packaging-friendly manner at

the converter input, allowing for the inductors to process lower current than a conven-

tional buck converter while inherently filtering input current noise. In the second part,

a charge recycling technique is applied to the PS3B converter which enables direct re-

ciprocal recycling of gate charge from one power MOSFET to the other, all without

affecting converter operation or control. To directly power an SoC from a Li-ion bat-

tery while using low-voltage transistors, the third part introduces a symmetric modified

multilevel ladder converter that, as compared to conventional flying-capacitor multi-

level converters, features reduced conduction losses, naturally balanced flying capaci-

tors, and internal generation of all the supplies required for drivers and level shifters.

To combine the benefits of the PS3B converter (inductors processing continuous current

on the low-current side of the converter) with the benefits of multilevel converters (Li-

ion battery compatibility with low-voltage transistors, and reduced inductor size), an

inductor-first flying-capacitor multi-level (FCML) converter is introduced. Prototypes

of the presented topologies and techniques achieve state-of-the-art numbers in terms of

efficiency, power density, light load efficiency and noise performance.
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Chapter 1

Introduction

1.1 Power Management for Mobile Devices

Power management integrated circuits are used in many applications that varies

widely starting from industrial and automotive to mobile and consumer electronics. The

power management circuits are essential parts in these systems that are used to convert

and regulate the output voltage to the value needed to power the target system. As shown

in Fig. 1.1, power managements circuits have a huge market of $19.1 billion which is

expected to continue to grow in the coming years. Among the different applications

shown in Fig. 1.1, power management circuits for consumer and mobile applications

have the largest market share due to the wide use of these applications.

DC-DC converters are the main power management circuit used in mobile de-

vices and play an important role in determining the device characteristics in terms of

cost, form-factor, and battery life. Mobile devices are usually powered by Li-ion bat-

teries which provide a voltage in the range of 2.8 to 4.2 V depending on the charge

level of the battery. On the other hand, the system-on-chips (SoCs) employed in these

mobile devices typically run at a voltage lower than the battery voltage which can be

around 1.8 V to 0.8 V or even lower down to 0.3 V for some memory blocks and low-

power circuits. Due to this voltage discrepancy, DC-DC converters are needed to convert

down the battery voltage to a voltage appropriate to power the SoCs employed in these

devices. Modern SoCs have a complex design where a single SoC can have separate

blocks each performing a different function. Due to this complexity, SoCs typically

require many supply rails, each with a different current rating and, possibly, an inde-

1



Source: Power Management IC: Technology, Industry and Trends 2019 report, Yole Développement, 2019.

Figure 1.1: Power management market evolution split by application.

pendent control, as illustrated in Fig. 1.2. In most cases, a dedicated DC-DC converter

(linear or switched-mode) is assigned to each of these voltage rails. Linear regulators

can consume less space, but they are lossy and can generate excessive heat specially

when used for blocks with large current requirements like the core digital block. On the

other hand, switch-mode converters can be more efficient, but each converter comes its

associated passives that consume a large space on the board. While other components

in the system continues to scale down, the DC-DC converters do not exactly follow this

trend due to the passives used in them.

1.2 Recent Challenges for DC-DC Converters

The recent trends in mobile devices introduce increasing challenges and require-

ments on DC-DC converters. First, DC-DC converters need to be small in size to help

building small-factor mobile devices. Second, DC-DC converters need to have a light

weight by using a fewer number of passives specially the bulky inductors. Third, DC-

DC converters are usually desired to have high efficiency preferably across the full de-

sired operation range of the converter to increase the battery life of the mobile devices.
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Figure 1.2: An example of the power management structure for an SoC.

Ideally, a flat high efficiency curve over the load current is desired. However, due to

trade-offs in the converter design, the efficiency curve will have peaks and valleys with

respect to the input voltage, the output voltage, and the load current. In addition, DC-

DC converters need to have a fast response to changes in the load current in order to

reduce decoupling capacitor requirement and ensure reliable SoC operation. Moreover,

in some applications, the DC-DC converter is required to have low noise and EMI so

that it does not interfere with other noise-sensitive circuits in the same system or in the

surrounding environment. All of these requirements introduce vast challenges on the

design of DC-DC converters where some of these requirements tend to trade-off with

each other.

The coming subsections highlight some of these challenges that are considered

the most important for DC-DC converters used in mobile devices, and provide some hint

of the developments in this work to address these challenges.
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Figure 1.3: Trade-off between efficiency and power density in a DC-DC converter illustrated by
some example design points.

1.2.1 Trade-off between Efficiency and Power Density

Longer battery life and smaller form factor are key requirements in mobile de-

vices. These requirements are directly related to the DC-DC converters used in these

mobile devices. To satisfy these requirements, DC-DC converters need to have high

efficiency to maximize the device battery life and also have high power density for a

small form-factor device. Unfortunately, there is always a trade-off between efficiency

and power density when designing DC-DC converters as illustrated in Fig. 1.3. If the

converter is designed to have high power density mainly by using smaller passives that

occupy less area, it will suffer from lowered efficiency reducing its battery life. Since

in most mobile applications maintaining a longer battery life is often more prioritized,

DC-DC converters are usually designed to have high efficiency even at the cost of low

power density. The power density of a DC-DC converter can be calculated by dividing

the converter output power by the converter total footprint (i.e., W/mm2) or by dividing

the output power by the converter bounding box (i.e., W/mm3). The power management

integrated circuit (PMIC), that integrates the converter power stage along with the con-

trol circuitry, can itself achieve high power density. However, when including all the

converter discrete passive components in the power density calculation, the total power

4
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Figure 1.4: Challenges for miniaturizing a conventional buck converter where small-size induc-
tors have a higher DC resistance (DCR).

density of the converter becomes much lower.

This trade-off between efficiency and power density is well-illustrated in a con-

ventional buck converter where to minimize the converter losses, usually bulky inductors

are employed. To increase the buck converter power density, a smaller less-bulky induc-

tor is needed which can be achieved either by directly reducing the inductor physical

dimensions while keeping its inductance value the same, or by reducing the needed in-

ductance value itself to enable physically smaller inductors. Employing an inductor that

has smaller physical dimensions while keeping its inductance value unchanged would

directly result in a higher inductor DC resistance (DCR) as illustrated in Fig. 1.4. This

higher DCR would hinder the converter efficiency specially because of the high DC cur-

rent flowing through the inductor in a conventional buck converter. To overcome this

challenge, an inductor-first buck topology is introduced in chapters 2, 3 and 5, which

allows for employing smaller inductors of higher DCR by having the inductors process

lower DC current as compared to a conventional buck converter.

On the other hand, reducing the inductance value, to enable physically smaller

inductors, requires the converter to switch at higher switching frequencies to reduce

the current ripple in the inductor. Higher switching frequencies usually result in higher

switching losses hindering the converter efficiency. Chapter 3 of this thesis addresses

this challenge through a charge-recycling technique that can reduce the gate charge
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Figure 1.5: The design choice of the MOSFET width (W ) affects the converter efficiency profile
across the load current (IL).

switching losses by up to 80% by reciprocally recycling the charges between the power

transistors.

1.2.2 Maximizing Efficiency Across a Wide Operating
Range

DC-DC converters are usually expected to operate across a wide range of in-

put voltages to cover the Li-ion battery voltage range, across a wide range of output

voltages to support dynamic voltage and frequency scaling (DVFS) for the SoC, and

across a wide range of load currents to cover the different operating modes of an SoC.

In fact, the power demand of an SoC varies dramatically depending on whether the SoC

is operating in a low-performance mode or in a high-performance mode. These different

operating modes require efficiency to be maximized over a wide range of load currents

to maximize the device battery life regardless of the SoC operating mode. Achieving

this high efficiency across a wide load range is challenging since DC-DC converters are

fundamentally limited by a trade-off between switching losses and conduction losses.

This trade-off is dependent on the sizing of the power MOSFETs as shown in
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Fig. 1.5. Each power MOSFET has its intrinsic parasitic on-resistance that is inversely

proportional to the MOSFET width (W ) and results in conduction losses. The power

MOSFET also has switching losses related to the charging or discharging of its gate ca-

pacitance and these losses are proportional to the MOSFET width (W ). These relations

of the losses with W results in a trade-off between conduction losses and switching loss

when making a design choice of W . If MOSFETs of relatively large W are selected, the

converter will have high efficiency at the high current range due to the low on-resistance

of the power MOSFETs. However, this efficiency quickly degrades when moving to the

low current range due to the increased switching losses. On the other hand, if power

MOSFETs of relatively small W are selected, the efficiency at the low current range

is maximized due to the low switching losses but the efficiency degrades quickly when

moving to the high current range due to the high on-resistance of the power MOSFETs.

To maximize the converter efficiency across a wide load range, techniques to reduce

these traditional losses of the power MOSFETs are needed.

Chapter 3 addresses this challenge by introducing a gate charge recycling tech-

nique, applied to the inductor-first buck converter of chapter 2. Theoretically, the in-

troduced recycling technique can allow for zero gate switching losses for the power

MOSFETs. In a practical implementation, up to 80% of the gate charges can still be

recycled. This major saving in the switching losses of the power MOSFETs allows for

maximizing the efficiency across a wide range of load currents.

1.2.3 Powering an SoC Directly from a Li-ion Battery

Li-ion batteries are the most common power source for several mobile devices

due to their higher energy density, lighter weight, and lower self-discharge rate. They

typically provide a voltage in the range of 4.2 V when fully charged which goes down

to 2.8 V when almost depleted. However, most of the SoCs used in mobile applications

typically require a voltage in the range of 1.2 V or even lower down to 0.3 V for some

memory circuits. This voltage discrepancy requires DC-DC converters that can provide
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Figure 1.6: Powering an SoC directly from a Li-ion battery requires high conversion ratios of
up to 15× along with high blocking voltages for the power transistors of the PMIC.

high conversion ratios of up to 15× as shown in Fig. 1.6. The relatively high volt-

ages provided by Li-ion batteries require transistors of high-voltage rating, typically not

available in modern CMOS technologies, to be used in the power stage of these DC-DC

converters. Chapters 4 and 5 address these challenges by presenting multilevel hybrid

converters that can directly convert a Li-ion battery voltage down to SoC voltages as low

as 0.3 V, all while employing low-voltage MOSFETs of modern CMOS technologies.

1.2.4 Self-generated Noise and EMI

DC-DC converters are by nature noisy circuits due to their switching behavior.

They generate interference that adversely affect other noise-sensitive circuits used in-

side the device. This interference issue becomes more challenging as the dimensions

of the device are reduced putting the noisy DC-DC converters in a close proximity to

other noise-sensitive circuits like analog and wireless communication circuits typically

needed in internet of things (IoT) and mobile devices. In addition, a conventional buck

converter has by nature a pulsated input current that can introduce noise for other circuits

powered by the same input source. Large input decoupling capacitors or more complex

filtering circuits might be required to suppress this noise. The inductor-first topology,

introduced in chapter 2 and used in chapters 3 and 5, addresses these challenges where

the noise at the converter input is substantially reduced by having a continuous input

8



current instead of the pulsated input current of a conventional buck converter. In ad-

dition, in the inductor-first topology, all the converter passives are stacked at the input

allowing for a minimum board routing area for the converter switching nodes resulting

in a reduced EMI from the converter.

1.3 Hybrid DC-DC Converters

The two conventional ways to build a DC-DC converter are either by using

a switched-inductor approach or a switched-capacitor approach. A switched-inductor

converter or a conventional buck converter can generally achieve a high efficiency but

this high efficiency usually involves the use of a bulky inductor that greatly hinder

the converter power density. Using smaller inductors to improve the power density

quickly degrades the converter efficiency. On the other hand, in a switched-capacitor

converter [2–4], since only capacitors are used in the power conversion process, these

converters can usually achieve very high power densities as capacitors have an energy

density that is up to 100× higher than inductors. However, switched-capacitor convert-

ers suffer from fundamental charge sharing losses between the capacitors which greatly

hinder their efficiency specially when the output voltage deviates from the nominal con-

version ratios provided by the employed switched capacitor (SC) topology [5].

One way to break these trade-offs in conventional DC-DC converters is by devel-

oping new hybrid DC-DC topologies where both capacitors and inductors are involved

in the power conversion process. Hybrid DC-DC converters [6–29] are nowadays a

growing research area and are considered a potential to overcome the limitations as-

sociated with conventional switched-capacitor or switched-inductor DC-DC converters.

Usually, hybrid DC-DC converters are built by using a SC network followed by an in-

ductor placed at the output along with a decoupling capacitor to form an output LC fil-

ter [8–24]. Although a group of extra flying capacitors are added to the hybrid converter

to build the SC network, this SC network can be used to reduce the size requirement

of the inductor resulting in a net saving in the total volume of the needed passives, and
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hence increasing the power density of the converter [25].

Generally, there are two approaches to build or operate a hybrid DC-DC con-

verter which can be through a resonant approach [8–13] or a multilevel approach [14–

24]. If the switched capacitor network is configured to provide a single conversion ra-

tio, the resulting converter is a resonant hybrid DC-DC converter where a form of a

sinusoidal voltage waveform is generated at the inductor input. The resonant hybrid

DC-DC converters can eliminate or reduce the charge sharing losses existent in a con-

ventional switched-capacitor converter. However, resonant hybrid converters still have

limited regulation capabilities in terms of the output voltage. To enable better output

regulation that is purely PWM-based, the switched capacitor network can be config-

ured to provide two (or more) conversion ratios or voltage levels to generate a switching

voltage waveform at the inductor input. The reduced voltage swing of this switching

voltage waveform results in reduced inductor ripple/size/loss as compared to a con-

ventional buck converter. There are multiple conventional SC topologies (e.g. FCML,

ladder, series-parallel, and Dickson) that can be used to build a multilevel hybrid con-

verter. However, each of these SC topologies has some limitations or challenges (e.g.

ensuring the flying capacitor stability) that hinder their use in practical applications. In

chapter 4, a symmetric modified multilevel ladder (SMML) topology is introduced that

offers several benefits as compared to other conventional SC topologies when used to

build a multilevel converter. Appendix A provides a general analytical model to com-

pare between the performance of the different SC topologies that can be used to build a

multilevel converter, including the SMML topology introduced in chapter 4.

A recent direction in hybrid DC-DC converter involves the use of multiple switch-

ing inductors along with a single or multiple switching flying capacitors. Inductors are

usually considered bulkier than capacitors and employing multiple of them in a single

topology can hinder the power density of the converter. However, through the help of

the flying capacitors and by changing the position of these inductors inside the topology,

the DC current and the ripple requirement in each of these inductors can be substantially

reduced resulting in an overall total reduction in the converter volume as compared to
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using a single bulky inductor. This trend of using multiple inductors in hybrid DC-DC

converters has been recently adopted by academia and industry [26–29]. In this work,

chapters 2 and 3 introduce an inductor-first topology in which two inductors are placed

at the converter input allowing them to process lower DC current. In addition, through

applying a multilevel approach to this inductor-first topology, the inductors can also pro-

cess lower current ripple allowing for an even more reduction in the inductor loss/size.

This approach is illustrated in chapter 5 where an inductor-first multilevel converter is

introduced.

1.4 Thesis Organization and Contribution

To address all of the aforementioned challenges in DC-DC converters, this thesis

introduces new DC-DC topologies and techniques that can, considerably, ease the trade-

off between efficiency and power density and achieve some state-of-the-art numbers in

terms of power density and efficiency, all while covering the wide range of conversion

ratios and load currents needed in mobile applications. This thesis is organized as fol-

lows:

• Chapter 2 introduces an inductor-first 3rd-order buck converter that has loss-

related, noise-related and structure-related benefits as compared to a conven-

tional buck converter. Specifically, all the passives including two inductors are

stacked in a packaging-friendly manner at the converter input, allowing for the

inductors to process lower current than a conventional buck converter while

inherently filtering input current noise. A prototype shows that the converter

achieves a peak efficiency of 94% and a peak power density of 0.7 W/mm2.

• Chapter 3 builds upon the topology presented in chapter 2 and introduces a

charge-recycling inductor-first 3rd-order buck converter that enables a direct re-

ciprocal recycling of the gate charge from one power MOSFET to the other by

the addition of only a single inductor and two switches, all without affecting
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converter operation or control and while ensuring non-overlap conditions. The

implemented converter achieves a peak efficiency of 98.2%, a peak power den-

sity of 0.72 W/mm2, and efficiency of 88.4% down to 1% of the maximum load

current.

• Chapter 4 describes a symmetric modified multilevel ladder (SMML) converter

that is capable of directly converting down from Li-ion battery voltage ranges to

SoC-compatible voltage ranges while using low-voltage power MOSFETs in the

power stage. As compared to conventional flying-capacitor multilevel (FCML)

converters, the SMML converter features reduced conduction losses, naturally

balanced flying capacitors, and internal generation of all the supplies required for

drivers and level shifters. A prototype shows that the converter achieves a peak

efficiency of 90% and a peak power density of 0.52 W/mm2, while providing up

to 16.7x conversion ratios at still acceptable efficiencies.

• Chapter 5 presents the design of an inductor-first flying-capacitor multi-level

(FCML) converter that combines the benefits of the inductor-first topology intro-

duced in chapter 1 (inductors processing continuous current on the low-current

side of the converter) with an FCML topology (Li-ion battery compatibility with

low-voltage transistors, and reduced inductor size). The design operates across

the entire Li-ion battery range, and achieves a power density of 0.77 W/mm2,

and a peak efficiency of 97.1%.

• Appendix A introduces a general model to analyze the losses in multilevel con-

verters. Different SC topologies can be used to build a multilevel converter

where a straightforward comparison between the performance of these topolo-

gies is challenging due to the relatively high number of components (switches

and capacitors) used in these topologies. The model developed in this appendix

introduces a consistent and a systematic approach to analyze the losses in any

given SC multilevel topology. Additionally, the same model provides a design
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optimization method to minimize the losses in a given topology. By using the

general model, a comparison between different optimized SC topologies when

used to build a multilevel converter is performed. The results show the SMML

topology, introduced in chapter 4, achieves a competitive or a better performance

as compared to the other conventional SC topologies.

A summary of the introduced topologies and techniques in this thesis is shown in

Fig. 1.7 which also illustrates the relations and the links between the introduced topolo-

gies and techniques considering the basic conventional buck converter as the starting

point. The main topology introduced in this thesis is the inductor-first buck converter

presented in chapter 2 which has several benefits as compared to a conventional buck

converter. This new inductor-first buck converter motivates chapter 3 which exploits the

new structure of the inductor-first topology to apply a gate charge recycling technique

in an efficient way, not otherwise possible with a conventional buck converter.

Mobile applications usually utilize a Li-ion battery as their power source and

when employing a basic buck converter with low-voltage transistors (i.e., <2 V), stack-

ing of the transistors would be required. The conventional FCML topology exploits

these stacked transistors to reduce the voltage swing on the inductor offering lower

inductor size/ripple/loss. However, the FCML topology still suffers from some imple-

mentation limitations that hinders its adaptation in real applications. Chapter 4 intro-

duces an SMML converter that overcomes some of these limitations in FCML convert-

ers, enabling a more practical implementation in real applications. To better adapt the

inductor-first converter, presented in chapters 2 and 3, for Li-ion battery applications,

an inductor-first FCML converter is introduced in chapter 5. The inductor-first FCML

converter combines the benefits of the inductor-first topology (presented in chapter 2

and chapter 3) with the benefits of a multilevel topology (like the topology presented in

chapter 4) to ultimately enable lower inductor loss/size while using low-voltage MOS-

FETs, and having a continuous input current for reduced noise and EMI.
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Chapter 2

A Passive-stacked Third-order Buck
Converter

2.1 Introduction

As the size of the electronics in mobile and IoT devices scale down while per-

formance demands scale up, power management integrated circuits (PMICs) face in-

creasing pressure to provide highly-efficient conversion in increasingly small areas. Un-

fortunately, efficiency and power density tend to trade-off with each other for a given

topology.

This trade-off is well-illustrated in a conventional buck converter [30, 31]. To

minimize losses, inductors that have low DC resistance (DCR) are typically employed;

unfortunately, such inductors are physically large. Choosing a smaller inductor to in-

crease power density directly results in increased DCR and decreased efficiency. Besides

building better passives or enabling tighter packaging integration, the best way to break

this trade-off is to explore other converter topologies. Topologies such as switched

capacitor [32], resonant [9], or multilevel hybrid converters [23] can help in address-

ing these challenges. While potentially impactful in a number of applications, they do

have limitations like increased circuit complexity and/or limited output regulation range

which can hinder the power density or the efficiency for some applications.

To help break the efficiency-power density trade-off, this chapter presents an-

other topology, termed a passive-stacked 3rd order buck (PS3B) converter [33], that has

some benefits (and some trade-offs) over the aforementioned topologies.
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Figure 2.1: (a) A conventional buck converter with a small-size inductor that is processing a high
load current. (b) The proposed PS3B converter with small-size inductors that are processing the
low input current.

2.2 Building-up the PS3B Converter

To understand the PS3B converter, first consider a conventional buck converter,

shown in Fig. 2.1(a). Here, switches S1 and S2 chop the voltage left of the inductor

between VIN and GND, causing large pulses of current between 0 and IOUT to flow

out of the VIN and GND terminals, while capacitor CIN is used to decouple the input.
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As a step-down converter, VIN is larger than VOUT , and thus < IIN > is smaller than

< IOUT >. This means that the inductor, which is designed to be small to support high

power density and therefore has high DCR, is processing high current, leading to large

I2R losses.

The main idea of the PS3B converter is to swap the locations of the switches and

the inductor, so that the high-DCR inductor can process low current [33, 34], while the

switches are moved to the output side and still process the same current. This idea is

accomplished by splitting the inductor into two half-sized inductors, and placing them

in series with the VIN and GND terminals, as illustrated in Fig. 2.1(b). In this case,

the input capacitor becomes flying and all the passives except the output capacitor are

stacked at the input. Since the power conversion process is achieved through three

passive elements, it is called a 3rd order buck [35], in this case with stacked passives.

Figure 2.2 shows the operation principle of the PS3B converter. Since the aver-

age voltage on the inductors should be zero, the voltage on the flying capacitor, VF must

be equal to VIN . The converter has two switching nodes at the top and bottom plates of

the capacitor: VX1 and VX2. In phase Φ1, S1 is turned on for a duration of DTSW . Here,

VX1 = VOUT and accordingly, VX2 must be (VOUT −VIN). In phase Φ2, S2 is turned on,

and VX2 = VOUT and VX1 = (VIN + VOUT ).

To ensure the topology is well-defined according to Kirchoff’s voltage law, in-

ductor volt-second balance can be computed. Assuming the voltage on L1 switches

between (VIN − VOUT ) and (VIN − VF − VOUT ) and L2 switches between VOUT and

(VOUT −VF ), solving the volt-second relations of the two inductors yield that VF = VIN

which is the same value assumed before, and more importantly VOUT = DVIN . Inter-

estingly, this is the same relation as a buck converter, hence the name 3rd order buck.

2.3 PS3B Topology Features

The PS3B converter offers several benefits in terms of losses, noise, and structure

that will be described below.
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Figure 2.2: The two phases of operation of the PS3B converter showing the voltage at the two
switching nodes of the converter.

Losses

The losses of a conventional buck that uses a small, high-DCR inductor are dom-

inated by the I2LOAD × DCR losses. The total losses, including MOSFET losses, for a

specific design example are shown in Fig. 2.3. On the other hand, the inductors at the

input of the PS3B divide their current contributions, and therefore process lower current.

In this case, the total inductor losses are going to be lower by a factor of n, and are given

by nI2LOAD×DCR, where n = (1− 2D+ 2D2) and is between 0.5 and 1 depending on

the duty ratio, D.

To compare between the PS3B converter and the conventional buck converter,

the same total inductor volume is allocated for both converters, which means that the

DCR of each of the PS3B converter inductors is going to be larger by 25% according to

the data shown in Fig. 2.3 for commercial compact inductors. For the same MOSFET
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characteristics, the total conduction losses of the PS3B are also shown in Fig. 2.3. Here,

it can be seen that for duty-ratios centered around 0.5, which corresponds to the useful

SoC voltage range for an input voltage of 1.8 V, the PS3B achieves lower losses than a

conventional buck converter thanks to the inductors processing lower current, even de-

spite the increased DCR. However, it should be noted that when the duty cycle becomes

extreme, the conduction losses of the PS3B converter are worse than a conventional

buck converter, since most of the current flows through only one of the inductors, which

has a larger DCR.

Interestingly, at a duty-ratio of 0.5, the PS3B achieves the same theoretical losses

as a 2-phase buck converter when using the same two inductors. However, when includ-

ing the losses and complexity needed for current sensing and/or current balancing, the

estimated conduction losses of a 2-phase buck increase [36], potentially beyond that of

the PS3B near D = 0.5. It should be noted, however, that the PS3B converter also

comes with other benefits that do not exist in conventional or 2-phase buck converters

that will be described next.

Noise

In conventional buck converters, the input current swings fully between zero

and ILOAD, both at the input rail and the ground rail as shown in Fig. 2.1(b). This

switching introduces noise and EMI at the input, which can be problematic to other

circuits powered from the same supply. On the other hand, the input current in the

PS3B converter is continuous from both the input and ground rails, with only small

ripples imposed on them, which means substantially reduced noise and EMI at the input.

In order to overcome this problem in conventional buck converters, additional input

filtering using inductors or extra-large capacitors might be required.

It should be noted, however, that the trade-off for reduced input current ripple is

that, for the same value of the output decoupling capacitor, the output voltage ripple is

doubled compared to that of a conventional buck converter since the inductor currents

19



Survey of compact 
commercial inductors

0 2 4 6
10

20

30

40

50 470 nH

240 nH

2x size decrease

Inductor volume [mm3]

DC
R 

[m
Ω

]

Useful SoC 
VDD Region 

VOUT [V]
Duty

Co
nd

uc
tio

n L
os

s [
mW

]

90

100

110

120

130

0.90.70.50.30.1
1.621.260.90.540.18

Conv. Buck
1 X 2.56mm3, DCR = 1 X 24mΩ

PS3B
2 X 1.28mm3, DCR = 2 X 30mΩ

2-Phase Buck*
2 X 1.28mm3, DCR = 2 X 30mΩ

*does not include current sensing/balancing overhead

ILOAD = 2A
FSW = 6MHz
RSW = 8mΩ

~25% DCR 
increase
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add in phase. Since the area of the output capacitor is much less than that of the in-

ductors, doubling the amount of capacitance does not necessarily lead to a significant

increase in overall converter area, and thus this is a welcome trade-off in most cases.

The measurement results in Section 2.5 will show, for example, that reasonable ripple

can be achieved at a state-of-the-art power density.

Structure

In a conventional buck converter, the input voltage is filtered by an input capaci-

tor (and potentially an inductor), and then brought into the PMIC. The PMIC’s switches

connect to an off-chip inductor, whose output is then connected to a load (i.e., the PMIC

and the load are separated by the inductor as depicted in Fig. 2.4). In the PS3B con-
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verter, the input filtering block is replaced by an input passive network which includes

all the passives required for the power conversion process and for input filtering, which,

depending on the employed packaging solution and desired layout, may result in a more

compact implementation area.

Transient Response

Although detailed analysis of the transient behavior of the PS3B converter is out-

side the scope of this chapter, preliminary state-space analysis of a voltage-mode PS3B

power stage (when neglecting the parasitic resistances of the individual components)

reveals that the converter has two main poles that are generally located at frequencies

higher than that of the conventional buck converter for the same inductor and output ca-
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pacitor values. In addition, due to having the inductors placed at the input, there are two

other poles and two zeros that tend to cancel each other near D = 0.5. When D = 0.5,

the extra two poles exactly cancels the two zeros and the system frequency response

becomes a second order with the two main poles located at (1/2π
√

0.5LC), where the

effective inductance is reduced by half. As a result, the PS3B converter transient re-

sponse might have potential benefits by having reduced effective inductance, but there

are challenges related with the additional zeros and poles which can be mitigated by

careful selection of the component values. These trade-offs will be explored in a future

publication.

2.4 Circuit Implementation

Figure 2.5 shows the full schematic of the implemented PS3B converter. The

circuit operates as follows. In phase Φ1, M1 is turned on by connecting its gate to

(VOUT + VIN) and M2 is turned off by connecting its gate voltage to VOUT . In phase

Φ2, M2 is turned on by connecting its gate to (VOUT − VIN) and M1 is turned off by

connecting its gate to VOUT . This means that non-standard voltage levels are required

to drive the power MOSFETs. Fortunately, these voltage levels are already available at

the switching nodes VX1 and VX2, albeit in the wrong switching phases. Bootstrapping

capacitors are thus needed to capture these voltages during the right phases.

To accomplish this, the driver of the upper power MOSFET is implemented

with bootstrapping capacitor, Cboot1, that stores (VOUT + VIN). Similarly, the driver

of the lower power MOSFET is implemented with bootstrapping capacitor, Cboot2 that

stores (VOUT − VIN). Figure 2.6 shows the driver operation in each of the two phases.

Normally, the bottom plate of these bootstrapping capacitors would be connected to

ground. However, since the top plates would extend above VIN and below GND, this

would cause undue stress across the capacitors. Thus, the bottom plate of Cboot1 and

the top plate of Cboot2 are instead connected to VOUT , so that each of them only ever

experience a voltage of VIN , which allows for up to 4x saving in their implementation
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area on chip. To enable high capacitance density, Cboot1 is implemented as a standard

MOS capacitance, while Cboot2 is implemented as a MOS capacitor in a deep n-well as

illustrated in Fig. 2.7.

It is important to note that, as shown in Fig. 2.5, all the drivers are powered only

from the internal nodes of the converter: VOUT , (VOUT +VIN), or (VOUT−VIN), with no

need for external supplies, in contrast to many recent hybrid multi-level designs that re-

quire auxiliary DC-DC converters for their drivers. Figure 2.8 shows the controller used

to generate the four control signals of the converter. Two-stage level-shifters, shown in

Fig. 2.9 shift the control signals from 0,VIN to the appropriate levels for the drivers. All

of the drivers and the level shifters are powered by either VOUT or by one of the two

bootstrapping capacitors, and thus no external voltage sources are needed. The timing

23



VIN

L1

L2

L1

L2

VOUT
VOUT

VOUT+VIN

VOUT -VIN

VOUT

VOUT -VIN

Ф1
VOUT

VOUT+VIN
VIN

-

+

+

-

VIN VOUT

VOUT -VINVOUT

VOUT+VIN

VIN

VOUTVOUT

VOUT+VIN

VOUT -VIN

M1

M2

M1

M2

VOUT

VOUT -VIN

Ф2
VOUT

VOUT+VIN

VOUT+VIN

VIN

VIN

+

-

-

+

VOUT

VOUT -VIN

VOUT

Figure 2.6: The two operating phases of the converter showing the driver status in each phase.

between the different control signals is adjusted carefully through a deadtime circuit so

that the dis/charging of MOSFETs’ gate capacitance and the bootstrapping capacitors is

done in the proper sequence.

It can be noted that inside the PMIC, there are no MOSFETs nor capacitors

referenced to ground as depicted in Fig. 2.5. Instead, there are multiple MOSFETs and

capacitors referenced to VOUT . Therefore, the chip bulk in this implementation is biased

to VOUT instead of ground. In this case, the upper-side components of the converter were
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implemented directly as standard bulk devices instead of deep n-well devices, while the

lower-side components are implemented in deep n-wells. It should be noted that this is

not strictly required, and the chip bulk could still have been biased to ground, but with

the upper-side devices instead implemented in the deep n-well.

Although the voltage at some nodes in the PS3B converter is boosted over or

below VIN , all the switches and capacitors have a blocking voltage that does not exceed

VIN , just like a buck converter. Also, the parasitic capacitances of the power MOSFETs
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experience the same voltage difference as in the buck converter, and hence both con-

verters have similar switching losses. Figure 2.10 shows a 3D render of the converter

packaging on a small interposer.
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2.5 Measurement Results

The PMIC was implemented in a 0.18 µm CMOS process. A die photo and

photo of the assembled converter are shown in Fig. 2.11, where the PMIC is placed and

wirebonded to one side of an interposer, while the passives are placed and soldered on

the underside. The converter has a total footprint of 5 mm2, which including all the pas-

sives, the routing between the passives, and the routing between the two converter sides.

Thanks to the passive-stacked approach, routing complexity was low, which helped fa-

cilitate the low implementation area. The converter operates with a VIN of 1.8 V, a VOUT

between 0.5 V and 1.5 V, and a maximum ILOAD of 2.5 A while switching at 6.5 MHz.

In this implementation, no input decoupling capacitor was used at VIN .

Figure 2.12 shows the measured waveforms of the two internal switching nodes

of the converter. For VIN = 1.8 V and VOUT of 1 V, VX1 is switching between 1 V and

2.8 V, while VX2 is switching between -0.8 V and 1 V, which are the correct voltage
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Figure 2.12: Measured waveforms of the converter switching nodes, input current and output
voltage.
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Figure 2.13: Measured efficiency versus ILOAD and versus VOUT .

levels for the switching nodes. Figure 2.12 also shows the measured waveform of the

input current where it is continuous with less than 50mA ripple for IIN = 0.7 A. At

VOUT = 1 V, the voltage ripple is measured to be 20 mV when employing a 0.47 µF

0.5 mm2 output decoupling capacitor. The converter responds to a 1 A step change in

the load current in less than 20 µs without any implemented feedback compensation

(improvements are expected with a compensation scheme that takes into account the

converter’s frequency response).

The measured efficiency of the converter versus ILOAD and VOUT is shown in

Fig. 2.13. The converter achieves a peak efficiency of 94% at a power density of

0.18 W/mm2 or 60 W/cm3, and it achieves a peak power density of 0.7 W/mm2 or
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* Only switched-capacitor or resonant converters are shown with a high number of conversion ratios 
  to mimic a continous conversion ratio for DVFS-enabled voltage regulation
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Figure 2.14: Measured efficiency and power density compared to prior-art converters that can
efficiently regulate across SoC-compatible voltages and that report the total converter area (in-
cluding the area of the passives and the interconnection between them).

233 W/cm3 at a 86.6% efficiency. If the area of only the passives are taken into account,

as some other work in the literature report (presumably in the event that better packaging

technology could be available), then the peak power density increases to 1 W/mm2.

Table 2.1 shows a comparison with previous work. The PS3B converter has a

unique feature of continuous input current, can help reduce the area needed for on-board

filtering in certain applications. Compared to previous converters that operate with con-

tinuous conversion ratios across the SoC-compatible voltage range, the PS3B converter

achieves a higher peak power density, while also achieving a comparable peak efficiency

of 94% but at a 4× higher power density, albeit in some cases for lower conversion ra-

tios. Figure 2.14 shows a comparison to prior-art that report the total converter area

(including the area of the passives and the interconnection between them).
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Chapter 3

A Charge-recycling Inductor-first Buck
Converter

3.1 Introduction

The losses related to the power MOSFETs in inductive DC-DC converters are a

main contributor to the total converter losses and play an important role in determining

the power conversion efficiency. Each power MOSFET has its intrinsic on-resistance

RON causing conduction loss that is inversely proportional to the MOSFET width (W ).

In addition, each power MOSFET has also switching loss related to the charging/dis-

charging of its gate capacitance (CGATE) and this loss increases linearly with W as

shown in Fig. 3.1. For a given load current, there is an optimum W that results in mini-

mum losses but this optimumW changes as the load current (IL) changes and there is no

certain design choice of W that can give minimum losses for a wide range of load cur-

rents. Therefore, the design of inductive DC-DC converters is fundamentally limited by

this trade-off between conduction losses and switching losses. Miniaturized converters

used in applications such as mobile devices suffer badly from this trade off, as a small

inductor has a large DCR, which contributes larger I2LDCR conduction losses, while a

small inductance desires high frequency operation, which implies higher CGATEV
2FSW

hard charging switching losses from the power MOSFET gate drivers. To maximize the

converter efficiency across a wide range of the load current, techniques to reduce these

traditional MOSFET losses are needed.

Normally, power MOSFETs are driven by hard-charging or hard-discharging
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Smaller inductor

Higher FSW

L DCR

(a)
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PSW

RON ∝ 1/W

CGATE ∝W

Losses

PTOTAL= PCOND+ PSW

PCOND @ IL,2

PTOTAL@ IL,1

PTOTAL@ IL,2

(b)

Figure 3.1: (a) Using a smaller inductor results in a higher inductor DCR and requires a higher
switching frequency (FSW ). (b) Trade-off between MOSFET conduction losses and switching
losses where the optimum MOSFET width moves around with the load current (IL).

their gate capacitance through a driver, as shown in Fig. 3.2 (a), which results in the

well-known switching losses of CGATEV
2FSW . To ease the conduction/switching loss

trade-off, it is possible to replace the conventionally hard-switching gate drivers with

adiabatic charge-recycling (CR) gate drivers as depicted in Fig. 3.2 (b). CR can, through

the help of an inductor LR, recycle the charge stored on the MOSFET CGATE to another

capacitance, CSTORE (and vice-versa), theoretically with 100% efficiency.

This technique of resonant charging/discharging of CGATE can be applied to

a conventional buck converter by AC-coupling the power NMOS to the resonant gate

driver as in Fig. 3.3 [56]. One advantage is that this technique uses only one reso-

nant inductor. However, the non-overlap time cannot be precisely controlled, leading

to potentially large overlap losses, and limited duty-cycle control through driver slope

modulation prevents robust regulation across a wide output range. In addition, the con-

verter has to switch at the resonant frequency of the recycling loop which can be very

high in the gigahertz range.

In order to avoid these limitations with the traditional resonant operation, an

intermittent resonant charging/discharging of CGATE can be done by adding a recycling
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ΦΦ ΦΦ Φ

CGATE

(c)

Figure 3.2: (a) Hard charging/discharging of the MOSFET gate capacitance. (b) Continuous
resonant charging/discharging of the MOSFET gate capacitance. (c) Intermittent resonant charg-
ing/discharging of the MOSFET gate capacitance.

switch in the resonant loop as depicted in Fig. 3.2 (c). To trigger one recycling phase,

the switch is turned ON to transfer the charges from CGATE to CSTORE (or vice-versa)

and then, the switch is turned OFF when the current in the recycling inductor reaches

zero. In this case, zero switching losses are still ideally achieved but with a better control

on the timing of the resonant operation.

However, it can be noted that this intermittent resonant operation requires some

finite rise/fall time for the gate signals of the power MOSFETs to perform the charge
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Vbias

VOUT

M1

M2
LR

CR CGATE1,2

+ Only one inductor and capacitor required
-  Non-optimal M1 biasing → overlap losses
-  Resonant operation: limited control

Figure 3.3: Resonant gate charge recycling applied to a conventional buck converter.

recycling which can lead to increased V-I overlap losses in the power MOSFETs. In-

terestingly, the rise/fall time of such drivers cannot be too rapid, regardless of switch-

ing frequency, due to inductive ringing causing potential voltage stresses for the power

MOSFETs [23, 29] as illustrated in Fig. 3.4. Therefore, it is possible to exploit the

requirement for finite rise/fall time to apply the charge recycling without degrading the

converter performance.

This approach of intermittent resonant recycling was demonstrated in [57], where

the charge on the power MOSFET gates are recycled to two auxiliary capacitors through

two separate inductors as shown in Fig. 3.5. However, besides the overhead of two in-

ductors, recycling with separate storage capacitors introduces indirect losses, while the

separated duty-cycled resonate gate drivers makes non-overlap timing control between

power MOSFETs difficult.

This chapter presents the design of an inductor-first 3rd order buck converter

that elegantly and effectively enables direct, reciprocal recycling of gate charge from

one power MOSFET to the other by the addition of only a single inductor and two

switches, all without affecting converter operation or control and while ensuring non-
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Figure 3.4: Voltage ringing at the switching node (VX ) due to rapid rise/fall time of the drivers.
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- Extra inductor and capacitor per power MOSFET
- Recycling with storage cap → indirect losses
- Two independent drivers → overlap issues

Figure 3.5: Intermittent resonant charge recycling applied to a conventional buck converter.

overlap conditions.

36



+ Only one inductor required
+ Direct reciprocal charge recycling between power MOSFETs
+ Does not interfere with normal operation or control

VIN

VOUT

M1S1

S2 M2

LR

VLR

CGATE1

CGATE2 0
ILR

VGATE1

VGATE2

+VIN

VOUT+VIN

VOUT-VIN

VOUT

-VIN

VLR

S1

S2

M1

OFF

OFF

OFF

ON ON

ON
M2

Figure 3.6: Proposed direct reciprocal charge recycling applied to an inductor-first 3rd order
buck requiring only a single inductor and two switches that do not interfere with normal control.

3.2 Charge-recycling Inductor-first Converter

The proposed charge-recycling inductor-first buck converter is shown in Fig. 3.6.

The gates of M1 and M2 in a 3rd order buck switch with amplitude VIN above and below

VOUT , respectively. Instead of hard switching M1 and M2 through flying inverter-based

drivers, the proposed design first asserts S1 to charge recycling inductor LR via the gate

charge stored on M1, until CGATE1 is fully depleted (i.e., VGATE1 = VOUT , VLR = 0, and

ILR is maximal). At this point, S1 turns off and S2 is asserted, using the stored energy

in the inductor to charge CGATE2; the reverse scenario occurs when turning off M2. By

using this technique, direct reciprocal charge recycling between power MOSFETs can

be performed.
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Figure 3.7: Schematic of the inductor-first 3rd buck converter with direct reciprocal charge
recycling.

3.2.1 Normal Circuit Operation

Fig. 3.7 shows a detailed schematic for the converter. During normal operation

of the 3rd order buck, M1 and M2 switch with duty cycle D, leading VX1 to switch

between VOUT and (VOUT+VIN ), and VX2 to switch between (VOUT -VIN ) and VOUT .

Inductor volt-second balancing then ensures the flying capacitor is balanced at VIN , and

VOUT = DVIN . Two bootstrapping capacitors, CBOOT1,2 are used to internally generate

two level-shifted rails VOUT+VIN , VOUT -VIN needed to drive M1 and M2, which turn

ON by connecting their gate terminals to CBOOT1, CBOOT2 throughM1U , M2U , and turn

OFF by dumping their gate charges to the VOUT node through M1L, M2L; hence, their

gates are nominally hard charged with a swing of VIN .
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3.2.2 Applying Gate Charge Recycling

To instead recycle these gate charges, a small PCB-trace charge recycling (CR)

inductor, LR, is placed between VOUT and internal node VR; thus only one addition pin

on the PMIC is needed as shown in Fig. 3.7. Here, VR is connected to the gate of power

MOSFETs M1, M2 through CR MOSFETs M1R, M2R to form a charge recycling loop

that involves CGATE1 and CGATE2 where M1R is implemented as a PMOS while M2R is

implemented as an NMOS. By having a minimum number of passives (LR) and active

components (M1R/M2R) in the CR loop, the total parasitic resistance is low, yielding a

CR efficiency up to 80%.

CR control can be employed on top of normal converter operation. Fig. 3.8

shows the converter operating phases under the CR technique with the key waveforms

illustrated in Fig. 3.9. When M1 is normally ON, its gate is tied to (VOUT+VIN) through

M1U . When M1 begins to turn off, M1U is deactivated and M1R is activated so that

CGATE1 discharges completely inLR. At this point,M2R is turned ON to chargeCGATE2

from the stored energy in LR. Then, the regular gate drivers are activated to tie the

power MOSFET gate terminals to the appropriate voltages, while M1R is turned on to

discharge any residue charges in LR that might occur due to imperfect control timing.

Similarly, the same process can be applied when M2 turns OFF to recycle the charge

back from CGATE2 to CGATE1. Therefore, to apply gate CR, four additional phases

of small duration are added to the converter two basic operating phases and without

affecting the converter normal operation.

3.3 Recycling Efficiency

The charge recycling efficiency represents the percentage of the power MOS-

FET gate charges that was recycled and not dissipated when the power MOSFETs are
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Figure 3.8: Illustration of the current flow and the driver configuration during the 6 states.
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changing their states. The recycling efficiency (ηR) can be defined as:

ηR = 1− PSW,Recycle

PSW,Hard

= 1− PSW,Recycle

(CGATE1 + CGATE2)V 2
INFSW

(3.1)

, where PSW,Recycle is the total gate drive losses when recycling is applied, PSW,Hard

is the gate drive losses without recycling (i.e. hard charging/discharging of the gate

capacitance), FSW is the switching frequency, and CGATE1 and CGATE1 are the gate

capacitance of M1 and M2, respectively.

The CR loop has its own parasitics, shown in Fig. 3.10. These parasitics mainly

include the equivalent DCR of the recycling inductor and the switching and the conduc-
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Figure 3.10: Losses in the charge recycling loop due to the parasitics of the recycling MOSFETs
and the recycling inductor.

tion losses of the recycling MOSFETs due to their ON-resistance and gate capacitance.

These CR loop parasitics can degrade the CR efficiency. However, increasing the re-

cycling inductor (LR) size, which helps recycle a larger amount of charge (with lower

RMS current in the loop), can help to reduce gate driver losses and improve the CR

efficiency. As illustrated in Fig. 3.11, for 50mΩ DCR, CGATE1,2 = 200 pF, and while

including the conduction and switching losses of M1R and M2R (which are 3% of the

size of M1 and M2), 60-80% recycling efficiency is achievable with LR ranging from

1-10 nH thanks to the relatively low losses in the charge recycling loop. However, in-

creasing LR too high results in too slow rise/fall time of VGATE1,2, leading to higher V-I

overlap losses in M1 and M2.

Fig. 3.12 illustrates the trade-off between the gate driver losses and V-I overlap

losses for a representative light load current. When combining the overlap losses with

the gate drive losses (while charge recycling is applied) the total losses will have a shal-

low optimum illustrating reduced overall losses (even when overlap losses are increasing
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with the recycling inductor size). At higher load currents, partial CR can be applied by

reducing the pulse duration of the CR signals. It is also important to recall that, practi-
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Figure 3.13: Full schematic of the proposed charge-recycling inductor-first buck converter.

cally, a minimum rise/fall time is needed anyway for the gate signals to prevent ringing

at the switching nodes. Therefore, regardless of the load current value, activating the

CR circuit always only ever reduces losses.

3.4 Circuit Implementation

Fig. 3.13 shows the converter full schematic. Small-size passive components

were used for the power inductors and capacitors. The charge recycling inductor was

realized using a PCB trace. A closed-loop controller with a type-III compensator was

implemented which generates a PWM signal. The PWM signal is used to generate all

the eight control signals for the normal and the recycling drivers.
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Figure 3.14: Implementation of the drivers for the charge recycling MOSFETs, M1R and M2R.

3.4.1 Drivers of Recycling MOSFETs

Driving the CR MOSFETs, M1R and M2R can be challenging due to the varying

voltage at their source and drain terminals. When M1R is activated to charge/discharge

CGATE1, it needs to bypass a voltage that varies between VOUT and (VOUT +VIN ) (i.e., a

voltage swing of VIN ). Similarly, when M2R is activated to charge/discharge CGATE2, it

needs to bypass a voltage that varies between VOUT to (VOUT −VIN ) with a total voltage

swing of VIN . M1R and M2R need to bypass these varying voltages while, at the same

time, their on-resistance needs to be kept minimum in order to minimize the losses in the

recycling loop. Fig. 3.14 shows the employed drivers, which have local bootstrapping

capacitors connected to the gate terminals of the power MOSFETs (VG1 and VG2) to

generate the appropriate internal flying rails. By using these drivers, several benefits are

achieved. First, the CR MOSFETs are implemented using the core 1.8 V MOSEFETs of

the employed technology although they are bypassing large varying voltages. Second,
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Figure 3.15: Cross-section of the recycling bootstrapping capacitors implemented in deep N-
well.

the CR MOSFETs are always driven with the maximum overdrive voltage (i.e., VIN ),

minimizing the losses in the recycling loop even when bypassing a varying voltage with

a VIN swing. Third, the CR MOSFETs are completely driven from the converter internal

nodes with no need for external supplies to drive them.

3.4.2 Control Signal Generation

To generate the eight signals required for controlling the eight driver MOSFETs

and to ensure appropriate timing for the control signals, two PWM-input delay lines

are formed. The delayed versions of the PWM signal work as triggers for SR registers

to generate the control signals for the drivers. Selected delay cells are configurable to

control the duration of the CR pulses to best suit the value of the employedLR. The eight

control signals are level-shifted to the appropriate levels for the drivers by capacitively
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Figure 3.17: The schematic of the level shifter used for all the control signals where VHIGH

and VLOW are always connected to the converter internal nodes.

coupling into flying-domain latches as shown in Fig. 3.17. It is worth mentioning

that VHIGH and VLOW in all of these needed level shifters are self-generated from the

47



(a) (b)

Figure 3.18: (a) Micrograph of the fabricated converter chip assembled on one interposer side.
(b) The other side of the interposer showing the assembled passives including a PCB-trace
charge-recycling inductor.

converter internal nodes without the need for any additional external supplies.

3.5 Measurement Results

The PMIC of the proposed converter, shown in Fig. 3.18 (a), was implemented

in a 180 nm CMOS technology with a total area of 4.6 mm2. The PMIC was flip-

chip bonded to an interposer where the passives (CF = 10 µF, L1,2 = 240 nH, COUT =

4.7 µF) are mounted on the backside, as shown in Fig. 3.18 (b). The total converter area,

including all routing and the 4 nH PCB-trace recycling inductor, occupies 5.7mm2.

When switched at 3 MHz, measurement results of efficiency versus load current
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Figure 3.19: Measured efficiency curves versus load current and output voltage.

(ILOAD) in Fig. 3.19 reveal measured peak efficiencies of 98.2%, 95%, and 89.2% for

VOUT = 1.5, 1, and 0.5 V, respectively. The converter has a high peak power density

of 0.72 W/mm2 (or 0.4 W/mm3) achieved at an efficiency of 91.8%. Thanks to the CR

technique, the converter achieves a high measured peak efficiency of 88.4% even at 1%

of the maximum load current (ILOAD). Fig. 3.19 also shows the measured efficiency

versus (VOUT ) at different load currents where a peak efficiency of 95% is achieved at

VOUT = 1 V, and a peak efficiency of 89% is achieved at VOUT as low as 0.5 V.

Fig. 3.20 illustrates that the nodes VX1,2 switch as expected where for a VIN

of 1.8 V and a VOUT of 1 V, VX1 is switching between 1 V and 2.8 V, and VX2 is

switching between -0.8 V and 1 V. Fig. 3.21 shows the CR transistors turning on and off

during a switching cycle where, at the positive edge of the PWM signal, the recycling

switch, S2R, is activated to discharge the gate capacitance of the power MOSFET M2,

49



VX1 VOUT=1V

2.8V

VX2

-0.8V

VOUT =1V

Figure 3.20: Measured steady-state waveform of the internal switching nodes of VX1 and VX2.
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Figure 3.21: Measured waveform of the S1R and S2R signals controlling the charge recycling
transistors.

then the other recycling switch, S1R, is activated to charge the gate capacitance of the

power MOSFET M1 and turn it ON. Similarly, at the negative edge of the PWM signal,

the recycling switches, S1R and S2R, are activated in a reversed sequence to first turn

M1 off, and then turn M2 ON. Fig.3.22 shows the measured load step response of the
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Figure 3.22: Measured waveforms of the closed-loop control load step response.

converter with ∆IL = 1.2 A in <100 ns reveal a response and settling time of <2 and

<20 µs, respectively, demonstrating that the CR technique does not impact the control

of the circuit.

Table 3.1 summarizes the performance in comparison to prior-art CR converters,

along with converters that mostly operate with similar input/output voltage ranges over

continuous conversion ratios. Unlike most of the previous work, the inductor-first buck

converter has a continuous input current resulting in significantly lower noise and EMI at

the input voltage. The proposed CR technique helps achieve state-of-the-art efficiency,

light load efficiency, and competitive power density.
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3.6 Conclusion

In this work, it was demonstrated that a pragmatic charge recycling of the gate

charges of the power MOSFETs can be achieved with recycling efficiencies of up to

80%. The charge recycling technique was applied to an inductor-first buck converter

without affecting the circuit control law or the output regulation. A prototype for this

technique achieves a state-of-the-art peak efficiency of 98.2% and a power density of

0.72W/mm2. Thanks to the recycling technique, the efficiency is generally improved

over a wide range of load currents, and specially at light load currents with still 88.4%

efficiency even at 1% of the maximum load current.
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Chapter 4

A Symmetric Modified Multilevel
Ladder DC-DC Converter for
Battery-Connected Applications

4.1 Introduction

Most modern mobile, wearable, and Internet of Things (IoT) devices are pow-

ered from Li-ion batteries that operate between ∼3−5 V. However, the system-on-chips

(SoCs) that are powered in such systems are typically implemented in a scaled CMOS

process that operate at /1.2 V, even perhaps down to 0.3 V for some ultra-low-power

processors or memory units. The inherent voltage discrepancy between the battery and

the SoC requires a power management integrated circuit (PMIC) that can provide con-

tinuous conversion ratios between 3× and 16.7× as depicted in Fig. 4.1.

Ideally, this DC-DC converter should both be efficient in order to maximize

battery lifetime, and also small in order to minimize device volume. Unfortunately, for

a given topology and packaging technology, there is typically a direct trade-off between

efficiency and power density [37]. To make matters worse, the overall performance

of a DC-DC converter tends to degrade as the conversion ratio increases as illustrated

in Fig. 4.1, making achievement of an acceptable trade-off point for a Li-ion-to-SoC

DC-DC converter more difficult.

Unfortunately, most deep sub-micron CMOS technologies do not support tran-

sistors with sufficiently high voltage ratings to natively process Li-ion battery voltages.
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Figure 4.1: High conversion ratios and high-voltage MOSFETs are required when powering
an SoC directly from a Li-ion battery, and worsen the trade-off between efficiency and power
density.

This means that a conventional buck converter cannot be implemented directly without

special process options. Instead, low-voltage transistors must be stacked on top of one

another to help increase the effective blocking voltage capability [38–44]. However,

doing so degrades the on resistance of the stack, while also introducing difficult design

issues related to body-biasing, level-shifting, and the need to generate auxiliary supply

rails.

Even if transistor stacking was possible without additional losses or complex-

ity (or if high voltage transistors were available), a conventional buck converter re-

quires a relatively large inductor to process power efficiently, leading to a relatively

poor efficiency-power-density trade-off. To address this issue, prior work has suggested

incorporating additional passive elements in the power-transfer process to create hybrid

converters, which can potentially lead to an improved trade-off via reduced inductor

size [6, 7, 12–24, 26]. In particular, flying-capacitor multi-level (FCML) converters ex-

ploit the need for stacked transistors to easily add flying capacitors that aid the power

conversion process and reduce the overall implementation area [18–20]. However, such

converters still suffer from poor conduction losses of the stacked switches, still require

auxiliary supply rails to generate drive signals of the stacked switches, and require spe-

cial capacitor charge balancing circuits [15, 16, 19, 47, 48].

55



This chapter describes a symmetric modified multilevel ladder (SMML) con-

verter that helps address the conduction losses, capacitor balancing, and auxiliary rail

needs of FCML converters through inherent topological properties, while providing

state-of-the-art performance for a Li-ion-to-SoC voltage PMIC. These enhancements

do not come for free, however, and trade-off with an increased number of capacitors

and some internal charge sharing losses. The implemented converter was first described

in [49]; this paper introduces more details and analysis to better understand the con-

verter’s operation and design optimization.

This chapter is organized as follows. Section II describes conventional buck

and FCML solutions that build up towards the proposed SMML converter. Then, the

basic operation and detailed analysis of the SMML topology are presented in Section

III. Implementation details of a prototype converter are then described in Section VI,

while measurement results and a comparison to previous work are presented in Section

V followed by a discussion in Section IV.

4.2 Background

4.2.1 Conventional and Cascode Buck Converters

The most straightforward way to build a Li-ion-to-SoC DC-DC converter is via

a conventional buck converter. Normally, a single power MOSFET is employed for

the high-side switch, and a single power MOSFET is employed for the low-side switch

as shown in Fig. 4.2(a). However, this basic converter topology comes with several

challenges. First, the large conversion ratio required in Li-ion-to-SoC applications ne-

cessitates very low duty cycles for the VX node (e.g., down to ∼5%). These low duty

cycles result in smaller on-time/off-time of the switches which introduces difficult con-

troller and driver design challenges that tend to introduce additional losses, especially

when operating at relatively high switching frequencies. For low switching frequencies,

small duty cycles might not be a limitation in Li-ion-to-SoC applications, but can be a
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limitation in some other applications that require higher conversion ratios (e.g., 48V-to-

1V conversion [26]). Second, each power MOSFET is required to block a high voltage

equal to the entire Li-ion battery voltage. Unfortunately, high voltage MOSFETs are

typically not available in modern CMOS technologies, and even in processes where

they are, they tend to have worse characteristics than lower voltage rating MOSFETs.

However, it should be noted that some modern technologies like BCD technologies can

offer transistors of relatively high voltage (e.g., 5V), yet still of good characteristics,

which can be a good option if using standard CMOS technologies is not required. The

third (and most important) challenge will be discussed shortly.

In order to overcome the first two challenges, cascode buck converters with mul-

tiple stacked MOSFETs for both the low-side and the high-side switches have been

proposed in prior art [38–44]. In the example shown in Fig. 4.2(b), three stacked MOS-

FETs are used to realize each of the two switches, where each MOSFET blocks only

one third the input voltage, thereby allowing use of readily available low voltage rating

MOSFETs that typically have better performance than their larger thicker-oxide coun-

terparts. For example, it has been shown that using cascoded low-voltage devices can

result in lower switching losses due to the reduced voltage swing at the gate of each

single MOSFET [44].

Although the cascoded switches arrangement does enable implementation of Li-

ion-to-SoC converters in scaled CMOS processes, stacking devices comes with several

additional challenges. For example, the driving scheme of the power MOSFETs be-

comes much more complicated than that of a conventional buck converter, as each tran-

sistor requires its own specialized switching signal at non-standard voltages to ensure

that each transistor is never voltage overstressed. In the 3-stacked-MOSFET cascode

converter example shown in Fig. 4.2(b), additional supplies of 0.33VIN and 0.67VIN

are required to drive the power MOSFETs. Although these voltages might be available

at the converter internal nodes when the power MOSFETs are turned off, these internal

nodes are usually of high impedance and cannot be used as an internal supply for the

drivers. It thus turns out that generating these additional voltage levels for the drivers
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is not a straightforward process and requires additional overhead circuits and possibly

other auxiliary DC-DC converters [39–41]. Additionally, cascode buck converters still

require operation at very small duty cycles in order to provide high conversion ratios,

just like a conventional buck converter.

The third challenge that is faced by both the conventional and cascoded buck

converter relates to the size of the inductor. The basic buck structure relies exclusively

on the inductor to process and condition power, which necessitates a large inductor

to achieve high efficiency, resulting in a difficult efficiency-power-density trade-off. For

example, reducing the inductance value would require a high switching frequency and/or

a higher current ripple, which would eventually increase the converter losses. Shrinking

the inductor size without decreasing its inductance value would result in higher DC

resistance which again would result in more conduction losses. As a result, the inductor

remains as the bottleneck in relaxing the trade-off between efficiency and power density

in these converters.

4.2.2 Hybrid and Multilevel Converters

The key to reduce the size of the inductor in Li-ion-to-SoC converter applica-

tions is to include other passive elements in the power transfer process, for example by

building a hybrid converter. Perhaps the most straightforward way to do this is to build

directly upon the cascoded-device buck converter: if the MOSFETs are going to be

stacked anyway, it is beneficial to exploit the internal nodes between the transistors by

installing some flying capacitors between them, as depicted in Fig. 4.2, which enables

some extra features in the converter. The resulting FCML topology can be constructed

as a three-level [14–17], four-level [18,19], modified four-level [24], or even as a higher

level topology [20]. Other SC converters that satisfy certain topological conditions can

also be used to build a multilevel converter, for example the series-parallel [21, 22] or

Dickson topologies [23, 26].

The structure shown in Fig. 4.2(c) is a four-level FCML converter, where two fly-
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ing capacitors are added to the cascode buck converter of Fig. 4.2(b). In this case, when

operating in the lowest-voltage region, the inductor switching node, VX is switched be-

tween 0.33VIN and zero instead of VIN and zero. This lower voltage swing at the switch-

ing node results in smaller current ripple in the inductor as compared to a conventional

buck converter. Additionally, the effective switching frequency of the inductor can be

higher than the switching frequency of the switches, resulting in savings in the MOS-

FET switching losses without decreasing the switching frequency of the inductor. These

features can be translated into lower conduction losses or a smaller inductor, along with

reduced switching losses. It should be noted that although multilevel converters utilize

additional capacitors as compared to buck converters, capacitors are usually not bulky

like inductors, and have a lower impact on the converter volume, resulting in an overall

higher power density [52].

Importantly, the required duty cycle of the VX node in a multilevel converter

is more relaxed (i.e., the same output voltage can be provided by a larger duty cycle)

than in a conventional buck converter when both converters have the same VX switching

frequency. This larger duty cycle in multilevel converters is mainly because the volt-

age swing at the switching node (VX) is reduced. For example, in a 4-level converter

operating in the lowest-voltage region, VX switches between 0.33VIN and zero. In this

case, the duty cycle (D) of the VX node for a desired output voltage (VOUT ) at an input

voltage of (VIN ) is given by:

D = 3× VOUT

VIN
. (4.1)

Therefore, a four-level converter can give the same output voltage at a 3× larger duty

cycle for the VX node than a conventional buck converter for the same VX switching

frequency. This translates to larger on-time/off-time of the switches, allowing the four-

level converter to effectively operate at larger conversion ratios than conventional buck

converters.

Despite these features, conventional multilevel converters, like the FCML con-

verter, suffer from one or more of the following limitations. They still have relatively
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high conduction losses due to the multiple switches stacked in series. For example, in

the four-level FCML converter shown in Fig. 4.2(c), three MOSFETs are stacked in

series in each phase of operation, resulting in relatively high conduction losses. More-

over, due to having multiple MOSFETs that are not referenced to ground or VIN , the

driving scheme in most multilevel converters is very complex, with the possible need

for external power supplies for the drivers and/or the level shifters [23, 24].

Additionally, having the flying capacitors balanced at the correct voltages is very

crucial for correct and efficient operation of multilevel converters [45, 46]. Since the

voltage on these capacitors is not always enforced at a certain value as in SC converters,

the flying capacitors in multilevel converters need some special balancing modules to

ensure their stability at the correct voltages resulting in more control overhead [19, 47,

48].

Finally, multilevel converters can have voltage rating limitations. In an N -level

multilevel converter, the minimum voltage rating on any component is usually equal to

VIN/N . However, in some multilevel converters, the voltage rating of some switches/-

capacitors exceeds this minimum voltage rating which requires additional stacking of

switches and/or increased implementation area/size of the capacitors. For example, in

the four-level FCML, the voltage on one of the flying capacitors is equal to 0.67VIN ,

which exceeds the 0.33VIN minimum. If that capacitor were implemented on-chip, this

may require capacitor stacking, and thus a 4× capacitor area increase. A modified four-

level topology suitable for on-chip implementations was introduced in [24].

All of these issues limit the direct pragmatic adoption of multilevel converters

in practical applications, and extra engineering effort is required to get them to work

efficiently and reliably. For example, there are several recently published multilevel

converters that have attempted to address one or more of these challenges [21–24, 26].
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Figure 4.3: Schematic of the proposed symmetric modified multilevel ladder (SMML) con-
verter.

4.3 Symmetric Modified Multilevel Converter

Instead of engineering switches, control structures, and auxiliary DC-DC con-

verters to address the conduction losses, capacitor balancing, and driver supply rail is-

sues in conventional FCML converters, this chapter describes a symmetric modified

multilevel ladder (SMML) converter that inherently addresses these issues through the

topology itself.

The proposed SMML converter is shown in Fig. 4.3. It is built based on a mod-

ified symmetric ladder SC topology, and consists of two sides, each with two capacitors

and six switches, with an inductor connected in series with the combined output.

Beneficially, the SMML converter can mitigate the relatively high conduction

losses due to the stacked MOSFETs via the inherent two-phase operation where current

is supplied from both the input rails in each phase. The SMML converter also has min-

imum voltage ratings on all switches and capacitors (specifically, 0.33VIN ). The flying

capacitors in the SMML converter are naturally balanced at their correct voltages with
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no need for any balancing modules, though it should be noted that charge sharing losses

occur as a result (fortunately with minimal impact on efficiency for a well-engineered

design). Additionally, the drivers and the level shifters in the SMML converter are com-

pletely driven by internal rails that are generated with minimal overhead circuits. With

all that said, it is worth mentioning that the implementation techniques described in this

chapter are well-presented in the SMML topology, but are not limited to this topology

and can potentially be applied to other multilevel topologies as well. The operation of

the SMML converter, along with a detailed explanation of each of these features, will

be discussed in the following subsections.

4.3.1 Basic Operation

The converter operates in a sequence of four phases, illustrated in Fig. 4.4,

that naturally balance the four flying capacitors to 0.33VIN . In phase Φ1, the positive

terminal of C1L is connected to VIN , while the negative terminal of C2R is connected

to ground. In this case, C1L and C2L are charging, C1R and C2R are discharging,

and the VX node has a voltage of 0.33VIN . Phase Φ3 is similar to Φ1, but with the

positive terminal of C1R connected to VIN and the negative terminal of C2L connected

to ground. In this case, C1R and C2R are charging, C1L and C2L are discharging, and

VX is also connected to 0.33VIN . In phase Φ2 and Φ4, VX is connected to ground by

turning on switches S5L, S6L, S5R and S6R, while the flying capacitors are kept idle.

Under normal operation, the VX node is switching between 0.33VIN and zero by going

through the following repeating sequence of phases: Φ1 followed by Φ2, then Φ3 and

then Φ4, with a duty cycle between these phases according to the desired output voltage

as shown in Fig. 4.4.

From the waveforms of the converter’s internal switching nodes, shown in Fig.

4.4, it can be noted that the blocking voltage of all the MOSFETs and capacitors does not

exceed 0.33VIN , which is the minimum possible voltage rating for a 4-level topology.

This minimal voltage rating on the switches and the capacitors would help in keeping
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Figure 4.4: Operating phases of the Symmetric Modified Multilevel Ladder (SMML) converter.

their implementation area/losses at minimum. For a VIN up to 5 V and when using

the 1.8 V core MOSFETs in the employed 180 nm CMOS technology, no stacking of

MOSFETs for any of the switches is required.

64



S3L

S1L

S5L

VX = 0.33VIN

0.33VIN

+

-

0.33VIN

+

-

0.33VIN

+

-

0.33VIN

0.33IL

0.33IL
0.33IL

+

-

C1L

C2L C1R

C2R

VIN

S2R

S4R

S6R

Ф3

Ф2,4

Ф1

RON

RONRON

RONRON

RON

S2L

S4L

VX = 0.33VIN

0.33VIN

RON

RONRON

RONRON

RON

+

-

0.33VIN

+

-
0.33VIN

+

-

0.33VIN

+

-

C2L

C1L

C1R

C2R

S3R

S5R

S1R

VIN

S6L

RON

RON

RON

RON

S5L
VX = 0

S5R

S6L S6R

0.33IL

0.33IL 0.33IL

0.5IL 0.5IL

Figure 4.5: The equivalent circuit and the average current paths in each operating phase.

4.3.2 Capacitor Stability and Internal Charge Sharing

In Φ1 and Φ3, the four flying capacitors are involved in the power conversion

process. As depicted in Fig. 4.5, there are three current paths that go through these

capacitors to deliver charge to the output. Under steady state operation, C1L and C1R

are being charged/discharged with an average current of 0.33IL, while C2L and C2R

are being charged/discharged with an average current of 0.67IL, as shown in Fig. 4.5.

Since the average charging and subsequent discharging current for each flying capacitor

is ideally the same between phases, all flying capacitors should remain balanced. This is

in contrast to most other multilevel converters, where discrepancies in the phases dura-

tion and/or the charging/discharging current can result in an improperly balanced flying

capacitors, thereby necessitating flying capacitor balancing modules [45]. However, in

the SMML converter, it can be noted that in each of the phases Φ1 and Φ3, three fly-

ing capacitors are stacked in series between VIN and ground with the fourth capacitor

shorted to the middle capacitor. This stacking of capacitors in the two phases forces

the average voltage on each of the flying capacitors to be 0.33VIN , allowing the flying

capacitors to be naturally balanced without the need for any balancing modules.

It can be noted, however, that connecting the fourth capacitor to the middle ca-

pacitor can result in direct charge-sharing losses if their voltages are different at the
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and in SC converters. (b) Simulated internal charge sharing losses in the SMML converter versus
the flying capacitor size (CF ).

start of each phase (voltage difference given by ∆V ). Fortunately, the internal charge

sharing loss in the SMML converter, and in multilevel converters in general, are not

typically as significant as in conventional SC converters due to several reasons. First,

in SC converters, the main charge sharing loss occurs between the flying capacitors and

the output capacitor. However, in multilevel converters, there is an inductor between the

flying capacitors and the output capacitor that converts this hard-charging process to a

soft-charging process. Second, in SC converters, regulation of output voltage, VOUT , is

usually accomplished by changing the switching frequency, FSW , where the capacitor

∆V and hence the charge sharing losses increase when decreasing FSW as shown in

Fig. 4.6 (a). On the other hand, VOUT regulation in multilevel converters is done using

a PWM control scheme where FSW remains almost constant, and hence ∆V between

the capacitors ideally does not increase when regulating VOUT and can be designed to
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be low across operating conditions. Third, as a design consideration in multilevel con-

verters, ∆V on capacitors should be limited anyway by using reasonably large enough

flying capacitors in order not to overstress the low-voltage power MOSFETs.

To illustrate the effect of internal charge sharing on the total conduction losses of

the converter, Fig. 4.6 (b) shows simulation results for the normalized conduction losses

of the SMML converter versus the flying capacitor size, which is directly related to the

charge sharing losses, especially when operating at high load currents. If reasonably

sized capacitors are used to limit ∆V on capacitors to be less than 5% in order not to

overstress the switches by large voltage swings, the internal charge sharing loss is less

than 6% of the total conduction losses and therefore is negligible compared to other

types of losses like the MOSFET losses and the inductor losses.

If the physical size of the flying capacitor sizes is limited and/or the total internal

charge sharing losses are not satisfactory for a given design, the internal charge sharing

losses can be further reduced by a coarse dead-time management techniques, where

the turn on time of switches S2R and S2L is delayed so that the capacitor voltages

become closer before turning on the switches, similar to the split-phase technique used

in [50]. However, this technique has to be applied carefully since a very large dead-time

can lead to more conduction losses because one of the current paths is cut during this

dead-time of S2R and S2L as can be noted in Fig. 4.5. It is also worth mentioning

that a capacitor mismatch between the two converter sides has no effect on the flying

capacitor stability since the capacitors are forced to their nominal voltage regardless of

the individual capacitance value.

4.3.3 Equivalent On-resistance

The SMML converter has reduced equivalent on-resistance compared to a base-

line FCML design due to inherent phase interleaving between the two sides of the con-

verter where multiple parallel current paths from both the input rails provide charges to

the output, thereby reducing the conduction losses of the converter. For example, in Φ1
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and Φ3, one current path of an average value of 0.33IL from VIN and two similar cur-

rent paths from the ground rail deliver charges to the output. To calculate an equivalent

on-resistance for the converter switches, all the switches are assumed to have the same

on-resistance, RON , for simplicity. By taking into account the current percentage going

through each switch, the total equivalent on-resistance can be calculated to be 1.33RON

in each of the phases Φ1 and Φ3, and only RON in Φ2 and Φ4. The total equivalent on-

resistance of the converter, in this case, is between 1×RON and 1.33×RON depending

on the duty cycle.

To compare the total equivalent on-resistance of the SMML converter with that

of the FCML converter, a same total area for the switches is allocated for both converters.

In this case, the switches of the SMML converter will have a doubled on-resistance (i.e.

2RON ) as compared to the switches of the FCML converter since the SMML converter

has 12 switches while the FCML converter has 6 switches. In this case, the SMML

converter will have a total equivalent resistance between 2 × RON and 2.67 × RON

depending on the duty cycle, while the FCML converter always has an equivalent on-

resistance of 3×RON which is still higher than that of the SMML converter. Hence, the

SMML converter can achieve a lower equivalent on-resistance than the FCML converter.

4.3.4 Converter Losses Modeling

The modeling of multilevel converters is typically quite complicated due to the

relatively high number of components used in these converters and the multi-phase oper-

ation [24, 51, 52]. A simplified yet systematic method, inspired by the model developed

for SC converters [5], is developed in this chapter to estimate the losses in the SMML

converter. The dominant losses in the converter under normal operation are the MOS-

FET conduction losses, the MOSFET switching losses, the flying capacitor losses, and

the inductor losses, which will all be modeled in the following subsections.
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MOSFET Conduction Losses

When operating in the continuous conduction mode (CCM), the current ripple

in the inductor is given by:

∆I =
VIN

3

D(1−D)

L× FSW

(4.2)

where VIN is the input voltage, D is the duty cycle, L is the inductor value, and FSW

is the switching frequency of the VX waveform (which is not necessarily the switching

frequency of the individual MOSFETs). The 1
3

factor is due to the multilevel operation,

which results in lower current ripple in the inductor.

In this case, the switch conduction losses in the SMML converter are given by:

PCond =

(
I2L +

∆I2

12

) ∑
1≤i≤4
1≤j≤12

a(i, j)2Rj(
Ti
Tt

) (4.3)

where IL represents the load current, Rj represents the on-resistance of switch Sj , Ti

represents the time duration of the phase φi, and Tt represents the total duration of the

four phases of the converter. Resistance Rj can be defined as (Wj × rON ), where Wj is

the width of switch Sj and rON is the switch on-resistance per unit width. Tt represents

the duration of one switching sequence (i.e., Φ1, Φ2, Φ3 and then Φ4), and is typically

equal to twice the switching period of the inductor. The coefficient a(i, j) represents the

percentage of the inductor current going through switch Sj in phase φi. Each individual

coefficient a(i, j) is an element in a 4×12 matrix A, where four represents the number of

the SMML converter phases and twelve represents the number of the SMML switches,

and is given by:

A =



1
3

0 1
3

0 2
3

0 0 1
3

0 1
3

0 2
3

0 0 0 0 1
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1
2

0 0 0 0 1
2

1
2

0 1
3

0 1
3

0 2
3

1
3

0 1
3

0 2
3

0

0 0 0 0 1
2

1
2

0 0 0 0 1
2

1
2


. (4.4)
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For example, the current going through switch S3 in phase Φ1 is [a(1, 3)×IIND], where

a(1, 3) equals 1
3

and IIND is the inductor current.

When assuming that all the power MOSFETs have the same size (i.e., Rj =

RON = rON/Wj , since all Wj’s are equal) for simplicity, (4.3) can be reduced to:

PCond =

(
I2L +

∆I2

12

)(
4

3

T1
Tt

+
T2
Tt

+
4

3

T3
Tt

+
T4
Tt

)
RON

=

(
I2L +

∆I2

12

)(
1 +

1

3
D

)
RON .

(4.5)

In this case, an effective total on-resistance of the MOSFETs in the SMML converter

(Reff ) is given by:

Reff = (1 +
1

3
D)RON . (4.6)

This result agrees with the derivation done in the previous subsection. However, to get an

optimum design, each MOSFET can be sized independently according to its conduction

and switching losses.

MOSFET Switching Losses

MOSFET switching losses occur due to the charging/discharging of each MOS-

FET’s parasitic capacitances: CD, CG, and CJ , which represents the drain-to-source,

gate-to-source, and the junction parasitic capacitance, respectively. To represent these

losses in a systematic way, characterizing matrices for the voltage on these parasitic ca-

pacitors are developed. When a MOSFET switch turns ON/OFF, its blocking voltage,

VD, changes from 0.33VIN to zero or vice versa. This change in VD results in the charg-

ing/discharging losses of CD. VD of each MOSFET can be represented in the following
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matrix:

VD =



0 1
3

0 1
3

0 1
3

1
3

0 1
3

0 1
3

0

1
3

1
3

1
3

1
3

0 0 1
3

1
3

1
3

1
3

0 0

1
3

0 1
3

0 1
3

0 0 1
3

0 1
3

0 1
3

1
3

1
3

1
3

1
3

0 0 1
3

1
3

1
3

1
3

0 0


(4.7)

Here, VD is a 4×12 matrix where each element, vd(i, j), is the blocking voltage

on switch (Sj) in phase (Φi), as a fraction of VIN . When a MOSFET switch is ON, its

corresponding vd(i, j) is zero.

Similarly, the gate-to source voltage or the overdrive voltage for a switching

MOSFET changes from 0 to the maximum drive voltage or vice versa. In the employed

SMML converter, the MOSFETs are driven directly from the converter internal nodes.

Therefore, the overdrive voltage of the power MOSFETs is equal to 0.33VIN when the

MOSFET is ON and zero when the MOSFET is OFF. Since the blocking voltage of all

the MOSFETs in the SMML converter is 0.33VIN , which is the same as the overdrive

voltage value, the same matrix VD can then be used to represent the MOSFET overdrive

voltage in each phase where a VD of zero means an overdrive voltage of 0.33VIN for the

corresponding switch, and vice versa.

Additionally, changes in the absolute value of the MOSFET source voltage re-

sults in charging/discharging of the parasitic junction capacitor, CJ , between the source

terminal of a MOSFET and the chip bulk. A VS matrix represents the MOSFET source

voltage in each phase, as a fraction of VIN , and can be given by:

VS =



1 2
3

2
3

2
3

1
3

0 1 2
3

2
3

1
3

0 0

1 2
3

2
3

1
3

0 0 1 2
3

2
3

1
3

0 0

1 2
3

2
3

1
3

0 0 1 2
3

2
3

2
3

1
3

0

1 2
3

2
3

1
3

0 0 1 2
3

2
3

1
3

0 0


. (4.8)

By using the aforementioned matrices, the total switching loss of the MOSFETs
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(PSW ) can be given by:

PSW = 0.5V 2
INFSW

∑
1≤i≤4
1≤j≤12

∆vd(i, j)
2CD,j

+ 0.5V 2
INFSW

∑
1≤i≤4
1≤j≤12

∆vd(i, j)
2CG,j

+ 0.5V 2
INFSW

∑
1≤i≤4
1≤j≤12

∆vs(i, j)
2CJ,j,

(4.9)

where ∆vd(i, j) represents the difference between a MOSFET blocking voltage in the

current phase (φi) and the MOSFET blocking voltage in the preceding phase (φi−1) (i.e.,

vd(i, j)−vd(i−1, j)), which is calculated using the VD matrix. ∆vd(i, j) will be zero if

the switch remains ON or OFF when transitioning from φi−1 to φi. Similarly, ∆vs(i, j)

represents the difference between the MOSFET source voltages when going from one

phase to the next and is calculated using the VS matrix. The parasitic capacitors CD,j ,

CG,j , and CJ,j of a switch Sj are assumed to scale linearly with the switch width for

simplicity.

Inductor and Capacitor Losses

The conduction loss in the inductor, which has a DC resistance ofDCR, is given

by:

PInductor =

(
I2L +

∆I2

12

)
×DCR. (4.10)

The conduction loss due to the equivalent series resistance (ESR) of the flying

capacitors is given by:

PCapacitor =

(
I2L +

∆I2

12

) ∑
1≤i≤4
1≤j≤4

(ci,j)
2ESRj(

Ti
Tt

), (4.11)

where ci,j is an element of a 4-by-4 matrix, C, that represents the percentage of the
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inductor current going through each of the flying capacitors. C is given by:

C =


1
3

2
3

1
3

2
3

0 0 0 0

1
3

2
3

1
3

2
3

0 0 0 0

 . (4.12)

Total Losses

By combining the losses of the individual components, the total losses of the

converter can be given by:

PLosses = PCond + PSW + PInductor

+ PCapacitor + Pothers,
(4.13)

where Pothers includes other losses like the routing losses which can be significant if

the PMIC is built on modern CMOS technologies that has limited routing or packaging

resources. PLosses represents the total losses of the converter at a given operating point

and is a function of the switching frequency, FSW , and switch sizes, Wj .

Optimization

To minimize the converter losses, the design parameters to be optimized are the

switching frequency and the switch widths. If the switching frequency is predetermined

according to some other design considerations, like the transient response and the output

ripple, the switch widths are the only parameters to be optimized for minimum losses.

Each of the 12 switches in the SMML topology has its corresponding conduction and

switching losses, which are a function in the switch width, and are calculated as:

Pswitch,j =

(
I2L +

∆I2

12

)
α

Wj

+ V 2
INFSWWjβ. (4.14)
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α and β are two coefficients related to the conduction and the switching losses of each

switch throughout the four phases, respectively, and are given by:

α =
∑
1≤i≤4

a(i, j)2(
Ti
Tt

)rON

β =
∑
1≤i≤4

(
∆vd(i, j)

2cD + ∆vd(i, j)
2cG + ∆vs(i, j)

2cJ
)
,

(4.15)

where rON , cD, cG, and cJ are the switch on-resistance, drain capacitance, gate capac-

itance, and junction capacitance, all per unit width. By differentiating the total switch

losses with respect to the switch width Wj , and equating to zero, the optimum width for

each MOSFET can be found as:

Wopt,j =

√(
I2L +

∆I2

12

)
1

V 2
INFSW

α

β
, (4.16)

where Wopt,j is the optimum width of switch j at a given switching frequency and op-

erating point (i.e. VOUT and ILOAD). If a comprehensive optimization of the converter

that includes both the switching frequency and the switch sizes as design parameters is

desired, the equations derived in this section can be used in an optimization process by

the help of some analysis tools, for example, MATLAB.

4.4 Circuit Implementation

4.4.1 Power MOSFET Realization

In the employed 180 nm CMOS technology, each switch is realized with a 1.8 V

core MOSFET and can be implemented as NMOS or PMOS. The required voltage

swings across each switch, in conjunction with the corresponding gate switching volt-

ages, are evaluated for minimized switching losses and driver complexity; the resulting

implemented switch makeup is shown in Fig. 4.7 (a). It can be noted that S2L, S2R, S5L

and S5R are NMOS power switches whose source terminal is not referenced to ground;

74



0.67VIN
VIN
VIN
VIN

VIN
0.67VIN
0.67VIN
0.67VIN

0.67VIN

0.33VIN

0.33VIN

0.33VIN

0.33VIN
0
0
0

0.67VIN
0.67VIN

VIN
0.67VIN

0.33VIN

0.33VIN

0.67VIN

0.33VIN

0
0

0.33VIN
0

0.67VIN
0.67VIN

VIN
0.67VIN

0.33VIN
0.67VIN
0.67VIN
0.67VIN
0.67VIN
0.33VIN

0
0.33VIN

0.67VIN
0.33VIN

0
0.33VIN

0
0.33VIN
0.33VIN
0.33VIN

VIN
VIN

0.67VIN
VIN

VIN
0.67VIN
0.67VIN
0.67VIN

0.67VIN
0.67VIN
0.33VIN
0.67VIN

Ø1 Ø2 Ø3 Ø4

0
0.33VIN
0.67VIN
0.33VIN

0
0.33VIN
0.67VIN
0.33VIN

0.33VIN
0.33VIN

0
0.33VIN

VIN

V2R V2L

0.33VIN 

Cdrive2

Cdrive1

S3L 0.67VIN

S1L
S1Lg

S2L

C1L

V1L

V2L

V3L

V1R

V2R

V3R

C2L

S4L

S5L

S6L

VX

(a)

(b)

S1R

S2R

S3R
C1R

C2R

S4R

S5R

S6R
0.33VIN

0
0.33VIN

0

0.67VIN
0.67VIN

S3Lg

V2R0.33VIN

S3LiS3Ld0.67VIN

0.33VIN

Ø1 Ø2 Ø3 Ø4
0.67VIN

0.33VIN

Ø1 Ø2 Ø3 Ø4

0.33VIN 0.33VIN

0.67VIN

Ø1 Ø2 Ø3 Ø4
0.67VIN

0.33VIN

S3L (and S3R) Driver
Internal Supply

Ø1 Ø2 Ø3 Ø4 S4Lg

V3L

V2L
0.33VIN

S4LiS4Ld0.33VIN 0.33VIN

0 0

Ø1 Ø2 Ø3 Ø4

0.33VIN 0.33VIN

0.67VIN

0

Ø1 Ø2 Ø3 Ø4

0

0.33VIN

Ø1 Ø2 Ø3 Ø4

0.33VIN

0.67VIN

Ø1 Ø2 Ø3 Ø4
0.33VIN 0.33VIN

0 0

S4L (and S4R) Driver
Internal node

Internal supply

3-level drive signal

S2Rg

S3Rg

S4Rg

S5Rg

S6Rg

S1Rg

S2Lg

S3Lg

S4Lg

S5Lg

S6Lg

Figure 4.7: (a) Drive voltages for each power MOSFET in each phase, and the extra capacitors
needed to capture the internal supply rails needed in the drivers. (b) A detailed schematic for the
drivers of switches S3L and S4L.
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as a result, they are implemented in deep n-well.

Fig. 4.7 (a) also shows the four gate voltage signals required to drive each power

MOSFET in each of the four phases. By carefully inspecting the gate signals of each

power MOSFET, it can be noted that non-standard voltage levels, e.g., 0.33VIN and

0.67VIN , are required to drive the power MOSFETs. In addition, some of these MOS-

FETs, like S4L and S4R, dynamically require 3 different voltage levels. Fortunately, the

internal nodes of the SMML converter can be exploited to generate these extra voltage

levels and also to simplify the implementation of the MOSFET drivers.

4.4.2 Internal Generation of Driver Rails

Thanks to the complimentary feature between the two sides of the converter, the

two voltage levels rails needed for MOSFET driving, namely 0.67VIN and 0.33VIN , can

be generated directly from the converter internal nodes.

Interestingly, the required 0.67VIN voltage rail is already available at one internal

node of the converter continuously through all phases as can be noted in Fig. 4.7 (a).

A small bootstrapping capacitor, Cdrive1, is thus placed between this node and VIN , to

stabilize the voltage on this node.

The other voltage level, 0.33VIN , is not directly available at one of the converter

internal nodes continuously throughout all phases. However, this 0.33VIN voltage level

is available at the V2L and V2R internal nodes, but only in some phases. Therefore, two

small MOSFETs and one decoupling capacitor (Cdrive2) are used to capture the 0.33VIN

voltage level from these internal nodes. These two small MOSFETs are directly driven

from the converter internal nodes V1L and V1R as shown in Fig. 4.7 (a), and thus no

additional control signals are needed.

As a result of these small additions to the topology, the 0.33VIN and 0.67VIN

required for the drivers and the level shifters are generated internally with minimum

overhead, thereby omitting any need for external supplies or auxiliary DC-DC convert-

ers.
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4.4.3 Switch Drivers

As noted in Fig. 4.7 (a), power switches S1L and S1R require a gate control

signal switching between VIN and 0.67VIN . To implement a gate driver that satisfies

this condition, a set of cascaded inverters powered directly from VIN as VDD and the

internal 0.67VIN node as VSS, are employed.

Next, it can be noted that the voltage levels of the gate control signal of switch

S2L and switch S2R are the same as the converter internal nodes V1R and V1L, respec-

tively. Therefore, these two internal nodes are used to drive S2L and S2R directly, and

no explicit switch drivers are needed.

For the subsequent switches, S3L and S3R, it can be noted that they require con-

trol signals switching between 0.33VIN and 0.67VIN . Like the top switches, cascaded

drivers are used to drive S3L and S3R, but this time, the first driver stage is powered

from the internal nodes V2R or V2L, not from the constant voltage 0.33VIN , as shown

in the top of Fig. 4.7 (b), in order not to overload Cdrive2 and keep it small.

Next, switches S4L, S4R, S5L and S5R require 3-level gate drive signals that

switch between 0.67VIN , 0.33VIN and zero. Although these switches require the same

3-level gate drive signals, they are driven using separate control signals for dead-time

consideration as depicted in Fig. 4.9 (to be discussed in more detail shortly). The 3-level

driver for these power MOSFETs is implemented as shown in the bottom of Fig. 4.7

(b). The first stage in the cascaded inverters is powered from the internal nodes V2L (or

V2R) and V3L (or V3R), while the remaining inverters are powered from 0.33VIN and

ground.

The full schematic of the implemented converter including the drivers is shown

in Fig. 4.8. Parallel on-chip flying capacitors, implemented using MIM capacitors,

are used to mitigate potential ringing on the driver lines since some of the drivers are

powered from the converter internal nodes.
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Figure 4.8: Full schematic of the prototyped converter.

4.4.4 Level Shifter and Control Logic

Figure 4.9 shows the control logic used to generate the ten control signals re-

quired for the power MOSFET drivers from a single PWM signal. A one-bit counter

generates a Ph Ctrl signal that is used to toggle the PWM signal between the left-side

control signals (S1Ld, S3Ld, S4Ld, S5Ld and S6Ld) and the right-side control signals

(S1Rd, S3Rd, S4Rd, S5Rd and S6Rd). Dead times between the control signals are then

added via a simple delay circuit.

For S1R, S1L, S3R, and S3L, level shifters are required to shift the control sig-

nals of these switches to the appropriate levels. The schematic of the same level shifter

used for all of theses control signals is shown in Fig. 4.10. For the S1L and S1R level

shifters, VHIGH is connected to VIN while VLOW is connected to 0.67VIN . For the S3L
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Figure 4.9: Schematic of the control logic used to generate the drive signals from a single PWM
input signal, along side the resulting waveforms for the left and right sides of the converter.

and S3R level shifters, VHIGH is connected to 0.67VIN while VLOW is connected to

0.33VIN . It can be noted that all of these power supplies are available internally as

mentioned before.

During the converter start-up process, VIN is increased gradually from zero until

it reaches 1.8 V. At this point, 0.33VIN is 0.6 V and 0.67VIN is 1.2 V and the MOSFET

drivers, powered from these internal supplies, start functioning. From this point on, the

SMML converter is actually self-driven from its internal supplies. The control signals
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Figure 4.10: Schematic of the level shifter and its output waveform.

can then be asserted and the converter can start working properly from a VIN as low

as 1.8V where each of the MOSFETs has a sufficient overdrive voltage (i.e. ≈0.6 V)

to turn them on/off. The initial 1.8 V input voltage does not violate any of the MOS-

FETs voltage rating (because some of the switches might need to block the whole 1.8V

during the start-up since the flying capacitors can have zero voltage at start-up). After

this initialization sequence, the input can be increased to the desired voltage while the

converter and the flying capacitors are switching normally.

4.5 Measurement Results

The proposed SMML converter was implemented in a 180 nm CMOS process.

A photo of the die, alongside the assembled converter, is shown in Fig. 4.11. In this

implementation, C1R, C2R, C1L, and C2L were implemented using 1 µF 0.5 mm2

capacitors that were mounted on the top of and wirebonded to the chip, while a 5 mm2

220nH inductor and a 1 µF 0.5 mm2 output capacitor were assembled on the bottom

side of the interposer. The converter receives an input voltage of 3 to 5 V and provides

an output voltage between 0.3 and 1.2 V with a maximum load current of 2.5 A. The

converter operates in the continuous conduction mode (CCM), or in the forced CCM
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Figure 4.11: Die photo and converter assembly.
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Figure 4.12: Measured waveforms of the converter response during a Vref step change by
changing the duty cycle value.

if the load current is lower than half the inductor current ripple, with a main switching

frequency of 5 MHz for the switching node (VX).

Measurements during transient tests in Fig. 4.12 for VIN =4.2 V reveal that node

VX switches with an amplitude of approximately 1.2 V as measured through a resistive

debugging trace (used for attaching the current probe and has some IR drops prior to the

measurement point), indicating correct operation of the internal rail generation. As also

shown in Fig. 4.12, the converter responds in approximately 1.5 µs during a reference
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step transient. The peak-to-peak output ripple under steady state operation is around

30-40 mV.

Measured efficiency results across various input voltages, output voltages and

load currents that covers the operation range of the converter are shown in Fig. 4.13.

The converter achieves a peak efficiency of 90% at a power density of 0.11W/mm2, and

an efficiency of 72% at a maximum power density of 0.52W/mm2, where power density

is computed by measuring the area of a rectangle that envelops the entire converter, in-

cluding the chip and passives. It should be noted that an additional measurement data

at VIN of 5 V is included in this chapter compared to the original work in [49]. The

converter losses are mainly proportional to the load current and are slightly dependent

on the output voltage. Therefore, for similar load currents, the efficiency at lower output

voltages drops as shown in Fig. 4.13 since the output power is reduced while the losses

roughly remain the same. Fig. 4.14 shows the converter efficiency when sweeping over

the switching frequency at different load currents which reveals that the optimum range

of switching frequencies is around 3 to 5 MHz. As the switching frequency increases

above the optimum range, the efficiency starts to degrade due to the increased switching

losses while as the switching frequency decreases below the optimum range, the effi-

ciency starts to degrade due to the increased current ripple and the increased internal

charge sharing losses. Although being outside the intended operation range, the con-

verter can still work at input voltages below 3.5 V and as low as 1.8 V. Fig. 4.15 shows

the efficiency at low input voltages. It can be noted for input voltages lower than 3 V, the

converter might not provide full SoC-compatible voltages (i.e. up to 1 or 1.2 V) since

the maximum output voltage is limited to 0.33VIN . However, the output voltage range

of the SMML converter can be extended through a modified topology as discussed in

the following section.

To illustrate the impact of each loss component on the total efficiency, the es-

timated losses breakdown at different operating points is shown in Fig. 4.16. At high

load current, the losses are dominated by the parasitic resistance of the on-chip and the

package routing. This indicates that improving the packaging technology can enhance
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Figure 4.13: Measured efficiency across various input voltages, output voltages, and load cur-
rents.
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Figure 4.14: Measured efficiency versus the switching frequency of the VX node at different
load currents.

Figure 4.15: Measured efficiency for low input voltages (VIN ≤ 3 V ).
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Figure 4.16: Estimated loss breakdown for a VIN of 4.5 V and a VOUT of 0.9 V.

the efficiency at high load currents significantly.

Table 4.1 summarizes the performance of the SMML converter, and compares

with prior-art converters that are Li-ion-compatible and provide continuous conversion

ratios in the SoC-compatible voltage range, including conventional buck converters and

hybrid converters. The SMML converter achieves the highest power density per the

converter total footprint of 0.52 W/mm2 at a reasonably large conversion ratio of 4.2×.

At the peak efficiency point, the SMML converter has a power density of 0.11 W/mm2.

With that being said, it should be noted that there are other ways to define power density

- by the total area of the converter (which is what is quoted above), by the summed

total area of the individual passives only, or by the total volume of the converter. Table

4.1 also includes these numbers for the proposed design, along with prior-art (when

sufficient information is available). For example, when calculating the power density

per the summed total passives footprint, this work achieves 1.75× higher power density

than [23], even if the capacitors were to be placed on the same side of the PCB as

the inductor in this work. When calculating the power density per the converter total

volume, this work achieves higher power density than the commercial parts EN6310QI

and TPS826809, but has a slightly lower power density than TPS8268120. However,

this work can achieve around 9% higher peak efficiency than TPS8268120. It should
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Figure 4.17: Measured peak efficiency and peak power density at various conversion ratios
compared with prior converters.

be noted that unlike most other multi-level converters, the SMML converter does not

require external supplies for drivers or level shifters.

The comparison is shown graphically in Fig. 4.17, where the top figure shows the

peak efficiency achieved at each conversion ratio, and the bottom figure shows the peak

power density achieved at each conversion ratio (computed by total converter area when

possible). Compared to other converters, the SMML converter can maintain mostly

higher efficiency and around 2× or more higher power density. At the same time, the

SMML converter can provide conversion ratios up to 16.7×, which is higher than the

maximum conversion ratio other converters can provide, all at comparable efficiencies

to prior art operating at lower conversion ratios.

86



Ta
bl

e
4.

1:
C

om
pa

ri
so

n
w

ith
pr

io
rL

i-
io

n
co

m
pa

tib
le

D
C

-D
C

co
nv

er
te

rs
w

ith
co

nt
in

uo
us

co
nv

er
si

on
ra

tio
s

†
E

st
im

at
ed

 f
ro

m
 p

lo
tt

ed
 d

at
a

††
U

si
n

g
 a

 1
80

n
H

 in
d

u
ct

o
r;

 o
th

er
 m

ea
su

re
m

en
ts

 m
en

ti
o

n
ed

 in
 t

h
e 

p
ap

er
 u

ti
liz

ed
 a

 4
70

n
H

 in
d

u
ct

o
r 

o
f 

u
n

sp
ec

if
ie

d
 s

iz
e

N
R

 –
N

o
t 

R
ep

o
rt

ed
   

   
   

N
/A

 –
N

o
t A

p
p

lic
ab

le

In
te

l

E
N

6
3

1
0

Q
I

T
I 

T
P

S
8

2
6

8
0

9
0

T
I 

T
P

S
8

2
6

8
1

2
0

[2
2

]

L
iu

, 
IS

S
C

C
’1

7

[1
2

]

L
i,

 J
S

S
C

’1
8

T
h

is
 W

o
rk

S
tr

u
c

tu
re

B
u

c
k

B
u

c
k

B
u

c
k

H
y
b

ri
d

(M
u

lt
ile

v
e

l 
D

ic
k
o

n
)

H
y
b

ri
d

 

(S
ta

c
k
e

d
 r

e
s
o

n
a

n
t)

H
y
b

ri
d

(S
M

M
L

)

P
ro

c
e

s
s

N
R

N
R

N
R

6
5

n
m

1
5

0
n

m
1

8
0

n
m

In
p

u
t 

V
o

lt
a

g
e

 [
V

]
2

.7
 -

5
.5

2
.3

 -
5

.5
2

.3
 -

5
.5

3
.0

 –
4

.5
3

.2
 –

4
.2

3
.0

 –
5

.0

O
u

tp
u

t 
V

o
lt

a
g

e
 [

V
]

0
.6

 –
3

.3
0

.9
1

.2
0

.3
 –

1
.0

0
.8

 –
1

.5
0

.3
 –

1
.2

M
a

x
. 

L
o

a
d

 C
u

rr
e

n
t 

[A
]

1
1

.6
1

.6
1

.5
3

1
.5

2
.5

T
o

ta
l 

C
o

n
v
e

rt
e

r 
A

re
a

 [
m

m
2
]

2
0

6
.6

7
6

.6
7

6
†

1
4

.4
5

.5

In
d

u
c

to
r

N
R

N
R

N
R

1
8

0
 n

H

(D
is

c
re

te
)

3
 x

 4
.2

 n
H

(P
C

B
 T

ra
c
e

)

2
2

0
 n

H

(D
is

c
re

te
)

F
ly

in
g

 C
a

p
a

c
it

o
r

N
/A

N
/A

N
/A

3
 x

 2
2

 µ
F

(C
e

ra
m

ic
 0

4
0

2
)

6
 x

 0
.4

7
 µ

F

(C
e

ra
m

ic
 0

1
0

0
5

)

4
 x

 1
 µ

F

(C
e

ra
m

ic
 0

4
0

2
)

O
u

tp
u

t 
C

a
p

a
c

it
o

r
N

R
N

R
N

R
2

2
 µ

F

(C
e

ra
m

ic
 0

4
0

2
)

2
0

 n
F

(O
n

-c
h

ip
)

1
 µ

F

(C
e

ra
m

ic
 0

4
0

2
)

E
x

te
rn

a
l 

ra
il

s
 f

o
r 

d
ri

v
e

rs
?

N
O

N
O

N
O

Y
E

S
  

(0
.5

V
IN

)
N

O
N

O

M
a

x
im

u
m

 O
u

tp
u

t 
P

o
w

e
r 

[W
] 

@
 V

IN
, 

c
o

n
v.

 r
a

ti
o

1

@
 5

V
, 

5

1
.4

4

@
 5

V
, 

5
.6

1
.9

2

@
 5

V
, 

4
.2

1
.2

4

@
 4

.2
V

, 
5

.2

1
.5

6
†

@
 4

.2
V

, 
3

.5

2
.8

8

@
 5

V
, 

4
.2

P
e

a
k

 P
o

w
e

r 
D

e
n

s
it

y
 p

e
r 

P
a

s
s

iv
e

s
 T

o
ta

l 
F

o
o

tp
ri

n
t 

[W
/m

m
2
]

N
R

N
R

N
R

0
.2

2
†
,†
†

N
R

0
.3

8
4

P
e

a
k

 P
o

w
e

r 
D

e
n

s
it

y
 p

e
r 

C
o

n
v
e

rt
e

r 
T
o

ta
l 

V
o

lu
m

e
 [

W
/m

m
3
]

0
.0

2
7

0
.2

1
6

0
.2

8
8

N
R

N
R

0
.2

3
3

P
e

a
k

 P
o

w
e

r 
D

e
n

s
it

y
 p

e
r 

C
o

n
v
e

rt
e

r 
T
o

ta
l 
A

re
a

 [
W

/m
m

2
]

0
.0

5
†

@
 5

V
, 

5

0
.2

2
†

@
 5

V
, 

5
.6

0
.2

9
†

@
 5

V
, 

4
.2

0
.2

2
†
,†
†

@
 4

.2
V

, 
5

.2

0
.1

1

@
 4

.2
V

, 
3

.5

0
.5

2

@
 5

V
, 

4
.2

E
ff

ic
ie

n
c

y
 @

 P
e

a
k

 P
o

w
e

r 
D

e
n

s
it

y
7

9
%

†
6

5
%

†
7

2
%

†
6

4
%

†
,†
†

8
3

.4
%

7
2

%

P
e

a
k

 E
ff

ic
ie

n
c

y
 (

P
E

) 

@
 V

IN
, 

c
o

n
v.

 r
a

ti
o

8
4

%
†

@
 5

V
, 

5

7
8

%
†

@
 5

V
, 

5
.6

8
1

%
†

@
 5

V
, 

4
.2

9
0

%
†
,†
†

@
 4

.2
V

, 
5

.2

8
7

.2
%

@
 3

.8
V

, 
3

.2

8
9

.5
%

@
 5

V
, 

4
.2

9
0
%

@
 4

.2
V

, 
3

.8

P
o

w
e

r 
D

e
n

s
it

y
 p

e
r 

C
o

n
v
e

rt
e

r 
T
o

ta
l 
A

re
a

 [
W

/m
m

2
] 

@
 P

E
0

.0
2
†

0
.0

4
7
†

0
.0

6
3
†

0
.0

4
†
,†
†

0
.0

8
3
†

0
.1

1

P
e

a
k

 E
ff

ic
ie

n
c

y
 

@
 m

a
x

. 
c

o
n

v.
 r

a
ti

o
N

R
7

8
%

†

@
 5

.6

8
1

%
†

@
 4

.2

7
5

%

@
 9

.7

7
0

%
†

@
 4

.5

7
4

%

@
 1

6
.7

87



V1RV1L

V2L

V3L

V2R

V3R

S3L

S1L

S2L
C1L

C2L
S4L

S5L

S7L

VIN

VX

S1R

S2R

S3R

C1R

C2R
S4R

S5R

S7R

S6L S6R

COUT

L VOUT

0.67VIN

0.33VIN

Figure 4.18: An extended-range SMML topology that can operate in both the first region (0 <
VOUT < 0.33VIN ) and the second region (0.33VIN < VOUT < 0.67VIN ).

It is important to note that the SMML converter requires four flying capacitors,

which might be higher compared to some other multilevel converters that utilize fewer

capacitors. However, since only a portion of the load current (IL) goes through each

capacitor, (e.g. 0.33IL in C1L and C1R, and 0.67IL in C2L and C2R), these capacitors

can be sized smaller as compared to capacitors in some other multilevel converters.

4.6 Discussion of Other Level Operation

It is worth mentioning that the presented converter operates in the lowest region

only, which means that the theoretical maximum output voltage is 0.33VIN . This can

be a limitation when the battery input voltage goes extremely small (i.e., less than 3V)

where the converter might not provide the full output range needed for SoC applications

(e.g. VOUT ≥ 1 V ). If it is desired to extend the operation range of the SMML topology,

a modified SMML topology, shown in Fig. 4.18, can be used which can operate in
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two regions (i.e. 0 < VOUT < 0.33VIN and 0.33VIN < VOUT < 0.67VIN ). Two

switches, S5L and S5R, are added to allow for more switching phases that can introduce

a 0.67VIN voltage at the switching node VX . It is also worth mentioning that this is the

case in most multilevel converters, except the FCML topology, where operation in other

regions requires the addition of more switches to enable more switching phases [21,24]

which might incur additional area overhead and/or losses.

4.7 Conclusion

A Symmetrical Modified Multilevel Ladder (SMML) converter is presented that

can operate from Li-ion battery voltages and provide continuous conversion ratios down

to SoC-compatible voltages. The converter offers reduced conduction losses, flying

capacitors that are naturally balanced, and no need for external supplies for drivers or

level shifters, which topologically solves important challenges in baseline multi-level

converters. The converter achieves state-of-the-art power density at high efficiencies,

where it can provide conversion ratios up to 16.7 at efficiencies > 74%.
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Chapter 5

A Battery-Connected Inductor-First
Flying Capacitor Multilevel Converter

5.1 Introduction

Modern mobile and IoT devices require power management solutions that are

efficient, compact, and can operate directly from Li-ion battery voltages (2.8-4.5V).

Unfortunately, it is difficult to achieve both high power density and high efficiency from

a conventional buck converter, in part since the inductor, which must be miniaturized

for power density reasons, has a large DCR and thus has large conduction losses when

placed on the high-current side of the converter as depicted in Fig. 5.1. To reduce induc-

tor DCR losses, an inductor-first buck was shown in [33] that split the output inductor

into two half-sized inductors placed in series with the input, where they process lower

current and thus have lower net conduction losses as shown in Fig. 5.2. Importantly,

this arrangement provides a continuous, non-chopped input current, and thus reduces

EMI which is an important concern in power management [34, 53]. However, process-

ing Li-ion voltages with conventional or inductor-first buck structures require either 5V

transistors, which are not available in all CMOS processes, or requires transistor stack-

ing. It is now well known that if transistor stacking is needed, then a flying capacitor

multilevel (FCML) structure can reduce the voltage swing seen by the inductor, which

offers size, ripple, and loss advantages as shown in Fig. 5.3 [54, 55]. Despite the ad-

vantages, however, the FCML structure still places the inductor at the high-current side

of the converter, where its high DCR can contribute significant losses. In addition, the
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- High-voltage transistors needed to work w/ Li-ion
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Figure 5.1: A conventional buck converter where the small-size large-DCR inductor is placed
at the high-current side of the converter.

IOUT=IIN + IGND

Passive Stacked 3rd Order Buck
VIN

L1 S1

S2
COUT

CF

L2

PMIC

IIN

IGND

VOUT

+ Small-size high-DCR inductor moved to low-current high-V side
- High-voltage transistors needed to work w/ Li-ion
- High-voltage swing across inductors 

+ Continous input current 
→ reduced EMI

Figure 5.2: An inductor-first buck converter where the small-size large-DCR inductors are
placed at the low-current side of the converter.

pulsated input current results in the same EMI issues as conventional buck converters.
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Figure 5.3: A hybrid flying capacitor multilevel (FCML) converter where the voltage swing
seen by the inductor is reduced.
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Proposed: Inductor-First Flying-Capacitor Multi-Level Converter
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Figure 5.4: Proposed inductor-first FCML converter which combines the advantages of an
FCML converter with the advantages of an inductor-first structure.
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5.2 Inductor-first Flying Capacitor Multilevel
Converter

To address these issues, this chapter presents an inductor-first FCML converter,

shown in Fig. 5.4, which combines the advantages of an FCML converter (Li-ion com-

patibility with low-voltage transistors and reduced inductor size/losses) with the ad-

vantages of an input-side inductor structure (inductors on the low-current side of the

converter for further loss reduction and input current filtering for reduced EMI).

The detailed circuit of the proposed inductor-first FCML converter is shown in

Fig. 5.5. It can generate arbitrary output voltages between VIN and GND through three

operating regions: {0,VIN/3}, {VIN/3, 2/3VIN}, and {2/3VIN, VIN}. As illustrated in

Fig. 5.6, the employed flying capacitors reduce the voltage swing on the inductor to

1/3VIN across all operating regions, enabling a reduction of inductor size/losses relative

to a conventional inductor-first buck. The blocking voltage of all power MOSFETs is

limited to 1/3VIN, enabling use of 1.8V MOSFETs for VIN up to 5V. The input decou-

pling capacitor in an FCML converter is in this case converted into a flying capacitor,

CFIN, which is naturally balanced at VIN according to the volt-second relationships of in-

ductors L1,2, while the two other flying capacitors, CF1 and CF2, are balanced at 2/3VIN

and 1/3VIN, respectively. One switching cycle for each region has six phases, where in

each phase the flying capacitors are either charging, discharging, or idle. The VX1 node

is switching above and below VIN, allowing L1 to de-energize/energize and, similarly,

VX2 is switching above and below GND allowing L2 to energize/de-energize, with load

current continuously supplied to the output across both switching phases. Figure 5.7

shows the inductor current ripple of an inductor-first FCML converter as compared to

a conventional inductor-first buck converter where at least 3× reduction in the current

ripple is achieved.
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Figure 5.5: Detailed schematic of the proposed inductor-first FCML converter.

5.3 Converter Losses Modeling

Modeling the losses of the converter can help in optimizing the converter design

and maximizing its efficiency around the desired operating points. Usually, the modeling

94



V X1

Tu
rn

ed
-o

n 
M

OS
FE

Ts

Ca
pa

ci
to

r 
St

at
us

Re
gi

on
 1

:  
   

0.
67

V IN
 < 

V OU
T 
< 

V IN

V OU
T+0

.3
3V

IN

M
1

M
2

M
3

V OU
T

0.
33

V IN

0.
33

V IN
V OU

T-0
.6

7V
IN

V OU
T-V

IN

V X2

Ф 1
Ф 2

Ф 3
Ф 4

Ф 5
Ф 6

CF
IN

↓ 
 

-  -

M
1

M
2

M
3

CF
IN

↓ 
 

-  -

M
1

M
2

M
3

CF
IN

↓ 
 

-  -

M
1

M
3

M
5

CF
IN

↑ 
 

CF
1↑

  
CF

2↓

M
1

M
2

M
4

CF
IN

↑ 
 

-  
CF

2↑

M
2

M
3

M
6

CF
IN

↓ 
 

CF
1↓

  
-

V F1
P

V OU
T+0

.3
3V

IN

V OU
T+0

.3
3V

IN

V OU
T

V F2
P

V F2
N

V OU
T-0

.3
3V

IN

V OU
T

V OU
T

V OU
T-0

.3
3V

IN

V OU
T-0

.6
7V

IN

V F1
N

(a
)

V OU
T+0

.6
7V

IN

V OU
T-0

.3
3V

IN

V OU
T-0

.6
7V

IN

V OU
T+0

.3
3V

IN

M
1

M
3

M
5

M
1

M
4

M
5

M
1

M
2

M
4

M
2

M
4

M
6

M
2

M
3

M
6

M
3

M
5

M
6

CF
IN

↑ 
 

CF
1↑

  
CF

2↓

CF
IN

↑ 
 

-  
CF

2↑

CF
IN

↓ 
 

CF
1↓

  
-

CF
IN

↑ 
 

CF
1↑

  
-

CF
IN

↓ 
 

CF
1↓

  
CF

2↑

CF
IN

↓ 
 

-  
CF

2↓

V X1 V X2

0.
33

V IN

0.
33

V IN

Re
gi

on
 2

:  
   

0.
33

V IN
 < 

V OU
T 
< 

0.
67

V IN

Tu
rn

ed
-o

n 
M

OS
FE

Ts

Ca
pa

ci
to

r 
St

at
us

Ф 1
Ф 2

Ф 3
Ф 4

Ф 5
Ф 6

V F1
P

V OU
T+0

.6
7V

IN

V OU
T+0

.3
3V

IN

V OU
T+0

.3
3V

IN

V OU
T

V F2
P

V F2
N

V OU
T-0

.3
3V

IN

V OU
T

V OU
T

V OU
T

V OU
T-0

.3
3V

IN

V OU
T-0

.6
7V

IN

V F1
N

(b
)

V OU
T+V

IN

V OU
T+0

.6
7V

IN

V OU
T-0

.3
3V

IN

M
1

M
4

M
5

M
4

M
5

M
6

M
2

M
4

M
6

M
4

M
5

M
6

M
3

M
5

M
6

M
4

M
5

M
6

V OU
T

CF
IN

↓ 
 

CF
1↑

  
-

CF
IN

↑ 
 

-  -

CF
IN

↑ 
 

CF
1↓

  
CF

2↑

CF
IN

↑ 
 

-  -

CF
IN

↑ 
 

-  
CF

2↓

CF
IN

↑ 
 

-  -

V X1 V X2

0.
33

V IN

0.
33

V IN

Re
gi

on
 3

:  
   

0 
< 

V OU
T< 

0.
33

V IN

Tu
rn

ed
-o

n 
M

OS
FE

Ts

Ca
pa

ci
to

r 
St

at
us

Ф 1
Ф 2

Ф 3
Ф 4

Ф 5
Ф 6

V F1
P

V OU
T+0

.6
7V

IN

V OU
T+0

.3
3V

IN

V OU
T-0

.3
3V

IN

V OU
T+0

.3
3V

IN

V OU
T-0

.3
3V

IN

V F2
P

V F2
N

V OU
T

V OU
T

V OU
T

V F1
N

(c
)

Fi
gu

re
5.

6:
C

on
ve

rt
er

tim
in

g
di

ag
ra

m
ill

us
tr

at
in

g
th

e
w

av
ef

or
m

s
of

th
e

co
nv

er
te

r
sw

itc
hi

ng
no

de
s

in
th

e
(a

)
fir

st
,(

b)
se

co
nd

,a
nd

(c
)

th
ir

d
op

er
at

in
g

re
gi

on
s.

95



*for same switching frequency of switching nodes VX1 and VX2

Conventional Inductor-first

FCML Inductor-first

1/30

1

1/3

1
D (= VOUT/VIN)

2/3

>3x ΔI reduction in L1 and L2 *

No
rm

al
ize

d 
ΔI

 

Figure 5.7: Comparison between the inductor current ripple in a conventional inductor-first
converter and an inductor-first FCML converter.

of multilevel hybrid converters with multiple inductors, capacitors, and switches can be

complicated [24, 51, 52]. A systematic method is developed in this chapter to estimate

the losses in the inductor-first FCML converters. The dominant losses in the converter

under normal operation are the inductor losses, the MOSFET conduction losses, the

MOSFET switching losses, and the flying capacitor losses, which will all be modeled in

the following subsections.

5.3.1 Inductor Losses

The main duty cycle of the converter (D) is related to the relation between VIN

and VOUT and is defined as VOUT/VIN . However, the switching nodes VX1 and VX2 have

a different duty cycle which is given by DX . The range of DX goes between zero and

one in each operating region as depicted in Fig. 5.6. The relationship between the main

duty cycle (D = VOUT/VIN ) and the the duty cycle (DX) of the switching nodes VX1

and VX2 is dependent on the operating region of the converter and is given by:

DX =


3× (D − 2

3
) 1st region: 2

3
≤ D < 1

3× (D − 1
3
) 2nd region: 1

3
≤ D < 2

3

3×D 3rd region: 0 ≤ D < 1
3

(5.1)

96



. The switching voltage of VX1 and VX2 generates a current ripple in both inductors L1

and L2. When operating in the continuous conduction mode (CCM), the current ripple

in each inductor is given by:

∆I = ∆V
DX(1−DX)

L× FSW

=
VIN

3

DX(1−DX)

L× FSW

(5.2)

where VIN is the input voltage, DX is the duty cycle of VX1 or VX2, L is the inductor

value, and FSW is the switching frequency of the VX1 and VX2 (which is not necessarily

the switching frequency of the individual MOSFETs). ∆V is the voltage swing of both

VX1 and VX2 which is equal to 1
3
VIN , as illustrated in Fig. 5.6. The 1

3
factor is due to the

multilevel operation, which results in a lower current ripple in the inductor.

The average current in L1 is the same as the current form the input source (VIN )

and is equal to DILOAD while the average current in L2 is equal to (1−D)ILOAD. The

summation of both currents in L1 and L2 is equal to the load current ILOAD according

to Kirchhoff’s current law (KCL). In this case, the conduction loss in the inductor L1,

which has a DC resistance of DCR, is given by:

PL1 =

(
[DILOAD]2 +

∆I2

12

)
×DCR. (5.3)

Similarly, the conduction loss in the inductor L2 is given by:

PL2 =

(
[(1−D)ILOAD]2 +

∆I2

12

)
×DCR. (5.4)

5.3.2 MOSFET Conduction Losses

The current in both inductors L1 and L2 is summed either at the VX1 node or at

the VX2 node and then flows through the flying capacitors and the power switches. In

each region, the converter has six operating phases as illustrated in Fig. 5.6. In this case,
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the switch conduction losses in the inductor-first FCML converter are given by:

PCond =

(
I2LOAD +

(2∆I)2

12

) ∑
1≤i≤6
1≤j≤6

a(i, j)2Rj(
Ti
Tt

) (5.5)

where ILOAD represents the load current, Rj represents the on-resistance of switch Sj ,

Ti represents the time duration of the phase φi, and Tt represents the total duration of

the six phases of the converter. Resistance Rj can be defined as (rON/Wj), where Wj is

the width of switch Sj and rON is the switch on-resistance per unit width. Tt represents

the duration of one switching sequence (i.e., Φ1 to Φ6), and is typically equal to triple

the switching period of the inductor. The coefficient a(i, j) represents the percentage

of the summed inductor current going through switch Sj in phase φi. Each individual

coefficient a(i, j) is an element in a 6×6 matrix A which represents the number of the

switches and the number of the operating phases. In each operating region, the switches

have different configurations in the six phases, and hence there are three matrices A1,

A2, and A3 representing the switch configuration in the the first, the second and the

third operating regions, respectively. These matrices are given by:

A1 =



1 1 0 1 0 0

1 1 1 0 0 0

0 1 1 0 0 1

1 1 1 0 0 0

1 0 1 0 1 0

1 1 1 0 0 0


, (5.6)
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A2 =



1 0 0 1 1 0

1 1 0 1 0 0

0 1 0 1 0 1

0 1 1 0 0 1

0 0 1 0 1 1

1 0 1 0 1 0


, (5.7)

A3 =



0 0 0 1 1 1

0 1 0 1 0 1

0 0 0 1 1 1

0 0 1 0 1 1

0 0 0 1 1 1

1 0 0 1 1 0


. (5.8)

Depending on the operating region, the corresponding matrix can be selected to calculate

the MOSFET conduction losses according to (5.5).

5.3.3 MOSFET Switching Losses

MOSFET switching losses occur due to the charging/discharging of each MOS-

FET’s parasitic capacitances: CD, CG, and CJ , which represents the drain-to-source,

gate-to-source, and the junction parasitic capacitance, respectively. To represent these

losses in a systematic way, characterizing matrices for the voltage on these parasitic ca-

pacitors are developed. When a MOSFET switch turns ON/OFF, its blocking voltage,

VD, changes from 0.33VIN to zero or vice versa. This change in VD results in the charg-

ing/discharging losses of CD. VD of each MOSFET can be represented in a 6×6 matrix,

VD, where each element, vd(i, j), is the blocking voltage on switch (Sj) in phase (Φi),

as a fraction of VIN . When a MOSFET switch is ON, its corresponding vd(i, j) is zero.

Due to the different switch configurations in each region, there are three matrices, VD1,
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VD2, and VD3, representing the three operating regions, respectively, and are given by:

VD1 =



1
3

1
3

0 1
3

0 0

1
3

1
3

1
3

0 0 0

0 1
3

1
3

0 0 1
3

1
3

1
3

1
3

0 0 0

1
3

0 1
3

0 1
3

0

1
3

1
3

1
3

0 0 0


, (5.9)

VD2 =



1
3

0 0 1
3

1
3

0

1
3

1
3

0 1
3

0 0

0 1
3

0 1
3

0 1
3

0 1
3

1
3

0 0 1
3

0 0 1
3

0 1
3

1
3

1
3

0 1
3

0 1
3

0


, (5.10)

VD3 =



0 0 0 1
3

1
3

1
3

0 1
3

0 1
3

0 1
3

0 0 0 1
3

1
3

1
3

0 0 1
3

0 1
3

1
3

0 0 0 1
3

1
3

1
3

1
3

0 0 1
3

1
3

0


. (5.11)

Similarly, the gate-to source voltage or the overdrive voltage for a switching MOSFET

changes from 0 to the maximum drive voltage or vice versa. In the employed inductor-

first FCML converter, the MOSFETs are driven directly from the converter internal

nodes. Therefore, the overdrive voltage of the power MOSFETs is equal to 0.33VIN

when the MOSFET is ON and zero when the MOSFET is OFF. Since the blocking volt-
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age of all the MOSFETs in the inductor-first FCML converter is 0.33VIN , which is the

same as the overdrive voltage value, the same matrix VD can then be used to represent

the MOSFET overdrive voltage in each phase where a VD of zero means an overdrive

voltage of 0.33VIN for the corresponding switch, and vice versa. Additionally, changes

in the absolute value of the MOSFET source voltage results in the charging/discharging

of the parasitic junction capacitor, CJ , between the source terminal of a MOSFET and

the chip bulk which is biased to ground. A VS matrix represents the MOSFET source

voltage in each phase, as a fraction of VIN and referenced to VOUT , and can be given by

either of the following three matrices depending on the operating region of the converter:

VS1 =



1
3

1
3

0 0 −1
3
−2

3

0 0 0 −1
3
−2

3
−1

0 0 0 −1
3
−2

3
−2

3

0 0 0 −1
3
−2

3
−1

1
3

0 0 −1
3
−1

3
−2

3

0 0 0 −1
3
−2

3
−1


, (5.12)

VS2 =



2
3

1
3

0 0 0 −1
3

1
3

1
3

0 0 −1
3
−2

3

1
3

1
3

0 0 −1
3
−1

3

0 0 0 −1
3
−2

3
−2

3

1
3

0 0 −1
3
−1

3
−1

3

1
3

0 0 −1
3
−1

3
−2

3


. (5.13)
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VS3 =



2
3

1
3

0 0 0 0

1
3

1
3

0 0 −1
3
−1

3

2
3

1
3

0 0 0 0

1
3

0 0 −1
3
−1

3
−1

3

2
3

1
3

0 0 0 0

2
3

1
3

0 0 0 −1
3


. (5.14)

By using the aforementioned matrices, the total switching loss of the MOSFETs (PSW )

can be given by:

PSW =
1

6
V 2
INFSW

∑
1≤i≤6
1≤j≤6

∆vd(i, j)
2CD,j

+
1

6
V 2
INFSW

∑
1≤i≤6
1≤j≤6

∆vd(i, j)
2CG,j

+
1

6
V 2
INFSW

∑
1≤i≤6
1≤j≤6

∆vs(i, j)
2CJ,j,

(5.15)

where ∆vd(i, j) represents the difference between a MOSFET blocking voltage in the

current phase (φi) and the MOSFET blocking voltage in the preceding phase (φi−1) (i.e.,

vd(i, j)−vd(i−1, j)), which is calculated using the VD matrix. ∆vd(i, j) will be zero if

the switch remains ON or OFF when transitioning from φi−1 to φi. Similarly, ∆vs(i, j)

represents the difference between the MOSFET source voltages when going from one

phase to the next and is calculated using the VS matrix. The parasitic capacitors CD,j ,

CG,j , and CJ,j of a switch Sj are assumed to scale linearly with the switch width for

simplicity.

5.3.4 Capacitor Losses

The inductor-first FCML converter has one input flying capacitor CFIN and two

normal flying capacitors CF1 and CF2, each with an equivalent series resistance (ESR)
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that causes conduction losses. The conduction losses in CFIN due to its ESR is given

by:

PCFIN =

(
[(1−D)IL]2 +

∆I2

12

)
ESRIND +

(
[DIL]2 +

∆I2

12

)
ESRIN(1−D),

(5.16)

The conduction losses in the two normal flying capacitors, CF1 and CF2, are given by:

PCF =

(
I2L +

∆I2

12

) ∑
1≤i≤6
1≤j≤2

(ci,j)
2ESRj(

Ti
Tt

), (5.17)

where ci,j is an element of a 6-by-2 matrix, C, that represents the percentage of the

summed inductor currents going through each of the flying capacitors. Depending on

the operating region of the converter, C can be one of three matrices, C1, C2, or C3,

representing the three operating regions, respectively, and are given by:

C1 =

0 0 1 0 1 0

1 0 0 0 1 0

T

, (5.18)

C2 =

1 0 1 1 0 1

0 1 1 0 1 1

T

, (5.19)

C3 =

0 1 0 0 0 1

0 1 0 1 0 0

T

. (5.20)

5.3.5 Total Losses

By combining the losses of the individual components, the total losses of the

converter can be given by:

PLosses = PCond + PSW + PL1 + PL2 + PCFIN + PCF + Pothers, (5.21)
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where Pothers includes other losses like the routing losses which can be significant if

the PMIC is built on modern CMOS technologies that has limited routing or packaging

resources. PLosses represents the total losses of the converter at a given operating point

and is a function of the switching frequency, FSW , and switch sizes, Wj .

5.3.6 Optimization

To minimize the converter losses, the design parameters to be optimized are the

switching frequency and the switch widths. If the switching frequency is predetermined

according to some other design considerations, like the transient response and the out-

put ripple, the switch widths are the only parameters to be optimized for minimum

losses. Each of the 6 switches in the inductor-first FCML topology has its correspond-

ing conduction and switching losses, which are a function in the switch width, and are

calculated as:

Pswitch,j =

(
I2L +

∆I2

12

)
α

Wj

+ V 2
INFSWWjβ. (5.22)

α and β are two coefficients related to the conduction and the switching losses of each

switch throughout the four phases, respectively, and are given by:

α =
∑
1≤i≤6

a(i, j)2(
Ti
Tt

)rON

β =
∑
1≤i≤6

(
∆vd(i, j)

2cD + ∆vd(i, j)
2cG + ∆vs(i, j)

2cJ
)
,

(5.23)

where rON , cD, cG, and cJ are the switch on-resistance, drain capacitance, gate capac-

itance, and junction capacitance, all per unit width. By differentiating the total switch

losses with respect to the switch width Wj , and equating to zero, the optimum width for

each MOSFET can be found as:

Wopt,j =

√(
I2L +

∆I2

12

)
1

V 2
INFSW

α

β
, (5.24)
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where Wopt,j is the optimum width of switch j at a given switching frequency and op-

erating point (i.e. VOUT and ILOAD). If a comprehensive optimization of the converter

that includes both the switching frequency and the switch sizes as design parameters is

desired, the equations derived in this section can be used in an optimization process by

the help of some analysis tools, for example, MATLAB.

5.4 Circuit Implementation

Generating the appropriate driving rails for stacked transistors is often challeng-

ing; in this design, each transistor is implemented using the same 1.8V core NMOS

transistor, with all needed rails generated directly from the switching nodes. Each driver

cell consists of two level-shifters and cascaded buffers as shown in Fig. 5.8. One control

signal (VSWx) is used to control the on/off time of the power MOSFET, while the other

control signal (VCAPx) is used to control the charging/discharging of the bootstrapping

capacitor. A bootstrapping capacitor is used in each driver cell to generate the boosted

voltage required to drive the associated power MOSFET. When a power MOSFET is off,

it is blocking a voltage of 1/3VIN, and hence its drain voltage is higher than its source

voltage by 1/3VIN. The bootstrapping capacitor is then connected to the power MOS-

FET drain to pre-charge. The stacked drivers are powered from the boosted voltage of

the bootstrapping capacitor, and therefore, all drivers for all the power MOSFETs are

completely powered from the converter internal nodes.

The control logic for the converter is shown in Fig. 5.9. A state machine takes

as an input a digital word for the desired operating region and generates outputs that are

used to control a group of multiplexers, which in turn generate the three basic control

signals for the switches. The 12 control signals are generated from these 3 basic signals

with appropriate deadtime added between them. During startup, a ramp VIN is applied

to the converter input with 2/3VIN and 1/3VIN generated through a resistive divider and

used to pre-charge the internal bootstrapping capacitors. The startup circuit is deacti-

vated when VIN reaches to 1.8V which is a sufficient voltage for the converter to start
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Figure 5.9: PWM-based control generation circuits illustrating operation across all three output
regions.

switching normally.

5.5 Measurement Results

The converter is implemented in standard 180nm CMOS, with a die area of

2.6x2.8mm2 as illustrated in Fig. 5.10. The chip is flip-chip bonded to an interposer,

where a 220 nH inductor (DCR = 19m Ω), three 0402 10 µF flying capacitors, and two

0201 4.7 µF output capacitors are soldered within the chip boundary on the backside of

the interposer as shown in Fig. 5.11. Since the input current is continuous and inherently

filtered by the input inductors, no input decoupling capacitance is required. The internal
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Figure 5.10: Die photo with the main circuit blocks highlighted.

Figure 5.11: Passives assembled on the backside of the interposer.

nodes of the converter, namely VX1 and VX2, switch at 9 MHz. Measured efficiency

curves are shown in Fig. 5.12, indicating peak efficiencies of 97.1% and 95% at VIN
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Figure 5.12: Measured efficiency curves across load current for various output voltages, for
VIN=5V (top) and VIN=4V (bottom).

= 4 V and 5 V, respectively. The converter achieves a peak area-based power density

of 0.77 W/mm2 (or a volumetric power density of 0.43 W/mm3) at an efficiency of

91.6%. The converter can operate with a large conversion ratio of up to 16.7× while

still providing an efficiency of 77.1%.

Fig. 5.13 shows steady-state waveforms of the internal nodes VF2N and VF2P

demonstrating operation across all three regions with correct and balanced voltage lev-

els. A type-III compensated closed loop controller is implemented, and load step re-

sponse curves with ∆IL = 1.2 A show a response and settling time of ¡2µs and ¡20µs,

respectively, as demonstrated in Fig. 5.14. Fig. 5.14 also shows measured input volt-

age ripples compared with a commercial conventional buck converter under a similar

test setup and loaded with 1.2 A, where ¿3× reduction in the input voltage ripple is

demonstrated thanks to the continuous input current.
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-0.67V

VF2N

VF2N

VF2N

VOUT =3.33V

VOUT =2V
VOUT =0.67V

Region 1

Region 2 Region 3

Figure 5.13: Measured converter steady-state waveforms in all three regions of operation.

VOUT=1V
VOUT=1V

IL=0A

IL=1.2A

200mV
500mA
200mV
500mA

IL=0A

IL=1.2A

TR =2µs 

TS < 20µs 

TS < 20µs 

<180mV TR =2µs 

200mV
500mA
200mV
500mA

Figure 5.14: Measured closed-loop control load step response.

Table 5.1 and Fig. 5.16 summarize the performance of the converter in compar-

ison to state-of-the-art, where it achieves the highest power density and peak efficiency

amongst prior Li-ion-compatible work. summarizes the performance of the converter.

Unlike some prior art, the large range of conversion ratios ensures the proposed con-

verter can generate a full range of output voltages operating across the entire input Li-ion

battery voltage range, even at the low end of battery voltages. In addition, the continu-

ous input current provides inherent filtering towards reducing EMI which is one of the

top concerns for many PMIC customers.
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VRipple < 300mV

VRipple > 1V

VIN = 5V VIN = 5V

TPS8268180
Loaded with 1.2A
(Including CIN originally installed with 
the die)

TPS8268180
Loaded with 1.2A
(Including CIN originally installed with 
the die)

Inductor-first FCML 
Loaded with 1.2A
(No CIN installed at VIN)

Inductor-first FCML 
Loaded with 1.2A
(No CIN installed at VIN)

1V1V 1V1V

Figure 5.15: comparison of VIN voltage ripple between TPS8268180 and the inductor-first
FCML converter.

5.6 Conclusion

An inductor-first FCML converter was introduced. The proposed converter com-

bines the benefits of an inductor-first topology (inductors processing continuous current

on the low-current side of the converter) with an FCML topology (Li-ion battery com-

patibility with low-voltage transistors, and reduced inductor size). The design operates

across the entire Li-ion battery range, and achieves a power density of 0.77W/mm2, and

a peak efficiency of 97.1%.
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Figure 5.16: Measured peak efficiency and peak power density vs. their corresponding operating
points with a comparison to prior work.
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Chapter 6

Conclusion

In this thesis, new topologies and techniques were developed to address recent

challenges in DC-DC converters used in modern mobile devices.

In the first part of the thesis, an inductor-first 3rd order buck converter was intro-

duced in chapter 2 that has loss-related, noise-related and structure-related benefits as

compared to a conventional buck converter. Specifically, all the passives including two

inductors are stacked in a packaging-friendly manner at the PS3B converter input, allow-

ing for the inductors to process lower current than a conventional buck converter while

inherently filtering input current noise. A prototype shows that the converter achieves

a peak efficiency of 94% and a peak power density of 0.7 W/mm2. Chapter 3 demon-

strated that a pragmatic charge recycling of the gate charges of the power MOSFETs can

be achieved with recycling efficiencies of up to 80%. The charge recycling technique

was applied to an inductor-first buck converter without affecting the circuit control law

or the output regulation. A prototype for this technique achieves a state-of-the-art peak

efficiency of 98.2% and a power density of 0.72W/mm2. Thanks to the recycling tech-

nique, the efficiency is generally improved over a wide range of load currents, and spe-

cially at light load currents with still 88.4% efficiency even at 1% of the maximum load

current.

Chapter 4 presented a symmetrical modified multilevel ladder (SMML) con-

verter that can operate from Li-ion battery voltages and provide continuous conver-

sion ratios down to SoC-compatible voltages. The converter offers reduced conduction

losses, flying capacitors that are naturally balanced, and no need for external supplies

for drivers or level shifters, which topologically solves important challenges in baseline
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multi-level converters. The converter achieves state-of-the-art power density at high

efficiencies, where it can provide conversion ratios up to 16.7 at efficiencies > 74%.

Chapter 5 presented an inductor-first FCML converter was introduced. The pro-

posed converter combines the benefits of an inductor-first topology (inductors process-

ing continuous current on the low-current side of the converter) with an FCML topology

(Li-ion battery compatibility with low-voltage transistors, and reduced inductor size).

The design operates across the entire Li-ion battery range, and achieves a power density

of 0.77W/mm2, and a peak efficiency of 97.1%.

Fig. 6.1 provides a summary for the contribution made in this thesis where all

or most of the DC-DC converter challenges presented in the introduction chapter were

addressed through the introduced topologies and techniques.

As a future work, the use of the inductor-first topology can be further explored

for other applications like automotive and industrial applications where EMI and noise

is a top concern and the continuous input current feature of the inductor-first topology

would be an outstanding merit. The prototypes of the inductor-first buck converter pre-

sented in this thesis are always operating in the continuous conduction mode (CCM).

Operating the inductor-first buck converter topology in the discontinuous conduction

mode can be investigated for enhanced light load efficiency. It is worth noting that the

charge recycling technique presented in chapter 3 can still be applied on top of a DCM

mode resulting in an even more enhanced light load efficiency. A charge recycling tech-

nique similar to that presented in chapter 2 can be applied to buck converters by still

using one inductor although this would require more switches that might hinder the

charge recycling efficiency but it is still worth investigating.
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+ Inductors at the input process lower current 
(Challenge 1)
+ Continous input current resulting in reduced 
noise and EMI at the input (Challenge 4)

+ Inductors at the input process lower current 
(Challenge 1)
+ Reduced switching losses enhances efficiency 
at light load current (Challenge 2)
+ Continous input current resulting in reduced 
noise and EMI at the input (Challenge 4)

+ Multilevel benefits resulting in reduced inductor 
loss/size (Challenge 1)
+ Li-ion compatibility while using low-voltage 
MOSFETs (Challenge 3)

+ Inductors placed at the input side and with 
lower voltage swing resulting in reduced inductor 
size/loss/ripple (Challenge 1)
+ Li-ion compatibility with low-voltage MOSFETs 
(Challenge 3)
+ Continous input current resulting in reduced 
noise and EMI at the input (Challenge 4)

Common challenges for DC-DC converters in mobile applications
→ Challenge 1: Trade-off between efficiency and power density.
→ Challenge 2: Maximizing efficiency over wide-range of load currents.
→ Challenge 3: Li-ion compatibility while using low-voltage MOSFETs of modern CMOS technologies.
→ Challenge 4: Reducing noise and EMI of the converter.
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Figure 6.1: Summary of the thesis contribution.

115



Appendix A

A General Analytical Model to Design
and Evaluate Multilevel DC-DC
Converters

Multilevel hybrid converters can be realized using different switched capacitor

(SC) topologies. Each SC topology can lead to a multilevel converter of a different per-

formance and different characteristics. In order to compare between the performance

of these topologies, a general model for analyzing the losses in multilevel converters

is needed. However, analyzing the losses in multilevel hybrid converters can be com-

plex due to the relatively high number of passive and active components used in these

converters in addition to the multi-phase operation.

In this appendix, a general loss model for multilevel converters is developed

that takes into account all the dominant losses in a multilevel converter including the

conduction and the switching losses of the switches as well as the losses related to the

capacitors and the inductors. The developed model can be used to first optimize the

design of a single multilevel topology, and then compare between different optimized

multilevel topologies for a given application and a target technology. The model deriva-

tion is done in section A.1 where the losses is analyzed based on some characterizing

matrices that can be easily extracted for any single SC topology. Some common SC

topologies that can be used to build a multilevel converter are investigated in section

A.2 where their characterizing matrices are presented. A comparison between these SC

topologies when used to build a multilevel converter is performed in section A.3 for an

example Li-ion-to-SoC application.
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A.1 Model Derivation

Generally, a multilevel hybrid DC-DC converter consists of a switched capacitor

(SC) circuit, generating a switching voltage waveform (VX), followed by an inductor

and an output decoupling capacitor, forming a low pass filter at the converter output as

shown in Fig. A.1.

Some multilevel converters, like FCML topology, can have multiple operating

regions depending on the two level of the switching waveform (VX). A general relation

to calculate the output voltage (VOUT ) in any operating region is given by:

VOUT = V2 +D × (V1 − V2), (A.1)

where V1 and V2 are the higher and the lower voltage levels of the switching node (VX),

respectively, and D is the duty cycle of the switching node (VX).

In this analysis. the multilevel converter is assumed to be operating in the region

providing the highest conversion ratio between VIN and VOUT which is the region of

concern in most SoC applications. The current flowing in the output inductor current

has an average value equal to the load current ILOAD with a current ripple imposed on

top of this DC value due to the switching voltage at the inductor input. The peak-to-peak

current ripple in the inductor is given by:

∆I = ∆V
D(1−D)

L× FSW

(A.2)

where ∆V is the voltage difference between the two levels of the switching node (∆V =

V1 − V2), D is the duty cycle of the switching node (VX), L is the inductor value, and

FSW is the switching frequency of the VX node (which is not necessarily the switching

frequency of the individual MOSFETs).

During each operating phase of the SC circuit. the continuous current in the

inductor is delivered through one or more parallel paths starting from the converter input

rails and going through the switches and the capacitors that are configured to be ON
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Switched Capacitor Circuit
K switches
N capaitors
M phases

VIN

COUT

L VOUT

V1

V2

VX

VX

DTSW

TSW

TCycle

Ф1 Ф2 ФM-1 ФM

Figure A.1: General structure of a multilevel hybrid DC-DC converter.

during that phase. Therefore, the current flowing through each of these switches or

flying capacitors is equal to or is as a portion of the inductor current, assuming there is

no internal charge sharing occurring between the flying capacitors as an approximation.

The average current flowing through each capacitor during all the phases should be equal

to zero so that this flying capacitor is ideally balanced at a certain voltage. This portion

of the inductor current flowing through each power MOSFET or each flying capacitor

can be used to calculate the conduction losses in these elements. The dominant losses in

a multilevel converter under normal operation are the MOSFET conduction losses, the

MOSFET switching losses, the flying capacitor losses, and the inductor losses, which

are all modeled in the following subsections.
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MOSFET Conduction Losses

For a SC topology that has a total of K switches and M phases, the switch

conduction losses are given by:

PCond =

(
I2L +

∆I2

12

) ∑
1≤i≤M
1≤j≤K

a(i, j)2Rj(
Ti

TCycle

) (A.3)

where IL represents the load current, Rj represents the on-resistance of switch Sj , Ti

represents the time duration of the phase φi, and TCycle represents the total duration of

the N phases of the converter. Resistance Rj can be defined as (rON ×Wj), where Wj

is the width of switch Sj and rON is the switch on-resistance per unit width.

TCycle represents the duration of one switching sequence which includes all the

M phases of the SC circuit, and is typically equal to multiples of the switching period

of the inductor (TSW ). The coefficient a(i, j) represents the percentage of the inductor

current going through switch Sj in phase φi. Each individual coefficient a(i, j) is an

element in a M ×K matrix A, and is given by:

A =

S1 S2 . . . SK


φ1 a(1, 1) a(1, 2) . . . a(1, K)

φ2 a(2, 1) a(2, 2) . . . a(2, K)
...

...
... . . . ...

φM a(M, 1) a(M, 2) . . . a(M,K)

(A.4)

.

For example, the current going through switch S3 in phase Φ1 is [a(1, 3)×IIND],

where IIND is the inductor current. By using (A.3) along with the matrix A, the total

conduction losses in all the MOSFETs can be calculated.
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MOSFET Switching Losses

MOSFET switching losses occur due to the charging/discharging of each MOS-

FET’s parasitic capacitances: CD, CG, and CJ , which represents the drain-to-source,

gate-to-source, and the junction parasitic capacitance, respectively. To represent these

losses in a systematic way, characterizing matrices for the voltage on these parasitic ca-

pacitors are developed. When a MOSFET switch turns ON/OFF, its blocking voltage,

VD, changes from the maximum value to zero or vice versa. This change in VD results

in the charging/discharging losses of CD. VD of each MOSFET can be represented in

the following matrix:

VD =

S1 S2 . . . SK


φ1 vd(1, 1) vd(1, 2) . . . vd(1, K)

φ2 vd(2, 1) vd(2, 2) . . . vd(2, K)
...

...
... . . . ...

φM vd(M, 1) vd(M, 2) . . . vd(M,K)

. (A.5)

Here, VD is a M × K matrix where each element, vd(i, j), is the blocking voltage on

switch (Sj) in phase (Φi), as a fraction of VIN . When a MOSFET switch is ON, its

corresponding vd(i, j) is zero.

Similarly, the gate-to-source voltage or the overdrive voltage for a switching

MOSFET changes from 0 to the maximum drive voltage or vice versa. To calculate the

switching losses of each MOSFET, a matrix VG can be used to indicate the status of
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each MOSFET in each operating phase as follows:

VG =

S1 S2 . . . SK


φ1 vg(1, 1) vg(1, 2) . . . vg(1, K)

φ2 vg(2, 1) vg(2, 2) . . . vg(2, K)
...

...
... . . . ...

φM vg(M, 1) vg(M, 2) . . . vg(M,K)

. (A.6)

Additionally, changes in the absolute value of the MOSFET source voltage results in

charging/discharging of the parasitic junction capacitor,CJ , between the source terminal

of a MOSFET and the chip bulk. A VS matrix represents the MOSFET source voltage

in each phase, as a fraction of VIN , and can be given by:

VS =

S1 S2 . . . SK


φ1 vs(1, 1) vs(1, 2) . . . vs(1, K)

φ2 vs(2, 1) vs(2, 2) . . . vs(2, K)
...

...
... . . . ...

φM vs(M, 1) vs(M, 2) . . . vs(M,K)

. (A.7)

By using the aforementioned matrices, the total switching loss of the MOSFETs (PSW )

can be given by:

PSW =
0.5

TCycle

V 2
INFSW

∑
1≤i≤M
1≤j≤K

∆vd(i, j)
2CD,j

+
0.5

TCycle

V 2
DFSW

∑
1≤i≤M
1≤j≤K

∆vg(i, j)
2CG,j

+
0.5

TCycle

V 2
INFSW

∑
1≤i≤M
1≤j≤K

∆vs(i, j)
2CJ,j,

(A.8)

where ∆vd(i, j) represents the difference between a MOSFET blocking voltage in the
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current phase (φi) and the MOSFET blocking voltage in the preceding phase (φi−1) (i.e.,

vd(i, j)−vd(i−1, j)), which is calculated using the VD matrix. ∆vd(i, j) will be zero if

the switch remains ON or OFF when transitioning from φi−1 to φi. Similarly, ∆vs(i, j)

represents the difference between the MOSFET source voltages when going from one

phase to the next and is calculated using the VS matrix. The parasitic capacitors CD,j ,

CG,j , and CJ,j of a switch Sj are assumed to scale linearly with the switch width for

simplicity.

Inductor and Capacitor Losses

The conduction loss in the inductor, which has a DC resistance ofDCR, is given

by:

PInductor =

(
I2L +

∆I2

12

)
×DCR. (A.9)

For a SC capacitor circuit with K capacitors, the conduction loss due to the equivalent

series resistance (ESR) of the flying capacitors is given by:

PCapacitor =

(
I2L +

∆I2

12

) ∑
1≤i≤M
1≤j≤K

(ci,j)
2ESRj(

Ti
Tt

), (A.10)

where ci,j is an element of a M -by-K matrix, B, that represents the percentage of the

inductor current going through each of the flying capacitors. B is given by:

B =

C1 C2 . . . CK


φ1 b(1, 1) b(1, 2) . . . b(1, K)

φ2 b(2, 1) b(2, 2) . . . b(2, K)
...

...
... . . . ...

φM b(M, 1) b(M, 2) . . . b(M,K)

(A.11)
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Total Losses

By combining the losses of the individual components, the total losses of the

converter can be given by:

PLosses = PCond + PSW + PInductor

+ PCapacitor.
(A.12)

PLosses represents the total losses of the converter at a given operating point and is a

function of the switching frequency, FSW , and switch sizes, Wj .

Design Optimization

To minimize the converter losses, the design parameters to be optimized are the

switching frequency and the switch widths. If the switching frequency is predetermined

according to some other design considerations, like the transient response and the output

ripple, the switch widths are the only parameters to be optimized for minimum losses.

Each of the 12 switches in the SMML topology has its corresponding conduction and

switching losses, which are a function in the switch width, and are calculated as:

Pswitch,j =

(
I2L +

∆I2

12

)
α

Wj

+ FSWWjβ. (A.13)

α and β are two coefficients related to the conduction and the switching losses of switch

Si throughout the four phases, respectively, and are given by:

αi =
∑

1≤i≤M

a(i, j)2(
Ti
Tt

)rON

βi =
∑

1≤i≤M

(
V 2
IN∆vd(i, j)

2cD + V 2
D∆vg(i, j)

2cG + V 2
IN∆vs(i, j)

2cJ
)
,

(A.14)

where rON , cD, cG, and cJ are the switch on-resistance, drain capacitance, gate capac-

itance, and junction capacitance, all per unit width. By differentiating the total switch
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losses with respect to the switch width Wj , and equating to zero, the optimum width for

each MOSFET can be found as:

Wopt,j =

√(
I2L +

∆I2

12

)
1

V 2
INFSW

α

β
, (A.15)

where Wopt,j is the optimum width of switch j at a given switching frequency and op-

erating point (i.e. VOUT and ILOAD). If a comprehensive optimization of the converter

that includes both the switching frequency and the switch sizes as design parameters is

desired, the equations derived in this section can be used in an optimization process by

the help of some analysis tools, for example, MATLAB.

It is worth noting that all the optimum width of each power MOSFET is depen-

dent on the load current and it actually changes as the load current changes.

A.2 Characterization of Multilevel Topologies

Common SC topologies used to build a conventional SC converter are FCML,

ladder, Dickson, series-parallel, and the SMML topology presented in chapter 4. In

this section, these topologies are investigated when used to build a multilevel hybrid

converter. Additionally, the characterizing matrices of the switches and the capacitors of

each topology are derived. These matrices can be applied directly to the general model

of the previous section to analyze the losses in each of these topologies and optimize

their design accordingly.

A.2.1 FCML Topology

The flying capacitor multilevel (FCML) topology is a common SC topology and

one of the earliest topologies used to build multilevel DC-DC converters. Fig. A.2

shows the topology schematic when used to build a multilevel converter along with the

switch status in each operating phase and the required blocking voltage on the capacitors
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Figure A.2: FCML multilevel topology illustrating the operating phases and the switch config-
uration in each of these phases.

and the switches. The converter is assumed to be operating in the lowest region where

the VX waveform is switching between 0.33VIN and zero, providing an output voltage

between these two levels depending on the duty cycle of VX . In this operating region, a

one operating cycle contains six phases where the switch configuration in each of these

phases is shown in Fig. A.2.

Regarding the switch voltage rating, one of the features of this topology is that

all the switches have a minimum blocking voltage of 0.33VIN on them and hence, no

additional stacking is needed if appropriate low-voltage MOSFETs are employed. To

analyze the losses in this topology, the characterizing matrices of the switches are given
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by:

A =



0 0 1 0 1 1

0 0 0 1 1 1

1 0 0 1 1 0

0 0 0 1 1 1

0 1 0 1 0 1

0 0 0 1 1 1


,VD =
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,

VG =



0 0 1 0 1 1

0 0 0 1 1 1

1 0 0 1 1 0
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0 0 0 0


.

For the voltage rating of the flying capacitors, one flying capacitor, C1, require

a blocking voltage of 0.67VIN which is higher than the topology minimum blocking

voltage of 0.33VIN . This higher blocking voltage on C1 can translate to a larger imple-

mentation area of this capacitor.

One attractive feature of this topology is that it can cover the full output voltage

range (i.e., 0 < VOUT < VIN ) without the need for additional switches or capacitors to

be added to the topology. In addition, it can switch almost seamlessly between differ-

ent regions by changing the levels of the VX waveform. This wide output range is an

important feature not existent in most of the other multilevel topologies. This feature

becomes especially important if the input voltage is dropping too low while the output

voltage needs to be regulated at a voltage larger than 0.33VIN which can be the case in

some Li-ion-to-SoC applications.
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To analyze if the flying capacitors in the FCML topology are naturally balanced,

the VX node is assumed to be floating since it is decoupled from the VOUT node through

the output inductor. Kirchhoff’s voltage law (KVL) can then be applied to each operat-

ing phase of the topology resulting in the following equations:

φ1 : VIN − VC1 = VX1,

φ3 : VC1 − VC2 = VX3,

φ5 : VC2 = VX5,

(A.16)

where VX1, VX3, and VX5 are the switching node voltage at φ1, φ3, and φ5, which is as-

sumed to be floating in each phase. Since there is no solution for the previous equations,

the flying capacitors in the FCML topology are not naturally balanced and capacitor

balancing modules are needed for a reliable implementation of the topology. The flying

capacitor can be intuitively anticipated since there is no internal charge sharing losses

between the flying capacitors of an FCML topology where all the capacitors are soft-

charged or soft-discharged. The ESR characterizing matrix for the flying capacitors is

given by:

C =

1 0 1 0 0 0

0 0 1 0 1 0

T

. (A.17)

A.2.2 Ladder Topology

The ladder topology is commonly used to build conventional SC converters and

can be used to build a multilevel converter as shown in Fig. A.3. A main advantage of

the ladder topology is that all the switches have a minimum blocking voltage of 0.33VIN

on them and hence, no stacking is needed if appropriate low-voltage MOSFETs are

employed. Similarly, all the capacitors have a minimum blocking voltage of 0.33VIN

on them reducing their implementation area. To analyze the losses in this topology, the
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Figure A.3: The ladder SC topology when used to build a multilevel hybrid converter illustrating
the operating phases and the switch configuration in each of these phases.

characterizing matrices of the switches are given by:

A =



1 0 1 0 2 0

0 0 0 0 1 1

0 1
2

0 3
2

0 1

0 0 0 0 1 1


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,

VG =



1 0 1 0 1 0

0 0 0 0 1 1

0 1 0 1 0 1

0 0 0 0 1 1
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.
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In the ladder topology, there is internal charge sharing between the flying capaci-

tors. To analyze if the flying capacitors in the ladder topology are naturally balanced, the

VX node is assumed to be floating. Kirchhoff’s voltage law (KVL) can then be applied

to each operating phase of the topology resulting in the following equations:

φ1 : VC2 = VC3

VIN − VC1 − VC2 = VX1

φ3 : VC1 = VC3

VC2 = VX3,

(A.18)

where VX1, and VX3 are the switching node voltage at φ1 and φ3, respectively. This KVL

analysis shows 4 equations with 5 variables which indicates no solution. This result

means the flying capacitors are not forced to their nominal voltages through the internal

charge sharing and balancing modules might be needed. The ESR characterizing matrix

for the flying capacitors is given by:

C =


1 2 1

0 0 0

0.5 1 0.5

0 0 0

 . (A.19)

A.2.3 SMML Topology

The SMML topology introduced in chapter 4 is included in this comparison. Fig.

A.4 shows the topology configuration where VX is switching between 0.33VIN and zero.

The topology has four operating phases forming a one cycle. To analyze the losses in
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Figure A.4: The SMML topology used as a multilevel hybrid converter illustrating the operating
phases and the switch configuration in each of these phases.

this topology, the characterizing matrices of the switches are given by:

A =
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VG =


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In the SMML topology, there is internal charge sharing loss between the flying capac-

itors where the capacitors are either hard-charged or hard-discharged in each operating

phase. To analyze if the flying capacitors in the SMML topology are naturally balanced,

the VX node is assumed to be floating since it is decoupled from the VOUT node through

the output inductor. Kirchhoff’s voltage law (KVL) can then be applied to each operat-

ing phase of the topology resulting in the following equations:

φ1 : VC1L + VC2L + VC2R = VIN

VC2L = VC1R

φ3 : VC1R + VC2R + VC2L = VIN

VC1L = VC2R

,

(A.20)

The KVL in each phase resulted in 4 equations with 4 variables. Solving these equations

yields:

VC1L = VC2L = VC1R = VC2R =
1

3
VIN . (A.21)

This result indicates that the flying capacitors in the SMML topology are naturally bal-

anced at their nominal voltages and this balancing is enforced phase by phase. There-
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Figure A.5: (a) Dickson SC topology when used to build a multilevel hybrid converter. (b)
Dickson multilevel converter with stacked switches to reduce the blocking voltage on some
switches.

fore, in the SMML topology and unlike other topologies, there is no need for balancing

modules for the flying capacitors. The ESR characterizing matrix for the flying capaci-

tors is given by:

C =


1
3

2
3

1
3

2
3

0 0 0 0

1
3

2
3

1
3

2
3

0 0 0 0

 . (A.22)
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A.2.4 Dickson Topology

Fig. A.5 (a) shows the Dickson SC topology implemented as a multilevel con-

verter where VX is switching between 0 and 0.25VIN . All the switches in this topology

have a minimum blocking voltage of 0.25VIN , except for S2 and S3 which have a block-

ing voltage of 0.5VIN . Each of these two switches needs to be replaced by two stacked

switches, as shown in A.5 (b), so that the blocking voltage on all switches in the topology

is equal to 0.25VIN . To analyze the losses in this topology, the characterizing matrices

of the switches are given by:

A =
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.

Regarding the flying capacitors, the blocking voltages on C1 and C3 are 0.75VIN

and 0.5VIN , respectively, which exceeds the minimum requiring a potentially larger

implementation area. The flying capacitors in the Dickson topology has internal charge

sharing losses between them since some capacitors are hard-charged or hard-discharged

in each phase. To analyze if the flying capacitors in the Dickson topology are naturally

balanced, the VX node is assumed to be floating since it is decoupled from the VOUT

node through the output inductor. Kirchhoff’s voltage law (KVL) can then be applied to
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each operating phase of the topology resulting in the following equations:

φ1 : VC1 − VC2 + VC3 = VIN

φ3 : VC1 − VC2 − VC3 = 0.
(A.23)

Since there is no solution for the previous equations (2 equations and 3 variables), the

flying capacitors in the Dickson topology are not forced to be balanced at their nominal

voltage and balancing modules can be needed. This result indicates that even if there is

internal charge sharing losses between the flying capacitors of a certain multilevel topol-

ogy, the flying capacitors can still not be naturally balanced. The ESR characterizing

matrix for the flying capacitors is given by:

C =


1
2

1
2

1
2

0 0 0

1
2

1
2

1
2

0 0 0

 . (A.24)

A.2.5 Series-parallel Topology

Fig. A.6 (a) shows the series-parallel SC topology used to build a multilevel con-

verter where VX is switching between 0.33VIN and zero. The topology has six operating

phases forming a one cycle. All the switches in this topology have a minimum blocking

voltage of 0.33VIN , except for S1 and S6 which have a blocking voltage of 0.67VIN .

Each of these two switches needs to be replaced by two stacked switches, as shown in

A.6 (b), so that the blocking voltage on all the switches is equal to 0.33VIN . To analyze
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Figure A.6: (a) The series-parallel SC topology when used to build a multilevel hybrid converter.
(b) A series-parallel multilevel converter with stacked switches to reduce the blocking voltage
on some switches.

the losses in this topology, the characterizing matrices of the switches are given by:

A =


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1 1 0
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
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,
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VG =



1 1 0 1 0 0 0 0 1

0 0 0 0 1 1 1 1 0

0 0 1 1 0 1 1 1 0

0 0 0 0 1 1 1 1 0

0 0 1 1 0 1 1 1 0
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
.

In the series-parallel topology, in φ1, there is no internal charge sharing between the

flying capacitors but in φ3 and φ5, there is some internal charge sharing that occurs

between the flying capacitors. To analyze if the flying capacitors in the ladder topology

are naturally balanced, the VX node is assumed to be floating. Kirchhoff’s voltage law

(KVL) can then be applied to each operating phase of the topology resulting in the

following equations:

φ1 : VIN − VC1 − VC2 = VX1

φ3 : VC1 = VX3

VC1 = VC2

φ5 : VC1 = VX5

VC1 = VC2,

(A.25)

where VX1, VX3, and VX5 are the switching node voltage at φ1, φ3, and φ5, respectively.

This KVL analysis shows 4 independent equations with 5 variables which indicates no

solution. This result means the flying capacitors are not forced to their nominal voltages

through the internal charge sharing and balancing techniques for the flying capacitors

might be needed. The ESR characterizing matrix for the flying capacitors is given by:

C =

1 0 0.5 0 0.5 0

1 0 0.5 0 0.5 0

T

. (A.26)
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A.3 Comparison Between Multilevel Topolo-
gies

The characterizing matrices derived for each SC topology in section A.2 can be

applied directly to the general model presented in section A.1 to analyze the losses in

each single SC topology. An example application, which has operating ranges similar

to that used in Li-ion-to-SoC applications, is used to compare between the SC topolo-

gies. Table A.1 shows specifications of this application along with the converter design

parameters including the characteristics of the employed CMOS technology. The sizing

of the switches of each single SC topology were optimized according to the mechanism

shown in section A.1 at a target operating point of VIN = 5 V, VOUT = 1 V, and ILoad =

1 A. After optimizing each SC topology at this target operating point, the same model

is used to calculate the losses in each topology over a load current range from 0.1 A to

3 A.

Fig. A.7 shows a comparison between the five SC topologies in terms of the

MOSFET conduction losses versus the load current. The SMML topology has the low-

est conduction losses followed by the Dickson, the FCML, the ladder, and then the

series-parallel topology. The high conduction losses in the series-parallel topology is

mainly due to the high number of turned-on MOSFETs connected in series in each

phase resulting in a high equivalent parasitic on-resistance. Besides the MOSFET con-

duction losses, it is also important to take into account the MOSFET switching losses

since some topologies can have a higher number of MOSFETs changing their state when

going from a phase to the next. Fig. A.8 shows a comparison between the MOSFET

switching losses of the five SC topologies. The series-parallel topology has the high-

est switching losses due to the relatively large number of MOSFETs changing between

on/off when going from one phase to the next. Fig. A.9 shows a comparison between

the efficiency of the five SC topologies including the losses of the MOSFETs, the flying

capacitors, and the inductor.
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Table A.1: Design specifications for an example converter.

Operating Points

Input voltage (VIN) 5 V

Output voltage (VOUT) 1 V

Load current (ILOAD) 0.1 – 3 A

MOSFET sizing optimization point:
@ ILOAD

@ VIN

@ VOUT

1 A
5 V
1 V

Power MOSFETs

Technology node 180 nm

Maximum overdrive voltage (VD) 1.8 V

rON (parasitic on-resistance per one meter) 0.58 mΩ.m

CG (gate-to-source capacitance per unit width) 1.75 nF/m

CD (drain-to-source capacitance per unit width) 0.4 nF/m

CJ (junction capacitance per unit width) 0.3 nF/m

Voltage rating 1.8 V

Design Parameters

Switching frequency (FSW) of VX node 2.5 MHz

Inductor size (L) 500 nH

Inductor DC resistance (DCR) 30 mΩ

Flying capacitor equivalent series resistance (ESR) 5 mΩ

The SMML topology and the Dickson topology achieve the highest efficiency

with the SMML topology having a slightly better efficiency. For a more detailed com-

parison between these two specific topologies, both topologies has internal charge shar-

ing losses between the flying capacitors. However, this internal charge sharing losses in

the SMML topology allow the flying capacitors to be naturally balanced and this bal-

ancing is ensured phase-by-phase. In the Dickson topology, despite the internal charge

sharing, the flying capacitors are not naturally balanced and balancing circuits might be

needed. Designing these balancing circuit can be complicated specially if they are re-

quired to react quickly when the converter undergoes large transients in the load current.

If the flying capacitors deviate from their nominal voltages, even for a brief amount of

time, this can still cause critical reliability issues for the power MOSFETs. Regarding

the count of the needed flying capacitors, the SMML topology employs four capacitors
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Figure A.7: Comparison between different SC multilevel topologies in terms of the conversion
efficiency.

Figure A.8: Comparison between different SC multilevel topologies in terms of the total con-
duction losses in the converter.
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Figure A.9: Comparison between different SC multilevel topologies in terms of the total switch-
ing losses in the converter.

while the Dickson topology employs three capacitors. However, the voltage rating on

some capacitors in the Dickson topology is higher than that of the SMML topology.

Fig. A.9 shows the FCML has some moderate performance among other SC

topologies. However, a main attractive feature of the FCML topology is that it can

theoretically provide an output voltage across the full range of VIN without the need of

any modification in the topology, and with a simple direct PWM control of the switches.

If it is desired to operate across a wide output range, most of the other SC topologies

would require the additions of more switches and capacitors to the topology which will

eventually degrade their performance.

Almost each SC topology has its own advantages that can make it more suited

for a certain application. The model derived in this appendix provides more insight on

the performance of different SC topologies when employed in multilevel converters and

can help selecting the best suited SC topology for the target application.
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