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A time will come to ride the wind and cleave the waves,

I’'1ll set my cloud-white sail and cross the sea which raves.

Li Bai (Li Bo), one of the greatest romantic poets from China



For the young man who stays curious and passionate during the journey.



ACKNOWLEDGMENTS

I would like to thank members of my thesis committee for their extensive personal and
professional guidance. Each of them taught me about scientific research and life. Without
their help, I can not go this far as a Ph.D. candidate.

I would like to thank my colleagues from ICSRL: Ningyuan, Muya, Jonghyeok, and
many others. Ningyuan guided my research when I came in. He is like a mentor and an
older brother to me always. Muya has the best knowledge for tape-out flows. He was
helpful and gave me lots of valuable information during my early Ph.D. time. Jonghyeok
is a brilliant and great researcher, we had a lot of great lunch times. The discussions with
my colleagues from circuit designs to everyday life are enjoyable and always valuable
memories to me. It was my great honor to work with them.

Special thanks to my advisor Dr. Arijit Raychowdhury. He has broad knowledge in
semiconductors, and it was always beneficial to talk with him. He never gave me tough
times but instead using his wisdom to motivate me to overcome difficulties and be a good
researcher. His selfless support and mentorship were important to every graduates, espe-
cially during the pandemic.

The author gratefully acknowledges the support for this work by Semiconductor Re-
search Corporation, IBM and Intel. They offer amazing internship and full-time job oppor-
tunities. Special thanks to Dr. Xin Zhang, who was my mentor during my internships for
his valuable guidance.

Last but not the least, I would like to thank my family members during this journey.
Though they are far away on the other side of the planet, their encourage and love are
beyond this long distance and always with me. Finally, I would like to thank Zoey, my

future wife, for bringing beautiful love into life.



TABLE OF CONTENTS

Acknowledgments . . . . . . . . . . i ittt e e e e e v
Listof Tables . . . . . . . . . i i i it it et it ettt i et ix
Listof Figures . . . . . . . . . @i it ittt it ittt ittt e e X
Listof Acronyms . . . . . . 0 v i it i i i it et e e e e et e e e e e e XV
Chapter 1: Introduction . . . . . . . . . i 0 i i i i i ittt ittt o e oo nas 1
1.1 Motivation and Challenges of High Voltage PoLL Converters . . . . . . . . . 1
1.2 Design Methodology . . . . . ... ... ... .. ... ... ... 5
1.3 Literature Review . . . . . . . . . . ... 8
1.4 Dissertation OVerview . . . . . . . . . . . v vt e e e 13

Chapter 2: Simulation Framework: Basic Operations, Loss Analysis, Converter

Prototype and Design Space Exploration . . . ... .......... 15
2.1 Introduction . . . . . . . . .. 15
2.2 Basic DC-DC Converter Operation . . . . . . . .. ... ... ....... 16
2.3 LossAnalysis . . . . . . . . . e 17
2.4 Converter Prototype . . . . . . . . . . .. 22
2.5 Design Space Exploration . . . . . . . ... ... .. L. 25

vi



2.6

2.5.1 PowerDevices . . . . . . . . 25

252 Topology . . . . . . e 28
2.5.3 Switching Frequency and Inductance . . . . . . .. ... ... ... 30
Conclusion and Discussion . . . . . . . .. ... ... .. .. ... ..., 32

Chapter 3: Reconfigurable Design: A GaN-Based Reconfigurable and Programmable

3.1

3.2

33

34

3.5

Hybrid Converter . . . . . . . . ¢ vt i v i it ittt v et e o e s 34
Introduction . . . . . . .. L 34
Series-Parallel Hybrid Topology . . . . . . . .. ... ... ... ..... 35
System Architecture and Circuit Implementations . . . . . ... ... ... 39
Experimental Results . . . . . ... ... ... ... L. 43
Conclusion and Discussion . . . . . . .. ... ... ... 46

Chapter 4: Self-Optimized Design: A Hyrbid Converter with On-Chip Run-

4.1

4.2

4.3

4.4

4.5

4.6

Time Optimization and GaN/Si Hybrid Conversion . . . . ... ... 49
Introduction . . . . . . ... 49
Three-Level Hybrid Dickson Topology . . . . . . . . ... ... ... ... 50
Optimization Algorithm . . . . . . . . . .. .. ... o 57
System Architecture and Circuit Implementations . . . . . . .. ... ... 61
Experimental Results . . . . .. ... ... ... .. ............ 68
Conclusion and Discussion . . . . . .. .. .. ... ... ... 73

Chapter 5: High-Density Design: A Hyrbid Converter with Low Profile Induc-

5.1

5.2

tors and Fully On-Chip Boostrapping Circuits . . . . ... ... ... 75
Introduction . . . . . ... L 75
Dual-Path Hybrid Dickson Topology . . . . . . .. ... .. ... ..... 77

Vil



5.3 System Architecture and Circuit Implementations . . . . . . ... ... .. 82

54 SimulationResults . . . ... ... o o 88
Chapter 6: Conclusion . . ... .. ... ittt ittt eeteneeeos 91
6.1 Timeline and Contributions . . . . . . . . . ... ... ... ... ... .. 91

6.2 Hybrid Topologies Enable Efficient Power Conversion . . . ... ... .. 94

6.3 Computational Methods Optimize the Performance . . . .. ... ... .. 94

6.4 Future Research Directions . . . . . . ... ... ... .. ......... 95
6.4.1 Highly Scalable Topologies . . . . . . ... ... ... ....... 95

6.4.2 Machine Learning and Computational Methods . . . . . . . .. .. 95

6.4.3 Fast Transient Response Controls . . . . . .. ... ... ..... 96

6.4.4 System Integration Techniques . . . . . . ... ... ... ..... 96
Appendices . . . . . L L.t e e e e e e e e e e e e e e e e 98
Appendix A: ChipGallery . . . . . ... ... ... ... 99
References . . .. ... .. i i ittt it ittt ii et 101
L 108

viil



2.1

3.1

4.1

4.2

4.3

5.1

5.2

5.3

LIST OF TABLES

List of investigated devices. . . . . . . . . . . . ... ... ... ..... 26
Component list of the proposed converter. . . . . . .. ... ... ..... 39
Switching voltages and duty ratios of recent 48-to-1 V hybrid converters . . 50
Off-chip component list of the proposed converter. . . . . . . .. ... ... 61
Power switch list of the proposed converter. . . . . . ... ... ...... 61
Size of recent high voltage point-of-load (PoL) converters. . . . . ... .. 76
Off-chip passive components list of the proposed converter. . . . . . . . .. 83
Power switch list of the proposed converter. . . . . . ... .. ... .... 83

1X



11

1.2

1.3

1.4

1.5

1.6

1.7

2.1

2.2

2.3

2.4

2.5

LIST OF FIGURES

Ef cient high voltage conversion powers future applications. . . . . .. .. 2

Motivation to high voltage PoL converters: (a) conventional 48-to-12-to-1
V power delivery, and (b) next generation 48-to-1 V power delivery in data
CENLEIS. . . . . . e 2

Challenges and technical approaches in high voltage PoL converters: de-
vice level, circuit level, and controllevel. . . . . . .. ... ... ... ... 5

(a) Conventional design methodology based on designer's experience and
SPICE simulations. (b) Proposed computation-assisted design methodol-
ogy based on a simulation framework. . . . ... ... ... ... ... .. 6

Half bridge topologies: (a) conventional half bridge topology, (b) two-
phase half bridge topology, and (c) multi-phase half bridge topology. . . . . 8

Hybrid topologies: (a) three-level buck topology, (b) double step-down (se-
ries capacitor buck) topology, and (c) multi-level hybrid Dickson topology. . 10

A summary of state-of-the-art of non-isolated high voltage step-down con-
VEITEIS. . . . . o e e 13

Operation of the half-bridge topology: (a) operating states. (b) key wave-

formsand equations. . . . . . ... 16
Circuit model for (a) Power switch and (b) inductor. . . . . . .. ... ... 17
Loss models and analysis on the half-bridge topology. . . . . . . . ... .. 18

Turn on process of power switches. (a) High-side switch. (b) low side switch. 19

Comparison of proposed loss models and SPICE simulations. (a) Half-
bridge converter with GaN FETs at differengV (b) Half-bridge converter
with Sidevices atdifferentsfy. . . . . . . . . . .. .. oL 21



2.6 Half-bridge converter prototype in 0.18 um BCD process: chip die shot,

circuit schematic, and characteristics. . . . . . . . . . . ... ... ..... 23
2.7 Measured efciency at 24V . (a) Voutr =1 V. (b) Vour=08V.. . . .. 23
2.8 Measured efciency at48 V . (a) Vout =1 V. (b) Vour=08V.. . . .. 24

2.9 (a) Measured delivered power and duty ratio. (b) Measured load regulation
underdifferent \duT. . . . . . o o e e e e e e 25

2.10 Comparison of Si and GaN power devices: (a) FOMgor Ross and (b)
FoM = Ron QG- ................................ 26

2.12 Design space of power devices at (a) 2.5 Vand (b) 3.3W%V. . . . . .. 27
2.13 Design space of topologiesat (@) 0.5Vand (b) 1V . . . . . . . . .. 28
2.14 Design space of topologies at (a) 2.5V and (b) 3.3WV. . . . . .. .. 29
2.15 Design space off, and inductor atdyt=0.2A. . . .. ... ... .. .. 30
2.16 Design space off, and inductor atdyr =10A. . . . .. ... ... ... 31

2.17 A summary of state-of-the-art of non-isolated high voltage step-down con-
verters (copy of Figure 1.7). . . . . . . . . .. 32

2.18 Ef ciency and topology from proposed design space exploration at design
pointsof priorarts. . . . . . . .. ... 32

3.1 Proposed series-parallel (SP) hybrid topology. . . . . . ... ... ... .. 35
3.2 Topology operation states and corresponding waveforms. . . .. ... ... 35
3.3 Recon guration (series capacitor buck topology) of proposed topology.. . . 36
3.4 Recon gured (SC) topology operation states. . . . . . ... ... ..... 37
3.5 fswandpyR tuning for improved ZVS. . . . ... Lo oL 38
3.6 Scalability of the proposed topology. . . . . . .. ... ... ... ..... 38

3.7 System architecture of the proposed converter. . . . . . . ... ... .... 39

Xi



3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

4.1

4.2

4.3

4.4

4.5

4.6

4.7

Sub-ns high voltage oating level shifter with improved reliability. . . . . . 40

Gate driver with asymmetricfactor [5]. . . . . . . . . . .. ... ... ... 41
Proposed switched-mode digital PID/l controller. . . . . ... .. ... .. 42
Windowed comparator baseg@dp controller. . . . . ... .. ... ... 43
Chipdieshotand characters. . . . .. .. .. ... .. ... ........ 43
Converter board photo. . . . . .. ... ... ... .. .. 44
Measured switching node waveforms @i and Vswpo . . . . . . . .. 45
Measured load step responses. . . . . . . . ... e 45

Measured ef ciency at 48 V \{ and improvement with proposed controls. . 46

(a) Measured ef ciency at 24 V\y. (b) Measured efciency at 12 V ). . 46
Measured load regulation. . . . . . . .. ... ... ... . a7
Measured lineregulation. . . . . . . . ... ... ... .. ... ... 47
Comparison with state-of-the-art. . . . . .. .. ... ............ 47
Tri-state DSD topology [27] showing ef cientQtilization. . . . . . . .. 51

G-, related operating states in tri-state DSD topology showing unbalanced

G v o e e 51
Proposed three-level hybrid Dickson topology. . . . . . . ... ... . ... 52
Operating states the proposed topology. . . . . . ... .. ... ... ... 53
Key operating waveforms of the proposed topology. . . . . . . .. ... .. 54

G-, related operating states in the proposed topology showpgs€lf-
balancing. . . . . . . ... 55

(a) Equivalent two-phase topology. (b) Charge piiltwo-phase topology.
(c) Charge of I, in two-phase topology showing hard charging. . . . . . . . 56

Xii



4.8 (a) Charge of Lin three-phase topology (b) Charge of in three-phase
topology avoids hard charging. (c) The third phase splisiCthree-phase

topology. . . . . . e 56
4.9 (a) Simulated ef ciency overfy at different byt. (b) Loss distribution of

Pcand RonD OVEr louT. -+« o o o o e e e e e e e e e 58
4.10 Circuit model of a power switch. . . . . .. ... ... ... .. ...... 59
4.11 System architecture of proposed high voltage converter. . . . . . ... ... 62

4.12 Proposed high reliability digital-assisted high voltage oating level shifter. . 63

4.13 Simulation waveforms of proposed levelshifter showing improved reliability. 64

4.14 Proposed current sensing frontend amplier.. . . . . .. .. ... .. ... 65
4.15 Proposed hybrid ADC achieving small area and power. . . . . .. ... .. 65
4.16 Circuit diagram of proposed digital gradient descent optimization method
forfowand Ne. . . . . . e e e 67
4.17 Chipdieshotandcharacters. . . . . . .. .. ... ... ... .. ..... 69
4.18 Measured switching voltages showing 10x voltage reduction and ying ca-
pacitor self-balancing. . . . . . .. .. .. ... .. ... 70
4.19 Measured ef ciency at 48-to-1 V and 48-0.7 V conversion. . . . .. .. .. 70
4.20 Measured ef ciency improvement with proposed optimization at 48-to-1 V
compared to normal operatiors(f =2 MHz, Ne=8). . . . . . .. .. ... 71
4.21 Measured ef ciency improvement with proposed optimization at 48-to-1 V
compared to normal operatiorns(f =1 MHz, Ne=8). . . . . . .. .. ... 71
4.22 (a) Measured optimaldover loyt. (b) Measured optimakfy over output
current (but). « « « v v o e e e e e e 72
4.23 a) Measured low-to-high step response. (b) Measured high-to-low step re-
SPONSE. . . . . o e e e e e 72
4.24 Measured current SENSING €rror. . . . . . . . . v v v i e 72
4.25 Comparison with state-of-the-art. . . . . . . .. ... ... ... ...... 73

Xiii



5.1 Inductor DCR,dar, and kar overthevolume. . . . . . . . . . . ... ... 76
5.2 Proposed dual-path hybrid Dickson topology. . . . . . . ... ... .... 77
5.3 Operating states of proposed topology. . . . . . .. .. ... ... ..... 78
5.4 Keywaveforms oftheoperation. . . .. .. ... ... .. ......... 79
5.5 Comparison of lamong different topologies. . . . . . . ... .. ... .. 81
5.6 Simulated lossoninductors. . . . . . . ... ... oo 82
5.7 System architecture of proposed converter. . . . . .. .. .. ... ... .. 83
5.8 Conventional BST circuits. (a) Stacked BST. (b) Capacitor coupled BST. . . 84
5.9 Proposed stacked DCT BST forreduced< . . . . . ... .. ... ... 85
5.10 Operation waveforms for proposed stacked DCT BST circuits. . . . . . .. 86
5.11 Proposed shared DCT BST forreduced:C . . . . . .. .. ... .... 87
5.12 Operation waveforms for proposed shared DCT BST circuits. . . . . . . .. 87
5.13 Chip die shot and characteristics. . . . . . . .. .. ... ... ....... 88
5.14 Converterboardphoto. . . . . .. . .. .. .. ... 89
5.15 Simulated efciency. . . . . . . . .. 89
5.16 Simulated RMS value of the inductor current. . . . . . . ... ... .... 90
6.1 Timeline from2019t02020. . . . . . . . . . . . . . ... 92
6.2 Timeline from2020t02022. . . . . . . . . . . . . . .. 93

Xiv



LIST OF ACRONYMS

ADC analog-to-digital converter

Al arti cial intelligence

ASICs application-speci c integrated circuits
BCD Bipolar-CMOS-DMOS

DC direct current

DCM discontinuous conduction mode
DCR DC resistance

DPAs distributed power architectures

ESR equivalent series resistance

fsw switching frequency

FCCM forced continuous conduction mode
FETs eld-effect transistors

FoM gure-of-merit

GaN Gallium Nitride

lout output current

ICs integrated circuits

loTs Internet of things

LDMOS laterally-diffused metal-oxide semiconductor
PCB printed-circuit-board

PID proportional-integral-differential

PoL point-of-load

PWM pulse-width modulated

XV



Si silicon

SPICE simulation program with integrated circuit emphasis
toeap dead time

uP microprocessors

Vereak breakdown voltage

V |\ input voltage

Vout Output voltage

Vstress Voltage stress

VCR voltage conversion ratio

ZCS zero-current switching

ZVS zero-voltaeg switching

XVi



SUMMARY

High voltage power bus (48 V) is replacing conventional 12 V power bus in many sys-
tems such as data centers and auto-motives for improved power delivery ef ciency and
capability. Therefore, high voltage point-of-load (PoL) DC-DC converters (48-to-1 V) are
essential in future systems. This dissertation explores circuit designs of high-ef ciency
high-density non-isolated high voltage PoL converters. Chapter | provides an overview
of PoL converters, including the motivation and challenges to high voltage PoL convert-
ers, the proposed design methodology and a review of state-of-the-art high voltage PoL
converter works. Chapter Il presents a simulation framework that supports the proposed
computation-assisted PoL converter design methodology. It includes the basic operation
of switching converters, a loss analysis, a half bridge prototype, and a design space explo-
ration. Based on Chapter Il, Chapter Il to V discuss PoL converter designs and implemen-
tations in detail. Chapter Il presents a recon gurable and digital programmable hybrid
PoL converter design that supports wide range of operation. It also presents a high reliable
gate driving stage and an area-ef cient switched-mode regulation control. In Chapter IV,
a self-optimized three-level hybrid converter with Gallium Nitride (GaN)/silicon (Si) hy-
brid conversion is proposed. The proposed circuits not only achieve high ef ciency with
the run-time optimization, but also reduces the required number of capacitors for improved
power density. Chapter V presents a dual-path hybrid converter design with low pro le
inductors and fully on-chip bootstrapping circuits for extreme high current density. By
reducing currents on inductors, it avoids bulky inductors while maintains high ef ciency
and high output current. Finally, conclusions are drawn in Chapter VI with insights gained

from previous chapters as well as discussions on future PoL converter research directions.

XVii



CHAPTER 1
INTRODUCTION

DC-DC converters which convert direct current (DC) voltage levels to other levels play
an important role in today's electronic systems. They are widely used for converting and
delivering supply voltages in systems such as cell phones, laptops, auto-motives and data
centers. Depending on the speci c application, DC-DC converters are able to bring down
voltages (step down), increase voltages (step up) or invert voltages (inverting). As one type
of step down DC-DC converters, point-of-load (PoL) converters are used in distributed
power architectures (DPAS) to step down a relatively high power distribution bus voltage to
lower voltages needed by system components such as microprocessors (uP), application-
speci c integrated circuits (ASICs), and other digital integrated circuits (ICs). PoL convert-
ers are used as the nal link in the power conversion chain and directly connected to load
devices. Therefore, they are required to have high ef ciency, compact size, and provide

well-regulated voltages.

1.1 Motivation and Challenges of High Voltage PoL Converters

With the proliferation of cloud computing, arti cial intelligence (Al) and Internet of things
(IoTs) (Figure 1.1), power demanded in auto-motives and data centers is increasing rapidly
[1]. The conventional multi-stage (48-to-12-to-1 V) power delivery system (Figure 1.2 (a))
will not be suitable in the future due to its limited power delivery capability. Therefore,
single-stage power delivery with high voltage power bus (up to 60 V, typically 48 V) is
emerging (Figure 1.2 (b)). By eliminating the 12 V power bus and direct converting 48 V

to load voltages, the 48 V power bus has the following bene ts:

1. With four times higher voltage, it is capable of delivering four times higher power



Figure 1.1: Ef cient high voltage conversion powers future applications.

Figure 1.2: Motivation to high voltage PoL converters: (a) conventional 48-to-12-to-1 V
power delivery, and (b) next generation 48-to-1 V power delivery in data centers.

with the same thermal capability on power cables.

2. It shows four times lower current on power cables compared to the 12 V power bus,
which reduces the conduction losg@Rp) up to 16 times, resulting in higher overall

ef ciency.



3. Fewer converters are required, reducing the system volume and complexity, which

achieves lower cost, higher power density and higher reliability.

Therefore, PoL converters with high voltage conversion ratio (VCR) (input voltage
(V\n)/output voltage (Mut)), high ef ciency, compact size, and tight regulation are highly
demanded for the future power delivery system.

Among various DC-DC converter categories, below are three types of step down DC-

DC converters and their features:

1. Linear regulators: can provide fast regulation, but ef ciency is inversely proportional

to VCR. Higher VCR leads to lower ef ciency.

2. Switched capacitor converters: can bring down voltage ef ciently, but only ef cient

at xed VCR. Capacitors only support limited output currergyd).

3. Switched inductor converters (switching converters): high ef ciency at wide range
of VCR and are capable of handling high current. Large inductance may increase the

size and cost, but it can be reduced with the frequency scaling.

Therefore, only switching converters are well-suited for high voltage PoL converter
designs. Conventional high voltage switching converters use bulky transformers as isola-
tions to bring down the } and operate at low frequency to maintain high ef ciency [2].
However, it requires large passive components which hurts the power density and exceeds
the height limit of the sever blade. With advances in semiconductor such as Si, and GaN,
non-isolated high voltage switching converters become promising solutions.

However, ef cient high voltage conversion in non-isolated PoL converters is not trivial.

Challenges for it can be separated into three levels (Figure 1.3):

1. Device level: Due to high \, the voltage stress @fres9 on each power switches
increases. Therefore, devices with high breakdown voltageg)) are required

which have large on-resistanced} and parasitics. High voltage devices bring high

3



power loss (Poss) challenging the ef ciency, and their large parasitics slow down
turn-on and turn-off processes challenging the speed of the regulation. Moreover,
power devices with high Mreak are not as dense as low voltage ones. They require

more area, which challenges the power density.

2. Topology level: Topology greatly affects the converter's performance including ef-
ciency, power density, and reliability. Conventional switching converter topologies
such as the half bridge topology are not suitable for high VCR due to their low ef -
ciency and extremely low duty ratio (discussed in Chapter Il). Moreover, due to high
degrees of freedom in topology designs, nding the optimal design which achieves

high ef ciency with low complexity remains a challenge.

3. Control level: One responsibility of the controller is to drive power devices correctly
to provide basic operation for the converter. However, with high ¥ome devices
require high voltage driving, which challenges the reliability and speed of the con-
troller. Next, step response largely depends on the controller design. To achieve fast
response, the controller need to detect voltage variations precisely and respond fast
to recover it. In high voltage converter, the loop gain of the system is high due to
high V\y. Therefore, achieving high control bandwidth with enough stability mar-
gin remains a challenge. On the other hand, control methods such as zero-voltaeg
switching (ZVS), zero-current switching (ZCS) and dead timga@) control can
signi cantly improve the converter's performance. However, most of them are only
designed for speci ¢ converters. More ef cient and generalized control methods or

algorithms remain investigation.

Possible technical approaches to overcome above challenges are shown in Figure 1.3.
First, to overcome challenges from devices, proper device selection is essential. The se-
lected devices should tolerate theig¥ess but also be properly sized depending on load

conditions. Moreover, devices made from different materials can be used together in a PoL



converter to form a heterogeneous integration, providing optimized performance. Second,
to overcome issues in conventional topologies, the development of new topologies such
as hybrid topologies to bring down voltages ef ciently is required. To reduce the design
complexity, a computation-assisted design methodology which reduces the number of sim-
ulation program with integrated circuit emphasis (SPICE) simulations can save the design
time. Finally, to overcome control level challenges, gate driving stages should have high
reliable level shifters and energy ef cient gate drivers. Recon gurable or programmable
designs are preferred to ne tune the converter. Computational control methods such as
self optimization can be used as a generalized method to enhance converter's performance.
In next Chapters, the author will discuss proposed designs based on above technical ap-
proaches to overcome circuit design challenges in high voltage PoL converters, and demon-

strate computationally-enhanced high-ef ciency high-density high voltage PoL converters.

Figure 1.3: Challenges and technical approaches in high voltage PoL converters: device
level, circuit level, and control level.

1.2 Design Methodology

Figure 1.4 (a) shows the conventional PoL converter design methodology based on de-
signer's experience. First, from design targets, the designer selects proper devices, and the

converter topology based on his/her own experience. Then, SPICE simulations are per-



Figure 1.4: (a) Conventional design methodology based on designer's experience and
SPICE simulations. (b) Proposed computation-assisted design methodology based on a
simulation framework.

formed to verify it. If it meets the requirement, the prototype is fabricated and measured.
If not, another design iteration is performed. Similar for the prototype stage, if it doesn't
meet design requirements, another iteration is required. Finally, after several iterations, the

design is nalized. However, this design methodology has the following drawbacks:

1. It largely depends on designer's knowledge. Different designers lead to different
design times. Due to the high variety of topologies and devices, even experienced

designer cannot select proper topology and devices in a short time.

2. The SPICE simulation for converters is time-consuming, which increases the design

cycle if large number of iterations are required.

3. The knowledge gained from each design iteration is acquired by the designer. Due
to the limited human memory, the knowledge may be lost in the future. More impor-

tantly, the knowledge cannot be shared with others easily.

6



To overcome the weakness in the conventional design methodology, and reduce the de-
sign complexity, Figure 1.4 (b) shows the proposed computation-assisted design method-
ology. First, the designer is no longer responsible for selecting the converter topology and
devices. Instead, a simulation framework will take in design targets and search over the
large design space. Based on mathematical loss models in it, it calculates the ef ciency for
each possible designs, and nally gives optimized design choices. After that, the designer
can use it as a start point, and add necessary modi cations to enhance it. Then SPICE sim-
ulations are used to verify the design, and iterations are performed if needed. During each
iteration, not only the designer gains experience, but also the proper calibration and update
can be added to make the framework more accurate. Finally, the prototype is fabricated and
the design is nished. Compared to the conventional methodology, it shows the following

bene ts by using computation-assisted model simulations:

1. The simulation framework can store as many topologies and devices as possible,
overcoming limitations of designer's experience level. Moreover, designers can focus

on the modi cation and optimization of the topology, which is a more creative work.

2. Although the model simulation stage is added, it avoids large number of SPICE sim-
ulations, which is time-consuming. An well-developed simulation framework can
signi cantly reduce number of iterations. Therefore, the overall design time is re-

duced.

3. The knowledge from each iteration can be fully added and stored to the simulation
framework, and it is open to everyone who uses it. Each design iteration enhances

the framework and saves time for future designs.

With above bene ts, the proposed design methodology liberates the designer from the
repetitive work of selecting topologies and devices, and shortens the design time. More-

over, it can be enhanced and shared easily during each design cycle. To ful Il the proposed



design methodology, a simulation framework is required, which will be discussed in Chap-
ter 1. Chapter Ill to Chapter V present three high voltage PoL converter designs that use

design choices from the framework as starting points.

1.3 Literature Review

Historically, the half bridge topology is the most common design in step-down DC-DC
converters due to its simple structure and compact size (Figure 1.5 (a)). It can be eas-
ily scaled to a multi-phase converter (Figure 1.5 (b), (c)). Multi-phase converters reduce
current and voltage ripples, provide faster step response and support higher current as dis-
cussed in [3]. However, conventional multi-phase buck converters require current controls
to ensure proper current sharing between all inductors, increasing the design complexity.
Recently, a lot of efforts have been done to improve performance of the half bridge topology
at high V. toeap is the time period when both power devices are turned-off. Prepgs t

is required for ZVS of the low-side device while non-optimizggasb increases losses.

toeap IS largely depended orplir SO control techniques that can turgdp dynamically

Figure 1.5: Half bridge topologies: (a) conventional half bridge topology, (b) two-phase
half bridge topology, and (c) multi-phase half bridge topology.

are necessary. [4] presentspasp minimizer that minimizes the time interval between
turn-off of the high-side device and turn-on of the low-side deviggad can be as low
as 0.2 ns, avoiding the diode conduction and reverse recovery loss. In [5], an 18-to-1.8

V half bridge converter with a 125 ps resolution mixed sigaahg control technique is
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proposed. It uses windowed comparators to sense the switching node voltage and constrain
toeap Within a optimal range. Over 4.5% ef ciency improvement is observed withdt
control in [5]. When gyt is low, inductor current becomes negative in a short period due to
the current ripple on it. Conventional half bridge converter uses discontinuous conduction
mode (DCM) to avoid negative inductor current. However, with forced continuous conduc-
tion mode (FCCM)), ZVS occurs on the high-side device that reduces the switching loss.
In [6], a 48-t0-5 V half bridge converter with FCCM angkfp control is proposed, which
shows a 14% ef ciency improvement. However, the negative inductor current required for
ZVS varies with pyt. As loyt decreases, negative current becomes larger and excessive,
which results in substantial power loss at high switching frequengy).(fTo solve above
issue, [7] proposes an adaptive zero-voltage-transition (ZVT) control. The auxiliary branch
dynamically controls the current ripple that avoids unnecessary large current ripple on the
inductor.

Recently, GaN eld-effect transistors (FETs) show their advances over traditional Si
power devices at high voltage, as they offer much smallgr &d parasitic capacitance
[8]. The half bridge topology can be improved by incorporating GaN switches at the cost
of monolithic integration. [9] presents a 20 \{\V16-phase half bridge converter that GaN
FETs and the Si controller chip are face-to-face bonded. It reduces inductive parasitics for
the connection to less than 15 pH. However, since GaN FETSs lack body diodes, destructive
overcharge on bootstrapped gate drivers will happen in higho¥ high loyt conditions.
Therefore, [10] proposes a active bootstrapping balancing scheme that avoids overcharging
of bootstrapping capacitors. Although many control methods have been developed to im-
prove ef ciency and reliability of the half bridge topology at higkymost of prior works
are below 80% ef ciency due to the limitation of the topology.

In the half bridge topology, power devices need to toleratgzssequal to fy. Such
high Vstressincreases the switching loss and avoids using high performance low-voltage

devices. Therefore, techniques that reduggr¥ssacross power devices are essential for



high ef ciency. Recently, inspired by switched-capacitor converters, hybrid topologies
emerge. A hybrid topology features capacitors close to the input and indcutors at the output.
It uses capacitors to bring down switching voltages and inductors to handle the current. By
reducing switching voltages, hybrid topologies show promising results [11].

First proposed in [12], the three-level buck topology (Figure 1.6 (a)) uses one ying
capacitor () and four power devices achieves descent ef ciency improvement compared
to the half bridge topology due to its many advantages under high voltage operations [13]
such as the low ¥rressand extended duty ratio. In [14], a 90% ef ciency ZVS controlled
three-level buck converter with up to 100 \{\Ms presented.

However, since power devices are in series, the three-level buck topology is not well
suited for high current applications. Moreover, the three-level buck topology requires C
balancing control since it has only one inductor. Therefore, multi-phase hybrid topologies
become more attractive. In [15], a capacitor is inserted into a two-phase half bridge topol-
ogy forming a double step-down topology or series capacitor buck topology (Figure 1.6
(b)). Detailed comparison between the double step-down topology and the two-phase half
bridge topology is provided by [16]. It reduces half of theriesson low-side power
devices, and €is self-balanced, achieving descent ef ciency improvement. In [17], the
double step-down topology is rst used in 48-to-1 V conversion. It achieves 85.4% peak

ef ciency at 100 KHz &y.

Figure 1.6: Hybrid topologies: (a) three-level buck topology, (b) double step-down (series
capacitor buck) topology, and (c) multi-level hybrid Dickson topology.

For Viy around 48V, the ¥rresson power devices is 24 V in above hybrid topologies,

which still limits the ef ciency. Therefore, higher level hybrid topologies are required.
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Double step-down topology can be extended to more phases and levels for higla@aV

lout applications. [18] presents a double series capacitor buck converter that can reduce
V sTtResstO % of V\y by adding another ying capacitor and two switches to the double step-
down topology. [19] describes how a double step-down topology extends to higher levels
and phases by adding 2N switches, N capacitors, and N inductors. Inspired by [19], [20]
proposes a 12-level series-capacitor buck converter. It keeps the same number of switches
and capacitors, but reduces inductors to only two. Singgésis largely reduced, high
performance low-voltage Si devices are used and only one external GaN FET is used to
withstand high voltage when converter is idle, forming a GaN/Si hybrid conversion with
high ef ciency (90.2%) and current density (998 A/irf¢hin [21], a hybrid Dickson con-
verter is presented by adding a inductor at the output of a switched capacitor Dickson con-
verter. At certain frequency, the inductor also provides resonant operation with capacitors.
To enhance hyrbid Dickson topology, a six-level dual-phase dual-inductor hybrid (DPDIH)
(Figure 1.6 (c)) converter is proposed in [22]. Instead of using single inductor at the output,
it adds another inductor which saves two power devices. It has similar operation with a hy-
brid Dickson converter, but has an additional freewheeling phase for inductgfig:<¢on
low-side devices is reduced by six times so that it achieves over 93% ef ciency at 48-to-1
V conversion. However, DPDIH requires split-phase control for soft charging of ying ca-
pacitors [23, 21], which increases the control overhead. In [24], four indcutors are used in a
four-level hybrid Dickson converter forming a dual-phase multi-inductor hybrid (DPMIH)
topology. It has inherentgsoft charging without any additional controls. 90.9% ef ciency

at 30 A lpyt is reported in [24]. The hybrid Dickson converter has good scalability. In [25],

a three-phase six-level multi-phase multi-inductor hybrid (MPMIH) converter is presented.
By adding one inductor and one power device, it increaggsfrom 10 A in [22] to 40

A with 94.6% peak ef ciency. In [26], a seven-level DPDIH topology is presented. It is
capable of 120-t0-1.8 V conversion with 91.5% peak ef ciency. It also presented a capac-

itor sizing strategy enabling soft charging. Topologies based on hybrid Dickson converter
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show good ef ciency at high voltage. However, they require large amount of components,
especially large off-chip capacitors. To improve the power density, a tri-state double step-
down topology is proposed in [27]. It reduce¥essfour times using only two €. By

ef ciently utilizing both capacitors and inductors, it achieves 476 mW/npower density

at 24-to-1 V conversion.

Hybrid topologies show good ability for high voltage conversions. However, the phase
scalability of them depends on their levels. For instance, a four-level DPDIH topology can-
not be extended to three phases because of its limited capacitor paths. Therefore, topologies
that can scale levels and phases separately are demanded. Merged two-stage topology (Fig-
ure 1.6(c)) was rst proposed by [28]. Unlike conventional two-stage converters which re-
quire large inductors and capacitors to regulate the intermediate voltage, merged two-stage
topology eliminates these large passives and uses the half bridge converter as a current
source at the next stage to achieve soft charging. [28, 29, 30, 31] propose many merged
two-stage topologies that are not only phases extended but also vertically stackable. The
half bridge converter at the second stage can be extended to arbitrary phases fgghigh |
The switched capacitor converter at the rst stage can be stacked each other so that each
sub-converter only tolerates part of\V It supports 300 Adyr at 48 V V.

Recently, integrated 48-to-1 V converters are emerging, providing highemd dense
integration. [32] presents a hybrid converter with ladder switched capacitor network and
capacitor-assisted dual-inductor Itering. It adopts all on-chip Si devices, achieving 5 MHz
fsw. Similarly, in [33], a 48-to-1 V hybrid converter with all Si switches are discussed. It
reduces series-connected switch paths, reducing conduction loss. Based on the double step-
down topology, [34] presents a 48-to-1 V quadruple step-down (QSD) converter with 12
V on-chip laterally-diffused metal-oxide semiconductor (LDMOS) and hysteresis controls,
achieving fast step response at high voltage conversion. Besides monolithic Si integra-
tion, monolithic GaN solutions also show promising results. [35] presents a monolithic

asymmetrical half-bridge power converter, achieving direct 48-to-1 V conversion on an
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enhanced-mode GaN process. With the high performance and density of GaN FETS, it
achieves 83.4% ef ciency and 1.1 A/nfraurrent density.

A summary of recent arts is shown in Figure 1.7 [4,5, 6, 7, 9, 10, 14, 17, 20, 22, 24, 25,
26, 27, 36]. The top right corner means harder implementation. Different shapes and col-
ors represent different topologies and power devices, respectively. Larger size of the scatter
represents highepl;r. Hybrid topologies are labled by the square and GaN solutions are
labled by the blue color. As shown in Figure 1.7, hybrid topologies show signi cantly
improved ef ciency over the conventional half bridge topology while the half bridge topol-
ogy is limited at low conversion ratios. Hybrid topologies are promising solutions for future
power delivery systems. In addition, few of prior arts implement computational methods
to optimize the ef ciency dynamically. Most of them are set in advance and cannot be

modi ed after the fabrication.

Figure 1.7: A summary of state-of-the-art of non-isolated high voltage step-down convert-
ers.
1.4 Dissertation Overview

In the following Chapters, the author will discuss the basic operation, loss analysis, design

space exploration, topology development, control algorithm and circuit implementations of
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high voltage PoL converters. In Chapter I, a simulation framework with loss analysis and
design space exploration will be discussed, which supports the proposed design methodol-
ogy. Chapter Il presents a recon gurable hybrid converter design, achieving wide oper-
ation range. A computational self-optimized hybrid converter design will be discussed in
Chapter IV. In Chapter V, a heterogeneous-integrated high power density converter design

is provided. Finally, the author will draw conclusions in Chapter VI.
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CHAPTER 2
SIMULATION FRAMEWORK: BASIC OPERATIONS, LOSS ANALYSIS,
CONVERTER PROTOTYPE AND DESIGN SPACE EXPLORATION

As high voltage power bus (48-60 V) appearsy 6f PoL converters can vary from 5

V (drones) to 60 V (data centers). On the other hangytVof converters ranges from

0.5 V (processors) to 3.3 V (sensors). Since converter's ef ciency largely depends on

power devices and topologies, such a wide range ofavid oyt at different byt (MmA

to A) along with the high variety of topologies and devices greatly increases the design

complexity of PoL converters. Therefore, to implement the proposed design methodology
and reduce the design complexity, a simulation framework and a design space exploration

are essential.

2.1 Introduction

Prior works [37, 38, 39, 40] of design space for high voltage PoL converters are not com-
prehensive. [37] presents a topology investigation for 48-to-1 V conversion, but it focuses
on isolated topologies. In [38, 39], design spaces of integrated switching power convert-
ers have been presented. However, they have limited current ranges or xed to a single
topology. [40] gives design space for extreme high VCR, but only dual-phase hybrid Dick-
son converters are considered. This work analyzes the basic operation of a half-bridge
converter and gives mathematical loss models of power switches and indcutors. Based
on them, a simulation framework is developed that gives optimized design choices with
given design targets (N, Vour, lout). Next, a comprehensive design space exploration
for high voltage PoL converters including GaN/Si devices, various topologigsahges

and inductor values is presented. This work uses loss models to estimate the ef ciency

with calibration from SPICE simulations. In particular, it focuses on maximum achievable
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ef ciency under given design targets.

2.2 Basic DC-DC Converter Operation

Figure 2.1: Operation of the half-bridge topology: (a) operating states. (b) key waveforms
and equations.

Figure 2.1 (a) shows a half-bridge converter and its operation states. It consists of two
power switches (& and Ss), one inductor and one capacitor. The operation is separated
into two states. In state one, the high-side switghiS turned on, the input source deliver
power to the output. The switching node voltage{yincreases to ), and the inductor
is magnetized. Its current increases. In state two,Sis turned off and & is turned on.

Vsw drops to near 0 V. Since the inductor has negative voltage across it, it is discharged
and | decreases. The energy stored in the passives is delivered to the output. Figure 2.1
(b) shows corresponding waveforms. By alternatively turning,@gye®d Ss, a pulse wave

is generated on ¥y. The inductor and capacitor form a low pass Iter, producing a stable
voltage at \byt which is equal to the average value of\y In other words, it uses g and

S s to determine how much energy from the input is delivered to the output. The longer the

time Sysis turned on, or equivalently, the larger the duty ratio, the more energy is delivered.
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As a result, the higher &7, as shown in the equation in Figure 2.1 (b). In turn, higher
V\n makes the duty ratio smaller. For 48-to-1 V conversion, the duty ratio can be as low as
2.3%, challenging control circuits. Since the inductor is charged and discharged in a cycle,
I. has the current ripple {Jye), and it is determined by the duty ratio, inductance apd f
High liippie leads to additional power loss (d2s), but low kiype requires high dy or large
passives, increasing the area. Finally, additional energy is delivered to the capacitor when
I is over byt while energy is absorbed by the load from the capacitor whes lower
than byr, creating voltage ripple (Mpie) ON Vour. LOw Ve is desired which provides
clean and stable Y.

The above analysis is the basic operation of a pulse-width modulated (PWM) half-
bridge converter. It uses power switches to control the amount of the energy delivered to
the load, and passive components to makgn\stable. However, during this processegs

is inevitable.

2.3 Loss Analysis

Figure 2.2: Circuit model for (a) Power switch and (b) inductor.

In order to analyze and calculated@s in a converter, equivalent circuit models are
required. Since ceramic capacitors have small equivalent series resistance (ESR), this work
considers losses on power switches and inductors. Figure 2.2 shows circuit models for
the power switch and the inductor. The switch is modeled as an ideal switch with its

on-resistance (R), gate capacitor (§) which controls on or off, and output capacitor
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Figure 2.3: Loss models and analysis on the half-bridge topology.

(Cosg)- The inductor is modeled as an ideal inductor with its DC resistancgq)fRand AC

resistance (Rac). Figure 2.3 shows the complete circuit model of a half-bridge converter.
PLoss of the half-bridge converter can be divided into two parts: the switching loss

(Psw) which is proportional todyy and the conduction loss {Bnp) Which is proportional

to loyt. Both of them are illustrated in Figure 2.3:

1. Switching losses (Bw):

(a) Gate drive loss (Rs): To turn on a power switch, its gate capacitoi (s or
Cs,Ls) need to be charged to the drive voltagey V) which is 5 V usually
(Figure 2.4). After turning off the switch, £is discharged to 0 V. Therefore,
energy on G in each cycle. B for high-side and low-side devices can be

estimated by Equation 2.1:

Pc = (Cahs + Cois)Vie fsw (2.1)

(b) Transition loss (Pg): As shown in Figure 2.4 (a), the turn on process g S
is lossy. G ps will rst charged to the threshold voltage () in tswi. Then

the current of it (bs) increases and its gate-to-drain capacitogd)ds being
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Figure 2.4: Turn on process of power switches. (a) High-side switch. (b) low side switch.

(©)

charged @w,). During this time, the drain-to-source voltagepgY of it is not

0 V. After Ips reaching the max, ¥s starts decreasing. Finally,p¥ is near O

V and Sys is fully turned on. This procedure is also called as hard switching
that the switch is turned on when it$¥is not 0 V. The cross-conduction loss

during this transition (Fkan) On S4s can be estimated by Equation 2.2:

1
Prran = EIOUTVSW;MAX (tsw1 + tsw2)fsw (2.2)

Where \swmax IS the max voltage of My, which is equal to  in the half-
bridge topology. Unlike 8s, Prran fOr S s can be avoided with proper dead-
time control [6, 7] (Figure 2.4 (b)). §ss,.scan be discharged by before $s

is turned on. Therefore, 34 is near 0 V when & is turned on, which is also

called ZVS [41].

Output capacitor loss (Pysg): In each cycle, Gssof both devices are charged
from O V to Vswuax. Regardless of the resistance in this path, the charging of

Cossbrings Rysswhich can be estimated calculated by Equation 2.3:

1
Poss = Q(COSS;HS + CossiLs)Vawmax fsw (2.3)
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From Equation 2.3, s not only scales withd,, but is proportional to the
square of ¥wmax. Therefore, Bssusually dominates at high voltage conver-

sion when §yt is not high.

(d) Inductor AC loss (P_ac): The last part of Ry is inductor AC loss (Pac)

which is calculated by the Fourier expansion gfik [42]:
_ 120 X sil(nD)

PLac = D1 D) . (n) Riac (2nf sw) (2.4)

2. Conduction losses (Bonp):

(a) High-side conduction loss (Ronp Hs): Sws IS turned on in state one as shown

in Figure 2.1. Ronp xs during this time is calculated by the duty ratio:

Pconpits = I is Ronns D (2.5)
Where |5 is the root-mean-square (rms) value @f+ including kippie:
- s
’ 14t 12
= rippie
lrms = T . [ (t)]2dt I(%UT + ]Fj; (2.6)

(b) Low-side conduction loss (Ronp,Ls): In state two in Figure 2.1,,§ conducts

current. Therefore, its conduction loss can be calculated by Equation 2.7:

Pconphs = |r2ms RoniLs (1 D) (2.7)

(c) Inductor conduction loss (R-onp,): The last part of Bonp is on the inductor.
Since |fipple goes to Rac, only DC current is on the Ryc. Pconp,. Can be

estimated by Equation 2.8:

(2.8)

_ 2
Pconphs = 1o Ripe
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With above main losses in a half-bridge converter, the ef ciency can be estimated as :

Eff = \/IN IOUT

= 2.9
Vin lout *+ PLoss:total (2.9)

Where Ross otal IS the total power loss of the converter that is the addition £f Bnd
I:)COND-

To verify proposed loss models, Figure 2.5 shows results of loss models compared
to SPICE simulations. The proposed loss models achieve accurate ef ciency tracking with
SPICE simulations for both GaN and Si devices with variowsand &w. In Figure 2.5 (a),

Poss usand Ryss  sbecome dominant when¥is high as expected. Therefore, techniques
that can reduce { become essential for high ef ciency. They not only reduegdbut

also reduce the ¥resson power switches so that low-voltage high-performance switches
can be adopted. In Figure 2.5 (blW’scales with §, that degrades the ef ciency at high
fsw. Atlower fsw, liipple DECOMES larger which increasgsaP. Therefore, an optimakiy

exists, necessitating the design space exploratiogof f

Figure 2.5: Comparison of proposed loss models and SPICE simulations. (a) Half-bridge
converter with GaN FETs at different )/ (b) Half-bridge converter with Si devices at
different fsy.
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Although other topologies have different operations and number of components, main
losses and loss mechanisms of power switches and inductors remain same. For each switch
and inductor, their losses can be estimated by above equations after identifying required
parameters such as the duty ratigw,fVswmax, and so on. Therefore, the above models

can be extended to hybrid topologies easily.

2.4 Converter Prototype

A two-phase half-bridge prototype with GaN FETs has been fabricated and measured for
48-to-1 V conversion. Figure 2.6 shows the die micrograph and circuit schematic. In each
phase, two off-chip GaN FETSs [8] are used as high-side and low-side switches. Off-chip
inductors and capacitors are used as the output lter, and FET-switchable variable resistor
arrays at the output provides different load conditions (DC and transient) for testing. Two
phases share one central digital controller consisting of a time-domain analog-to-digital
converter (ADC), a proportional-integral-differential (PID) controller, and a PWM. The
time-domain ADC converts the voltage difference between the referenge) @hd Vour

into a binary word. The PID controller produces an 8-bit output and is programmed to pro-
vide the required performance-stability trade-off. The output of the PID controller drives a
PWM which generates the required pulse width. The output of the PWM generator drives
a tunable dead-time controller. Then, drive signals are sent to level shifters followed by
gate drivers. Drive signals of two phases are 180° phase shifted to achieve two-phase in-
terleaved operation. The high-side power switch requires a bootstrapped (BST) supply to
power the level shifter's oating node. The BST capacitog{c=0.1 UF) is periodically
charged through integrated transmission gate-based switches. The controll and driv IC
(wire-bond), four GaN switches ( ip-chip) and a sharegs€are integrated on a 4 mm X

4.5 mm X 3 mm organic package substrate. Inductors, output capacitors and resistor arrays
are on the printed-circuit-board (PCB).

The chip is fabricated in 0.18 um Bipolar-CMOS-DMOS (BCD) process with an area
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Figure 2.6: Half-bridge converter prototype in 0.18 um BCD process: chip die shot, circuit
schematic, and characteristics.

of 5 mn?. Measurements are carried out for a wide range of operating conditions. The
design supports 48 V and 24 V inputs with 0.8-1.2 V output. Power ef ciency is measured
across the entire load range fog\& 24 V, 48 V for fsw = 1 MHz and 5 MHz (Figure 2.7

and Figure 2.8). At light load<{2 A), Psyw dominates. Moreover, at high VCR, a higher
fsw lowers kppe and increases the ef ciency as shown in Figure 2.8 (b). The measured

peak ef ciency is 76.2% (48-to-1 V) and 86% (24-to-1 V).

Figure 2.7: Measured ef ciency at 24 V¥. (a) Vour =1 V. (b) Vour = 0.8 V.
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Figure 2.8: Measured ef ciency at 48 V\¥. (a) Vout =1 V. (b) Vour =0.8 V.

Figure 2.9 (a) shows the maximum and minimum delivered power for the entire output
range. It delivers a max currenglx) of 10.52 A (8.41 A) at \bur =1 V (0.8 V) for Vi
=48 V. Correspondingly, for \ =24V, it delivers yax = 7.48 A (6.2 A) at \byr =1V
(0.8 V). The corresponding duty ratio demonstrates an ultra-low duty ratio of 2.4%-2.9%
which results in a turn-on timedy) around 25 ns. Such tight duty ratio control is enabled
by the package integrated solution. The high resolution of the time-based ADC and loop
gain provided by the PID controller enables precise load regulation as shown in Figure 2.9
(b).

Compared to half-bridge converters with Si devices [5], this work shows 14% higher
ef ciency with GaN FETSs. It achieves 48-to-1 V VCR with a simple half-bridge topology
compared to the 12-to-1.8 V conversion in [5]. However, this work reveals limitations of
the conventional half-bridge topology. First, the ef ciency is limitedsyyRIominates at
light load due to high ¥wmax.- When byt is high, since power devices need to tolerate
high Vstress the large Ry of them increasesddnp. Second, the duty ratio becomes as
low as 2.5% at 48-to-1 V conversion, limitingy§ and challenging control circuits. Such

small duty ratio brings an unbalanced loss distribution on high-side and low-side switches,
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Figure 2.9: (a) Measured delivered power and duty ratio. (b) Measured load regulation
under different \byr.

leading to high Poss. Finally, without the current mode control, unbalanced current shar-
ing appears at the two-phases half-bridge topology, challenging the reliability. Therefore,
new topologies and techniques are necessary to overcome above limitations in the conven-

tional buck topology, which requries a comprehensive design space exploration.

2.5 Design Space Exploration

Based on above mathematical loss models, the ef ciency for different topologies and de-
vices can be estimated quickly. Therefore, a simulation framework is built that can give
the optimal design in a short time by searching over all design choices. The following con-
tent presents optimal choices of power devices, topologigsarid inductance for different

design targets (M, Vour and bur).

2.5.1 PowerDevices

In this work, investigated power devices inlucde 6 - 65 V N-type LDMOS and 15/40/60 V
N-type enhanced-mode GaN FETs. Table 2.1 shows a list of them. A comparison of their
gure-of-merit (FoM) is shown in Figure 2.10 [43]. Wheresgsis the total output charge

and @; is the total gate charge. At low breakdown voltage, both Si devices and GaN FETs
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Table 2.1: List of investigated devices.

Material Type \BREAK
Si N-type LDMOS 6V
Si N-type LDMOS 12V
Si N-type LDMOS 16V
Si N-type LDMOS 20V
Si N-type LDMOS 24V
Si N-type LDMOS 36V

Si Enhanced-mode N-type 15V
Si Enhanced-mode N-type 40V
GaN Enhanced-mode N-type 65V

have low Ryy and small parasitics. However, at high voltage, GaN FETs show signi cantly
lower Qyssthan Si devices with iso-. A larger difference of Q is shown in Figure 2.10

(b) that Si devices have much larget an GaN FETs at the same conduction loss.

Figure 2.10: Comparison of Si and GaN power devices: (a) FOMF®oss and (b) FoM
= Ron Q-

The design space of power devices is shown in Figure 2.11 and Figure 2.12. All pos-
sible combinations of devices, topologiesyfand inductor values are simulated for each
Vin, Vour and byr. The max achievable ef ciency is shown by heatmaps. On top of
these heatmaps, dividing lines separate design spaces of Si devices and GaN FETs. From
Figure 2.11 and Figure 2.12, wheguk is low (< 0.3 A), using GaN FETs has limited re-

duction of Ronp but increases fand Ryss signi cantly due to their xed large size. The
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Figure 2.11: Design space of power devices at (a) 0.5V and (b) 4.V

Figure 2.12: Design space of power devices at (a) 2.5 V and (b) 3.8¢¥.V

converter shows unbalanced loss distribution thaf Bominates. Therefore, Si devices
with customized size show better ef ciency. Agyl increasesX0.3 A), GaN FETSs take
over the high voltage region. Although hybrid topologies can redugggésthat low volt-

age (6/12 V) Si devices can be used, the required topology incregsesé¢h degrades the
bene t of it. For instance, at 36 V { and 1 V Vpour, six-level hybrid topology is required

to use 6 V Si devices as low-side switches. However, with 15 V GaN FETs as low-side
switches, it only needs four-level hybrid topology which has fewer switches. Therefore,

using GaN FETs reduces;Rnd components overhead. Moreover, since the duty ratio of
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six-level hybrid topology is 1.5 times of that in four-level, 6 V Si devices with logyR
conduct less time, resulting limited reduction @foRp. Therefore, using 15V GaN FETs
achieves higher ef ciency at this current level. Asyt increases further to 10 A, GaN
FETs take larger design space than lgyylregion and the dividing line nally reaches 12
V. Large switches are used at high,}. Since GaN FETs have much smallej, g over
Si devices at high voltage gitan be reduced signi cantly by using GaN FETs. Therefore,
GaN design space extends to lowegyy at high byr. Differently with 0.5 V and 1 V
Vour, design spaces ford({r of 2.5 V and 3.3 V both show a at dividing line whegJ+
is over 2 A. When 4yt is high, the duty ratio increases which limits the utilization of
hybrid topologies. Therefore, within a wide range gf Mopology maintains same. As a
result, GaN FETs show higher ef ciency over 12 V.

In summary, GaN FETs are well-suited for high voltage and high power applications.
The ef ciency drops slowly as ) increases. Si devices are limited in low voltage range but
good for low current designs, and provide monolithic integration with high power density

and low cost.

2.5.2 Topology

Figure 2.13: Design space of topologies at (a) 0.5 V and (b) oMV
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Figure 2.14: Design space of topologies at (a) 2.5 V and (b) 3.3\ V

The design space of each topology is shown in Figure 2.13 and Figure 2.14. It has
similar heatmaps with Figure 2.11. On top of them, different spaces of topologies are sep-
arated. Whendyr<0.3 A where R dominates, three-level buck topology achieves the
best ef ciency since it reduces<yresson power switches by half with only one-CAI-
though higher level hybrid topologies reduce mokgpéss they require more switches that
increases other parts of\. As V)y increases, the three-level buck topology need to use
high voltage Si devices with large parasitics. Hybrid Dickson topologies that recdisee P
and keep using low voltage devices provide better ef ciency. &g Is over 0.5 A, three-
level buck topology suffers from highcBnp due to series connection of power switches
(Figure 1.6 (a)). The half-bridge or series capacitor buck topology is a better choice to
reduce Ronp at low Vi region. As byt further increases to 10 A, the design space for
each topology slightly moves to highegV Although high level hybrid topologies reduce
Psw, more devices with large £and Gyss are used which in turn increaseg 8nd Ryss
Therefore, asdyr increases, simpler topologies are used. The above discussion describing
the changing of topologies ovesJr, but the design space also varies witgyy. As Vour
increases, the design space for hybrid topologies are drifting to highearga. The main

reason is the limited duty ratio of hybrid topologies. For instance, a four-level two-phase
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hybrid Dickson topology requires duty ratio lower than 50% to avoid phase overlapping
[22, 26], which requires VCR over eight. Therefore, the utilization of hybrid topologies
starts at higher } as oyt increases. As shown in Figure 2.14 (b), six-level hybrid Dick-
son topology is not used at 3.3 VoVr. In contrast, since the VCR is higher at 0.5 V
Vour, three-level buck topology and series capacitor topology are used ai\b&hd the
half-bridge topology is not used.

In summary, hybrid topologies show superorities over the conventional half-bridge
topology when \{, is high. However, their design spaces are affected by the limited duty
ratio. On the other hand, with high performance devices, the half-bridge topology shows

good ef ciency at low \fy and provides high power density.

2.5.3 SwitchingFrequencyandinductance

Figure 2.15: Design space a@ff and inductor atdyt = 0.2 A.

As shown above in Figure 2.5 and inductance affect converter's ef ciency greatly.

Design space of them at 0.2 A and 1044 are shown in Figure 2.15 and Figure 2.16. In
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each gure, the red area shows the ranges@fdnd inductance values for 0.1% off the max
ef ciency. When byt =0.2 A, the design space increases with highggMat the same ¥
showing the exibility and ef ciency trade-off. As ¥y increases, lowelfy is required to
reduce Bw. However, low & increases;jpe Which increases P\ [42]. Therefore, large
inductance is used to reducgge, Which shows an ef ciency and size trade-off. Ast
increases to 10 A, small inductance with smallbR is used since gnp dominates. The
range of inductance is limited, buj§ extends to high frequency.

In summary, depending omyr, inductance varies. Smaller inductance is preferred in
high loyt conditions. However, current ratings of inductors limit the utilization of small
inductors. Design space off depends on the portion ofsfg in PLoss ot HIgh Psw
constrains 4y to low frequency region. Finally, the design exibility reduces as VCR

increases.

Figure 2.16: Design space a@ff and inductor atdyt = 10 A.
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2.6 Conclusion and Discussion

Figure 2.17: A summary of state-of-the-art of non-isolated high voltage step-down con-
verters (copy of Figure 1.7).

Figure 2.18: Efciency and topology from proposed design space exploration at design
points of prior arts.

Figure 2.18 shows results from the simulation framework. It takes in same design
targets (W, Vout and byr) from prior works and gives optimal design choices. For con-
venience, Figure 1.7 is copied here as Figure 2.17.

Compared to results of prior works shown in Figure 2.17, results from the simulation

framework match device and topology choices with prior arts [22, 26, 36], and similar

32



ef ciency numbers are shown. For prior works with the half-bridge topology [5, 6, 9],
hybrid topologies are selected in the simulation framework and achieve higher ef ciency.
[7] has high \{y but small conversion ratio, so the simulation framework replaces it with a
series-capacitor buck topology boosting the ef ciency to 96%. The blue line in Figure 2.18
shows our estimated ef ciency oveny/for hybrid topologies. 90% ef ciency is achievable

for over 100-1V conversion.

In conclusion, with proposed loss models, the simulation framework quickly gives op-
timized design choices which signi cantly reduces the design complexity. It explores the
design space of non-isolated high voltage PoL converters, pointing out current trends and
limitations. Based on it, speci c research directions are explored, such as recon gurable
design for wide range of \{ because different topologies are used for differpt, Which
will be discussed in the following chapters. Finally, this work can be used as a guideline
and a start point for non-isolated high voltage PoL converter designs, reducing design time

and liberating designers for more creative works.
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CHAPTER 3
RECONFIGURABLE DESIGN: A GAN-BASED RECONFIGURABLE AND
PROGRAMMABLE HYBRID CONVERTER

From the above chapter, hybrid topologies, which overcome the highe¥sand small

duty ratio in the traditional half bridge topology, show promising results. GaN FETs show
their superorities over Si devices at high voltage. Since combined 12/24/48 V power buses
are popular, a PoL converter can support such wide ranggyofs\essential. From the
design space exploration in Chapter II, a ve-level hybrid topology is required to accom-
plish ef cient 48-to-1 V conversion. However, it is over-designed for 12-to-1 V conversion
which only requires a series capcaitor buck topology. Therefore, in this work, a reon g-
urable hybrid topology is developed with a programmable digital control IC to support

wide range of conversion ratios.

3.1 Introduction

With the rapid growth of computing energy, power delivery systems in data centers are
moving from conventional 12 V power bus to a combined 12/24/48 V. Therefore, PoL
converters with \, of 12 — 48 V and \4yt of 0.8 — 1.2 V is gaining traction. Although
hybrid topologies [14, 17, 27, 20] show promising results, most designs are only ef cient
at xed conditions. Obtaining high energy ef ciency across multiplg Yo enable wide
dynamic range (DR) of operation remains a challenge. Further, current designs [17, 27, 20]
typically adopt hard switching which shows low ef ciency at logwt when the uP goes

to a low power mode. This work proposes a GaN based recon gurable series-parallel (SP)
hybrid PoL converter with programmable ZVS supporting a wide range;pi{12/24/48

V), Vour (0.8 = 1.2 V), anddyr (0.1 — 9.5 A).
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3.2 Series-Parallel Hybrid Topology

Figure 3.1: Proposed series-parallel (SP) hybrid topology.

Figure 3.2: Topology operation states and corresponding waveforms.

Figure 3.1 shows proposed series-parallel (SP) hybrid topology. Seven switches and
two ying capacitors (Gs) are used to reduce switching node voltagese{, Vsweo) and
relax duty ratios (i, D,) by a maximum of tree times. Two inductoy &nd L, enable two-
phase interleaved operation that reducesMipple and supports highylt. As described

in [14, 15], by keeping constant ratio between on-timegg.(and by,) of two phases,
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both G-; and G, can be soft charged and self-balanced hyahd L, without additional
controls. The operating states and waveforms are shown in Figure 3.2. In the rst state,
Cr1, Crr and Ly are in series and charged byVVsweiincreases téV.N. Then, inductors

are discharged in state two andb; drops to 0 V. Next, & and G are in parallel and
discharged by k. Vswpzincreases tc§V|N. Finally, both inductors are discharged again
and Vswp, drops to 0 V. Therefore, by reducingsy: and Vsw,, the proposed topology
accomplishes high voltage conversion.

The proposed topology has three main bene ts:

1. Itis recon gurable to a series-capacitor (SC) buck topology as shown in Figure 3.3
(a). By keeping § Ss turned off and $turned on, G, and G, are always in series

which can be treated as one ®ith Vcg = Ver1 + Vero.

Figure 3.3: Recon guration (series capacitor buck topology) of proposed topology.

The recon gured operating states and waveforms are shown in Figure 3.4. In state
one, § and § are turned on. & and G, are charged in sereis by Vswp1
increases t(%vm. In state two, both inductors are discharged arg{ drops to O

V. In state three, $Sand S are turned on. € and G still in series and they charge

Li. Vswp2increases tc%V.N. In state four, similar to state two, both inductors are
discharged and ¥yp, decreases to 0 V. Only four switches need to be driven in the

recon gured operation, saving the gate drive losg)(RVhen byt is low (< 0.8 A),
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Figure 3.4: Recon gured (SC) topology operation states.

Ps dominates and is higher than 20% of the total loss. Recon guring to SC topology
reduces 42.8% of £(Figure 3.3 (b)) and has a small penalty on the switching loss

(Psw) because of ZVS. Consequently, the overall ef ciency is improved.

2. In this design, optimal ZVS in two operations is enabled through digital recon g-
uration. In the SP operation, according to the inductor voltage-second balance and
capacitor charge balance; @ltages (\ér; and Vg2) and inductor currents, 1,»)

can be calculated based on duty ratios of two phasesiD D;):

ton2 _ Do
tonR = = =212
o ton1 D1 2]
DV
Ver1= Ver2 = 2D1—+IND2 (3.1)
1
lLo 2D,
ltr D2

Where pn1 and by, are on-time of state one and state three, gpt= D,/D; is

the on-time ratio between two states. Therefore, by choosing preyier it enables
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either two-phase or one-phase (hhase) ZVS. As shown in Figure 3.5, whes

is low, tonR is euqal to two to enable ZVS for both phases. Whgr Is higher, the
ripple current (k,pie) is Not enough for ZVS in both phasegyR is tuned to one so
that I 1 is only half of I.,. Thus, kppie is suf cient for ZVS in L; phase. The above
tonR program ef ciently utilizes f,pe. In the SC operation, thedR is xed to one
and L1 =12, Vcp1=Vep2 = %V.N. When byr is small, lppie becomes excessive and
brings substantial losses;yf can be tuned to nd an optimal ZVS point, as shown in

Figure 3.5.

Figure 3.5: &y and p\R tuning for improved ZVS.

3. The topology shows scalability. It can be scaled to higher level SP topology (Fig-
ure 3.6) by inserting onegand three switches between &nd L, while maintaining

the above bene ts.

Figure 3.6: Scalability of the proposed topology.
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3.3 System Architecture and Circuit Implementations

Figure 3.7: System architecture of the proposed converter.

Table 3.1: Component list of the proposed converter.

Component Device
S,$,%, S GaN40V [43]
S GaN 60V [43]
S5 GaN 40V x4 [43]
S; GaN 40V x2 [43]
Lq, Ly 0.4 UH
Cr1, Cr2 1pH
Castx 0.47 pH

Figure 3.7 shows the proposed converter system architecture, and the component list is
shown in Table 3.1. The converter uses 11 off-chip GaN [43] devices with witn& S
paralleled 4x and 2x to support high current. Gate driving voltages are generated from a

12-bit digital PWM with a resolution of 156 ps.;Sand $-Ss require high voltage level
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shifters supplied by 0.47 pF bootstrap capacitorgs{iCto accomplish high voltage gate
drive. A trailing edgedeap controller senses yp; and Vswp, and adaptively tunes the 8-

bit tpeap. To achieve precise load/line regulation at low area/power overhead, a switched-
mode digital PID/I controller is proposed. oMt is quantized by two 4-bit ADCs with
different input ranges. Then PID/I controller tunes the 12-bit on-tirag) (based on 16-bit
PID/I parameters. According to 3-bgnR, the pyR controller calculatest; and by for

each phase and sends to the digital PWM. Tdei$ controlled by a ring oscillator with

a frequency divider capable of 3-bit frequency tuning (1-4 MHz). g,tfsw and PID

parameters are all register programmable.

Figure 3.8: Sub-ns high voltage oating level shifter with improved reliability.

Reliable gate driving is essential in high voltage converters. However, level shifters are
limited by speed and reliability in high dVv/dt conditions. The proposed high speed level
shifter is shown in Figure 3.8 (a). It uses diode clamping for high speed and current mirrors
for symmetric pull-up and pull-down time. However, as shown in Figure 3.8 (b), during
positive dV/dt when the switching node voltages() increases, there exists large transient
current bc and kc copied from § and k by current mirrors, charging node;\nd \; to
high. Therefore, to avoid the output from erroneously changingstg, ¥ NAND latch is

used to lock the output. Negative dV/dt oryhas no effect on the output because of the
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body diode. Compared to conventional cascoded level shifters, it shows higher speed (1 ns
for 48 V transition) with smaller area (120 um x 110 pum) by using only two high voltage

devices.

Figure 3.9: Gate driver with asymmetric factor [5].

The second building block of the driving stage is the gate driver. The conventional
inverter-based gate driver has cross conduction between large N and P devices in the last
stage. To mitigate the driver loss, the implemented gate driver [5] drives laggatlM
devices in separate paths (Figure 3.9 (a)). For each path, it adopts a 20% asymmetric factor
for N and P devices accomplishing weak turn on and strong turn off for bethrid M.

As shown in Figure 3.9 (b), during turn on and turn off, a small dead-time exists between
gate signals ¥p and gy that avoids overlap between them. From simulation, the gate
driver reduces 20% driver energy with no penalty on area.

A switched-mode PID/I controller is proposed for ne regualtion with small area/power
overhead, which is depicted in Figure 3.10. It consists of one large signal digital PID
controller with a 4-bit coarse ADC and one precise digital integral controller with a 4-bit
ne ADC. All parameters are adjustable. Onceg) deviates from the reference voltage
(Vout-Vred> 37.5 mV), the large signal digital PID controller engages. It regulatgs V

as a conventional PID algorithm. After the large signal PID controller converges, small
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Figure 3.10: Proposed switched-mode digital PI1D/I controller.

voltage error remains because the 4-bit coarse ADC has the resolution of 37.5 mV. Then,
the digital integral controller will eliminate the remaining voltage error based on the 4-bit
ne ADC with a resolution of 4.7 mV. Thus, the proposed PID/I controller nishes the load
step response and provides precise regulation. To achieve equivalent precision with a single
ADC, it requires 8-bit resolution. However, the proposed design with two differential 4-bit
ADCs has 4x smaller area and 2x lower power than an 8-bit ADC. To improve stability, the
full scale of the ne ADC is set tc% of the coarse ADC so that no overlap exists between
their detection ranges.

toeap Optimization is necessary for converters running at MHz range (Figure 3.11 (a)).
Since no body diode exists in GaN FETs, switching node voltages can be as low as -3
V due to reverse conduction whegefp is large. On the other hand, cross conduction
between switches occurs gdap is not suf cient. Therefore, to minimizesgap related
losses, a windowed comparat@gip controller is used (Figure 3.11 (b)). In each cycle,
two comparators senses\p1 0r VswpoWhen S or S; is about to turn on, respectively. Then

a logic cell performs a one-step tuning to constrain the sensed voltages within the reference
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Figure 3.11: Windowed comparator basgghb controller.

window (0-0.5 V). If sensed ¥yp10r Vswezis higher than 0.5 Vgeap is reduced to avoid

reverse conduction. If they are below 0 MAp is increased to avoid cross conduction.

3.4 Experimental Results

Figure 3.12: Chip die shot and characters.

The proposed control chip is fabricated in 0.18 um high voltage BCD process with an
area of 3 mm x 2.5 mm (Figure 3.12 (a)). The converter board is shown in Figure 3.12 (b).
It adopts two 0.4 pH inductors, two 1 pfGand 11 GaN FETSs.

To verify the proposed topology, Figure 3.14 shows measured steady-state switching
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