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Summary:
This work presents an integrated modular multi-source energy harvesting
system based on the Dickson charge pump and hill-climbing algorithm. The
proposed maximum output power extraction is optimizing the system’s end-
to-end efficiency. It collects the power simultaneously from multiple energy
sources and boosts their DC voltages to a regulated output voltage that can
be used for Internet of Everything (IoE) applications. The proposed imple-
mentation utilizes the whole on-chip capacitance regardless of the number
of stages in use. A demonstration system using the proposed techniques is
implemented for two sources in 0.18 µm CMOS technology and it utilizes
a total of 900 pF MIM capacitance. The simulation results show that the
proposed system achieves a peak MPPT efficiency of 90%, charge pump
efficiency of 70%, and end-to-end efficiency of 55% at a regulated output
voltage of 1.5 V.



Disclaimer
I hereby declare that this thesis is my own original work and that no part of it

has been submitted for a degree qualification at any other university or institute.
I further declare that I have appropriately acknowledged all sources used and

have cited them in the references section.

Name: Mohamed Badr Mahmoud Mohamed Badr Date:

Signature:

i



Acknowledgements

In the name of Allah, The Greatest and The Most Merciful.

All praise to Allah for His endless blessings that paved my way in life until this
moment. His continuous mercy and guidance facilitated my job in completing this
thesis. Special appreciation goes to my thesis main advisor Prof. Ahmed Nader
Mohieldin for his continuous support and dedicated guidance. Not just high-level
technical supervision, but hands-on analysis and follow-up. He was always there for
me whenever I needed his advice or help. He provided me with a live example of how
to be a good professor. His supervision made this work possible. Also, I would like
to thank my supervisors, Dr. Mohamed Aboudina and Dr. Faisal Hussein, for their
nonstop support since my undergraduate studies. Their guidance helped me choose
my current research track and this thesis topic. They were not only my professors,
but also friends and elder brothers.

I would like to show my sincere gratitude to my sister, Zahraa Badr, and my
friend, Abdallah Sobehy, for their tireless assistance. Their insights were invaluable
for my thesis. Without their help in proofreading and organizing this thesis, thesis
writing would have been an impossible mission. They are always pushing me forward.
In addition, I would like to thank my friend and colleague, Ahmed Yasser, for his
help and fruitful discussions. I also thank Mohamed Fouad for providing me with
updated CAD tools that made the design process easier and more efficient.

And above all, the most profound love and gratitude to my family, the reason
for my joy and success. They always inspire, encourage, and drive me to be the best
version of myself. My parents Badr and Hala, they spare no effort to make me happy.
No words can describe how much I am indebted to them. I would have never been
who I am now without their nonstop efforts and unconditional love. Since the day I
was born, they were and will always be my role model. My sisters, Nour, Noha, and
Zahraa, have always been my support system. They always motivate me and lift me
up whenever I feel down. They always encourage me in all my pursuits. Finally, I
would like to thank all my friends for their love, motivation, and support.

ii



Table of Contents

Disclaimer i

Acknowledgements ii

Table of Contents iii

List of Tables v

List of Figures vi

List of Symbols and Abbreviations ix

List of Publications xi

Abstract xii

1 INTRODUCTION 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Energy Harvesting System . . . . . . . . . . . . . . . . . . . . . . . 1
1.3 Transducers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3.1 Piezoelectric Transducers . . . . . . . . . . . . . . . . . . . . 2
1.3.2 RF Transducer . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3.3 Photovoltaic Transducer . . . . . . . . . . . . . . . . . . . . 4
1.3.4 TEG Transducer . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 LITERATURE REVIEW 8
2.1 Converters and System Core . . . . . . . . . . . . . . . . . . . . . . 9

2.1.1 Inductive Based Converters . . . . . . . . . . . . . . . . . . 9
2.1.1.1 Boost Converter . . . . . . . . . . . . . . . . . . . 9
2.1.1.2 Control Schemes . . . . . . . . . . . . . . . . . . . 12

2.1.2 Capacitive Based Converters . . . . . . . . . . . . . . . . . . 14
2.1.2.1 Series-Parallel Charge Pump . . . . . . . . . . . . 14
2.1.2.2 Fibonacci Charge Pump . . . . . . . . . . . . . . . 16
2.1.2.3 Ladder Charge Pump . . . . . . . . . . . . . . . . 17
2.1.2.4 Dickson Charge Pump . . . . . . . . . . . . . . . . 18

2.2 State-of-the-art Energy Harvesting Systems . . . . . . . . . . . . . 22
2.2.1 PMU for Low Voltage Energy Harvesting Application . . . . 23
2.2.2 Energy Harvester Based on SC Self-Oscillating Voltage Doubler 23
2.2.3 Single Source Capacitive Energy Harvesting System With 3D

MPPT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2.4 Multi-Source Capacitive Energy Harvesting System . . . . . 25

2.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 PROPOSED SYSTEM 27
3.1 MPPT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

iii



3.2 Charge Pump Efficiency . . . . . . . . . . . . . . . . . . . . . . . . 28
3.3 End-to-End Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.4 Multiple Sources and Modularity . . . . . . . . . . . . . . . . . . . 30
3.5 Maximum Output Power Control . . . . . . . . . . . . . . . . . . . 31
3.6 Output Voltage Regulation . . . . . . . . . . . . . . . . . . . . . . . 32
3.7 System Specifications . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4 CIRCUIT IMPLEMENTATION AND RESULTS 39
4.1 Charge Pumps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.1.1 Capacitor Bank Implementation . . . . . . . . . . . . . . . . 39
4.1.2 Charge Pump Stage . . . . . . . . . . . . . . . . . . . . . . 41

4.1.2.1 Stage Bootstrapped Switch . . . . . . . . . . . . . 41
4.1.2.2 Bulk Selector . . . . . . . . . . . . . . . . . . . . . 42
4.1.2.3 Logic Gates and Other Switches . . . . . . . . . . . 43

4.2 Output Regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.2.1 Hysteretic Comparator . . . . . . . . . . . . . . . . . . . . . 44
4.2.2 Reference Voltage Generator . . . . . . . . . . . . . . . . . . 49
4.2.3 Regulation Loop Simulation . . . . . . . . . . . . . . . . . . 51

4.3 Control FSM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.4 Output Sampling Circuit . . . . . . . . . . . . . . . . . . . . . . . . 53
4.5 DCO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.6 System Level Simulations . . . . . . . . . . . . . . . . . . . . . . . 65
4.7 Layout Implementation . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.7.1 Charge Pumps Layout . . . . . . . . . . . . . . . . . . . . . 69
4.7.1.1 Capacitor Banks . . . . . . . . . . . . . . . . . . . 69
4.7.1.2 Bootstrapped Switches . . . . . . . . . . . . . . . . 69
4.7.1.3 Top Level Layout . . . . . . . . . . . . . . . . . . . 70

4.7.2 Output Regulation . . . . . . . . . . . . . . . . . . . . . . . 71
4.7.2.1 Comparator . . . . . . . . . . . . . . . . . . . . . . 71
4.7.2.2 Reference Generator . . . . . . . . . . . . . . . . . 71
4.7.2.3 Top Level Layout . . . . . . . . . . . . . . . . . . . 72

4.7.3 Output Sampling . . . . . . . . . . . . . . . . . . . . . . . . 73
4.7.3.1 Comparator . . . . . . . . . . . . . . . . . . . . . . 73
4.7.3.2 Top Level Layout . . . . . . . . . . . . . . . . . . . 73

4.7.4 DCO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.7.4.1 Resistor Ladder . . . . . . . . . . . . . . . . . . . . 73
4.7.4.2 DCO Capacitor Bank . . . . . . . . . . . . . . . . 74
4.7.4.3 Top Level Layout . . . . . . . . . . . . . . . . . . . 74

4.7.5 Chip Top Level Layout . . . . . . . . . . . . . . . . . . . . . 75
4.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5 DISCUSSION AND CONCLUSION 76
5.1 Discussion and Conclusion . . . . . . . . . . . . . . . . . . . . . . . 77
5.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

References 81

Appendix A TEST BENCHES SETUP 83

iv



List of Tables

1.1 Transducer Types . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

4.1 Capacitor Bank Control . . . . . . . . . . . . . . . . . . . . . . . . 41
4.2 Switches and Capacitor Sizes . . . . . . . . . . . . . . . . . . . . . 43
4.3 Output Regulation Comparator Sizes . . . . . . . . . . . . . . . . . 46
4.4 Reference Gene Sizes . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.5 Output Sampling Capacitors and Switches Sizes . . . . . . . . . . . 55
4.6 Output Sampling Comparator Sizes . . . . . . . . . . . . . . . . . . 56

5.1 Performance Comparison with the Literature . . . . . . . . . . . . . 78

v



List of Figures

1.1 Energy Harvesting System . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Piezoelectric Transducer . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 RF Transducer [6] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4 PV Cell Output Power Vs. Voltage [8] . . . . . . . . . . . . . . . . 4
1.5 PV Cell MPP for Different Illuminations [8] . . . . . . . . . . . . . 4
1.6 Miniature Solar Cell for Energy Harvesting Applications . . . . . . 5
1.7 TEG Transducer Model [10] . . . . . . . . . . . . . . . . . . . . . . 5
1.8 TEG Output Power and Current Vs. Voltage [10] . . . . . . . . . . 6
1.9 TEG Circuit Model and Transducer Example . . . . . . . . . . . . 6

2.1 Ideal Boost Converter [13] . . . . . . . . . . . . . . . . . . . . . . . 10
2.2 Boost Converter During Phase 1 [13] . . . . . . . . . . . . . . . . . 10
2.3 Boost Converter During Phase 2 [13] . . . . . . . . . . . . . . . . . 11
2.4 Boost Converter Inductor Current at Steady State . . . . . . . . . . 12
2.5 Boost Converter Voltage Conversion Ratio . . . . . . . . . . . . . . 12
2.6 PWM Regulator Schematic [14] . . . . . . . . . . . . . . . . . . . . 13
2.7 Ripple Regulator Block Diagram [15] . . . . . . . . . . . . . . . . . 13
2.8 Two Loops Current Mode Control Diagram [14] . . . . . . . . . . . 14
2.9 Series-Parallel Charge Pump Ideal Circuit [16] . . . . . . . . . . . . 14
2.10 Series-Parallel Equivalent Circuit in Phase 1 [16] . . . . . . . . . . . 15
2.11 Series-Parallel Equivalent Circuit in Phase 2 [16] . . . . . . . . . . . 15
2.12 Multi-Stage Series-Parallel Circuit [17] . . . . . . . . . . . . . . . . 16
2.13 Ideal Fibonacci Charge Pump Circuit [20] . . . . . . . . . . . . . . 16
2.14 Ladder Charge Pump Circuit . . . . . . . . . . . . . . . . . . . . . 17
2.15 Ladder Equivalent Circuit During φ1 . . . . . . . . . . . . . . . . . 18
2.16 Ladder Equivalent Circuit During φ2 . . . . . . . . . . . . . . . . . 18
2.17 Basic 1-Stage Dickson Charge Pump Circuit . . . . . . . . . . . . . 19
2.18 2-Stage Dickson Charge Pump With Diode-Connected Devices . . . 19
2.19 2-Stage Dickson Charge Pump During φ1 . . . . . . . . . . . . . . . 19
2.20 2-Stage Dickson Charge Pump During φ2 . . . . . . . . . . . . . . . 20
2.21 Dickson Charge Pump Model . . . . . . . . . . . . . . . . . . . . . 21
2.22 Dickson Charge Pump With Switches Instead of Diodes . . . . . . . 22
2.23 Block Diagram of the PMU [32] . . . . . . . . . . . . . . . . . . . . 23
2.24 Energy Harvester Architecture [33] . . . . . . . . . . . . . . . . . . 24
2.25 Energy Harvesting System Block Diagram [34] . . . . . . . . . . . . 24
2.26 Multi-Source Energy Harvesting Combiner and Possible Applications

[35] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.27 3-Source Doubler Based DC Combiner Schematic [35] . . . . . . . . 25

3.1 Implemented Reconfigurable Charge Pump . . . . . . . . . . . . . . 28
3.2 Vout in terms of Vs Vs. fsw . . . . . . . . . . . . . . . . . . . . . . . 30
3.3 Modular Multi-Source System . . . . . . . . . . . . . . . . . . . . . 31
3.4 Abstract Optimization Flow Chart . . . . . . . . . . . . . . . . . . 32
3.5 Charge Pump Optimization Flow Chart . . . . . . . . . . . . . . . 32
3.6 Output Regulation Flow Chart . . . . . . . . . . . . . . . . . . . . 33

vi



3.7 Source and Input Voltages Vs. Number of Stages . . . . . . . . . . 34
3.8 Stage Capacitance Vs. Number of Stages . . . . . . . . . . . . . . . 35
3.9 Switching Frequency Vs. Output Load . . . . . . . . . . . . . . . . 35
3.10 Input Impedance Vs. Number of Stages at Vin = 300 mV . . . . . . 36
3.11 Input Impedance Vs. Number of Stages at Vin = 1 V . . . . . . . . 37

4.1 Energy Harvesting System Block Diagram . . . . . . . . . . . . . . 40
4.2 Implemented Dickson Charge Pump . . . . . . . . . . . . . . . . . . 41
4.3 Implemented Capacitor Bank . . . . . . . . . . . . . . . . . . . . . 41
4.4 Charge Pump Stage With Bootstrapped Switch . . . . . . . . . . . 42
4.5 Bulk Selector for Bootstrapped Switch . . . . . . . . . . . . . . . . 43
4.6 Output Voltage Regulation Loop . . . . . . . . . . . . . . . . . . . 44
4.7 Latched Comparator Schematic . . . . . . . . . . . . . . . . . . . . 45
4.8 Hysteretic Differential Pair Implementation . . . . . . . . . . . . . . 45
4.9 Comparator Hysteretic Window . . . . . . . . . . . . . . . . . . . . 46
4.10 High Threshold Voltage Offset Monte Carlo Results . . . . . . . . . 47
4.11 Low Threshold Voltage Offset Monte Carlo Results . . . . . . . . . 47
4.12 Comparator Pre-Layout Delay . . . . . . . . . . . . . . . . . . . . . 48
4.13 Comparator Post-Layout Delay . . . . . . . . . . . . . . . . . . . . 48
4.14 Reference Voltage Generator Schematic . . . . . . . . . . . . . . . . 49
4.15 Reference Voltage Vs. Temperature . . . . . . . . . . . . . . . . . . 51
4.16 Output Regulation Subsystem Simulation . . . . . . . . . . . . . . 51
4.17 Detailed Control FSM Flow Chart . . . . . . . . . . . . . . . . . . . 52
4.18 Output Sampling Switched Capacitor Circuit . . . . . . . . . . . . 53
4.19 Output Sampling Flow Chart . . . . . . . . . . . . . . . . . . . . . 54
4.20 Output Sampling Comparator Schematic . . . . . . . . . . . . . . . 56
4.21 Output Sampling Comparator Pre-Layout Delay . . . . . . . . . . . 57
4.22 Output Sampling Comparator Post-Layout Delay . . . . . . . . . . 57
4.23 Output Sampling Comparator Offset . . . . . . . . . . . . . . . . . 58
4.24 Output Sampling Timing Diagram . . . . . . . . . . . . . . . . . . 58
4.25 Output Sampling Simulation With the Whole System . . . . . . . . 59
4.26 DCO Schematic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.27 DCO Stage Capacitor Bank . . . . . . . . . . . . . . . . . . . . . . 61
4.28 DCO Current Source With Resistor Ladder . . . . . . . . . . . . . 62
4.29 Non-overlapping Phases Generator . . . . . . . . . . . . . . . . . . 62
4.30 Oscillation Frequency Vs. Digital Control . . . . . . . . . . . . . . . 63
4.31 Oscillation Frequency Vs. Digital Control at Process Corners . . . . 63
4.32 Current Consumption Vs. Oscillation Frequency . . . . . . . . . . . 64
4.33 Non-overlapping Phases Waveform . . . . . . . . . . . . . . . . . . 64
4.34 Non-overlap Period Between The Phases . . . . . . . . . . . . . . . 65
4.35 System End-to-end Efficiency . . . . . . . . . . . . . . . . . . . . . 66
4.36 MPPT Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.37 Charge Pump Efficiency . . . . . . . . . . . . . . . . . . . . . . . . 67
4.38 Chip Floor-Plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.39 Charge Pump Cap Bank Layout . . . . . . . . . . . . . . . . . . . . 69
4.40 Charge Pump Bootstrapped Switch Layout . . . . . . . . . . . . . . 69
4.41 Charge Pumps Top Level Layout . . . . . . . . . . . . . . . . . . . 70
4.42 Output Regulation Comparator Layout . . . . . . . . . . . . . . . . 71

vii



4.43 Reference Generator Layout . . . . . . . . . . . . . . . . . . . . . . 71
4.44 Output Regulation Top Level Layout . . . . . . . . . . . . . . . . . 72
4.45 Output Sampling Comparator Layout . . . . . . . . . . . . . . . . . 73
4.46 Output Sampling Top Level Layout . . . . . . . . . . . . . . . . . . 73
4.47 DCO Resistor Ladder Layout . . . . . . . . . . . . . . . . . . . . . 73
4.48 DCO Capacitor Bank Layout . . . . . . . . . . . . . . . . . . . . . 74
4.49 DCO Top Level Layout . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.50 Chip Top Level Layout . . . . . . . . . . . . . . . . . . . . . . . . . 75

A.1 Hysteresis DC Sweep ADE Setup . . . . . . . . . . . . . . . . . . . 85
A.2 Calculator Setup to Extract Thresholds . . . . . . . . . . . . . . . . 86

viii



List of Symbols and Abbreviations

Symbol Description

ηe2e End-to-end Efficiency

ηMP P T MPPT Efficiency

ηCP Charge Pump Efficiency

α Parasitic Capacitance Ratio

µn Electron Mobility

µp Holes Mobility

Abbreviation Description

APR Automatic Place and Route

CMOS Complementary Metal Oxide Semiconductor

CP Charge Pump

CTAT Complement To Absolute Temperature

DCO Digitally Controlled Oscillator

FSM Finite State Machine

IoE Internet of Everything

IOT Internet of Things

MIM Metal Insulator Metal

MOS Metal Oxide Semiconductor

MOSFET Metal Oxide Semiconductor Feild-Effect Transistor

MPP Maximum Power Point

MPPT Maximum Power Point Tracking

OTA Operational Transconductance Amplifier

PCB Printed Circuit Board

PMU Power Management Unit

PTAT Proportional To Absolue Temperature

ix



PV Photovoltaic

PVT Process Voltage Temperature

PWM Pulse Width Modulation

RTL Register Transfer Level

SC Switched-Capacitor

TEG Thermoelectric Generation

WSN Wireless Sensor Nodes

fosc Oscillation Frequency

N Number of Stages

Pav Available Power

Pin Input Power

Pout Output Power

Rin Input Resistance

Rout Output Resistance

Vin Input Voltage

Vout Output Voltage

Vpp Peak to Peak Voltage

Vref Reference Voltage

Vs Source Voltage

x



List of Publications

1. Mohamed Badr, Mohamed M. Aboudina, Faisal A. Hussien, Ahmed N. Mo-
hieldin. "Simultaneous Multi-Source Integrated Energy Harvesting System for
IoE Applications." in 2019 IEEE 62nd International Midwest Symposium on
Circuits and Systems (MWSCAS), IEEE, 2019.

xi


