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ABSTRACT 

Modern electronics continues to push past boundaries of integration and 

functional density toward elusive, completely autonomous, self-powered microsystems. 

As systems continue to shrink, however, less energy is available on board, leading to 

short device lifetimes (run-time or battery life). Extended battery life is particularly 

advantageous in the systems with limited accessibility, such as biomedical implants and 

structure-embedded micro-sensors. The power management process usually requires 

compact and efficient power converters to be embedded in these microsystems. This 

dissertation introduces switched-capacitor (SC) power converter designs that make all 

these techniques realizable on silicon. 

Four different integrated SC power converters with multiple control schemes are 

designed here to provide low-power high-efficient power sources. First, a monolithic 

step-down power converter with subthreshold z-domain digital pulse-width modulation 

(DPWM) controller is proposed for ultra-low power microsystems. The subthreshold 

design significantly reduces the power dissipation in the controller. Second, an efficient 

monolithic master-slave complementary power converter with a feedback controller that 

purely operates in subthreshold operation region is discussed to tailor for the 

aforementioned ultra-low power applications. Third, we introduce an efficient monolithic 

step-down SC power stage with multiple-gain control and on-chip capacitor sizing for 

self-powered microsystems. The multiple-gain control helps the converter to constantly 
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maintain high efficiency over a large input/output range. The size-adjustable pumping 

capacitors allow the output voltage to be regulated at different desired levels, with a 

constant 50% duty ratio. The monolithic implementations in these three integrated CMOS 

power converters effectively suppress noise and glitches caused by parasitic components 

due to bonding, packaging and PCB wiring. Fourth, an efficient step-up and step-down 

SC power converter with multiple-gain closed-loop controller is presented. The 

measurements and simulation results in these four power converters demonstrate the 

techniques proposed in this research. The approaches presented in this dissertation are 

evidently viable for realizing compact and high efficient SC power converters, 

contributing to next generation power-efficient microsystems designs. 
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CHAPTER 1 INTRODUCTION 

1.1 Motivation  

In recent years, the unprecedented growth in the capability of embedded and 

portable electronics, combined with the proliferation of renewable “green” energy 

utilization, has stimulated a large variety of exciting new applications. Many of these 

applications adopt energy harvesting mechanisms to extract energy from environmental 

sources, thereby effectively reducing system weight and volume, increasing operating 

lifetime, and decreasing maintenance costs. Such a device usually operates at an ultra-low 

power level with the assistance of a specially designed power management system 

[Doms-09, Lhermet-08]. Currently, advances in integrated circuits (ICs) allow us to 

design systems with low power and small system volume, which fit well into these 

application scenarios.  

For instance, as shown in Figure 1.1.1, smart integrated systems for wireless 

sensor networks require ultra-low power transceivers integrated together with sensors, 

digital signal processing, and antennas. These sensor networks target low data rate 

applications of less than 100 kbits/s over a distance of less than 100 m. They are based on 

low cost systems, having a light weight and a small size. These smart systems have a long 

lifetime (> 5 years) requiring an average power of a few µWs, as sensor networks are 

mainly idle. Hence, they require a high efficiency ultra-low power management system.  
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Figure 1.1.1 Applications of wireless microsystems. 

Since microelectronics technology is further explored for system miniaturization 

and power level is scaled down to mW or µW, compact and efficient power management 

IC modules in the microsystems are in high demand. For instance, the desired size of a 

wireless sensor node should be under 1 cm3 [Ammer-06]. A self-powered implantable 

device may require even smaller volume [Huang-98]. In addition, due to the limited 

energy storage capability, the desired power level in such a device has been much lower 

than those in traditional designs, ranging from tens of microwatts to tens of milliwatts 
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[Rabaey-02, Ammer-06, Allen-78 and Huang-98]. Meanwhile, the power source is 

usually very unstable due to the nature of energy harvesting. These factors impose 

unprecedented challenges on new power regulation system designs. To achieve a long 

operation lifetime and low system profile, monolithic low-power system integration is 

emerging as a very attractive implementation in this scenario. The power management 

process usually requires a compact, efficient power converter to be embedded in the 

microsystems. Nowadays, most integrated power supplies as the power management 

system are implemented with three major types of DC-DC conversion circuits: linear 

regulator, inductor based switching converter, SC power converter (or charge pump). 

For the power stage design, with new design specifications, many design 

problems emerge: Firstly, almost all the power conversion circuits for these applications 

employ switching converters. Although these inductor-based switching converters 

provide high efficiencies and flexible power conversions, they generate severe 

electromagnetic interference (EMI) noise and have a bulky system profile. Linear 

regulators are not preferred here because it is difficult to maintain high efficiency and 

stability over a large drop-out range. They also cannot support a step-up conversion 

supply since the output voltage has to be lower than the input voltage. So for these 

applications, SC converters have become very appealing. Secondly, while 

microelectronics technology can be further explored for system miniaturization, fully on-

chip power management designs still face numerous technical difficulties. As the power 

goes low, all the pumping capacitors are integrated on chip to achieve a monolithic 

design. Due to the process and chip size limitation, for desired pumping capacitors size, 
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the on-chip capacitance should be maximized to minimize the capacitors die area. Thirdly, 

due to the instability of self-harvesting energy sources and battery power, such a device is 

mandated to operate under a wide input/output voltage range. As a result, it is much more 

difficult to maintain high efficiency than traditional designs with fixed input and output 

voltages, since the ideal power efficiency drops [Viraj-07, Shao-06, Linear, and Su-09b]. 

Fourthly, since the system power level is pretty low, all the power loss in the power stage 

and buffers should be carefully re-considered, such as redistribution loss, conduction loss, 

switching loss and reversion loss. Power transistors sizes require more optimization 

according to different output load. 

 For the controller design, power dissipation of the controller should be less than 

10% off the entire system power in order to achieve good power efficiency. However, for 

an ultra-low power microsensor, it is expected that the entire system power be maintained 

at several mW or sometimes even below 1 mW. The power dissipation of the controller 

should thus be scaled down to 100 µW or below, for a decent efficiency. As the control 

complexity and the required operation speed increase, such a design becomes very 

challenging.  

1.2 Research Goals and Contributions 

The goal of this research is to design and implement monolithic high-efficiency 

SC power converters for self-powered microsystems. Many system and circuit-level 

techniques were developed to enhance the performance of SC power converters. Several 
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key research contributions are highlighted below: 

1. Developed a monolithic SC power converter with a subthreshold-region 

DPWM feedback controller. The subthreshold design significantly reduces the 

power dissipation in the controller. The programmable switching frequency 

DPWM control enables converter operation at high efficiencies, without 

causing a random noise spectrum. Monolithic implementation effectively 

suppresses noise and glitches caused by parasitic components due to bonding, 

packaging and PCB wiring [Su-08b, Su-09b]. 

2. Developed a monolithic master-slave complementary SC power converter 

with a feedback controller that purely operates in ultra-low-power 

subthreshold operation region. This is tailored for the aforementioned ultra-

low power applications [Su-08a, Su-09a]. 

3. Developed a monolithic reconfigurable step-down SC power converter with 

multiple-gain control and on-chip capacitor sizing for self-powered 

microsystems. The multiple-gain control helps the converter to constantly 

maintain high efficiency. The size-adjustable pumping capacitors allow the 

output voltage to be regulated at different desired levels, with a constant 50% 

duty ratio. 

4. Developed a reconfigurable step-up and step-down SC power converter with 

multiple-gain control for self-powered microsystems.  

5. Successfully fabricated a CMOS monolithic SC power converter with a 

subthreshold-region DPWM feedback controller. The entire chip area is 7.8 
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mm2, where the controller occupies only 0.26-mm2 area with 147.5-μW power 

dissipation. The converter precisely provides an adjustable output voltage 

from 0.9 V to 1.5 V. The power efficiency stays above 50% with a maximum 

66.7% at 1.4-V output voltage [Su-08b, Su-09b]. 

1.3 Dissertation Organization 

Chapter 2 addresses the fundamental knowledge of DC-DC converter designs. 

Basic DC-DC converter architectures like linear regulator, inductor-based switching 

power converter, and SC power converter are introduced. Power losses in the switching 

power converter, such as redistribution loss, conduction loss, switching loss, and 

reversion loss are analyzed. Existing power losses generation mechanisms in the cross-

coupled voltage doubler design are also compared.  

Chapter 3 presents a fully integrated SC power converter for self-powered 

wireless sensor nodes. The design features an efficient step-down charge pump (CP) 

power stage and a frequency-programmable digital feedback controller. The 

subthreshold-region design comparatively decreases the power dissipation in the 

controller. The programmable switching frequency DPWM control enables the converter 

to operate at high efficiency, without causing a random noise spectrum. Monolithic 

implementation effectively suppresses noise and glitches caused by parasitic components 

due to bonding, packaging and PCB wiring. The converter is designed and fabricated 

with a 0.35-μm CMOS process. Experimental results are shown to verify the validity of 
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the designs.  

In Chapter 4, a monolithic master-slave SC power converter for an ultra-low 

power energy-harvesting microsensor is addressed. The design features an efficient 

master-slave complementary charge pump power stage and a feedback controller that 

purely operates in the ultra-low-power subthreshold operation region. The master-slave 

complementary charge pump power stage minimizes the reversion power and offers an 

approach to regulate the output voltage by adjusting the pumping capacitor size. The 

purely subthreshold-region design greatly reduces the power dissipation in the controller. 

The SC power converter is designed with IBM 180-nm CMOS process. Simulation 

results are presented to verify the performance of the converter. 

Chapter 5 presents two reconfigurable SC power converters for self-powered 

microsystems. The first power converter is designed and fabricated with IBM 180-nm 

CMOS process. It features an efficient monolithic step-down SC power stage with 

multiple-gain control and on-chip capacitor sizing. The size-adjustable pumping 

capacitors allow the output voltage to be regulated at different desired levels, with a 

constant 50% duty ratio. The second power converter is designed and fabricated with 

IBM 130-nm CMOS process. It features an efficient step-up and step-down SC power 

stage with multiple-gain control. The multiple-gain control helps the converter constantly 

maintain high efficiency. Simulation results are presented to verify the performance of the 

converter. 

Chapter 6 provides conclusions and future works. 
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CHAPTER 2 DC-DC CONVERTER FOR ULTRA 
LOW-POWER EMBEDDED SYSTEM  

2.1 Introduction of DC-DC Converter  

Nowadays, portable devices such as laptop, personal digital assistant (PDA), cell 

phone, etc, are usually powered by rechargeable batteries. With the proliferation of such 

devices, integrated power electronics attracts ever-increasing attention for power-efficient 

very-large-scale integration (VLSI) systems. A clean and stable on-chip power line is 

paramount to maintain high operation performance and long battery run time. One of the 

serious issues of batteries is their output voltages vary frequently due to the changing of 

temperature, state of charge, battery current, and aging. In most cases, such voltage 

variations exceed the voltage regulation tolerance of the microprocessors. In addition, 

more sophisticated systems such as multi-core microprocessors require different supply 

voltages simultaneously. Therefore, voltage regulator plays a critical role in these systems 

to convert widely varying battery voltages to clean and stable supply voltages to power 

different modules in the system.  

For voltage regulator designs, high power efficiency is desired to maximize the 

battery operation time and minimize the heat generated by the portable devices. It is also 

desirable to keep the weight and size of the voltage regulator as small as possible. DC-

DC converter is usually used as a voltage regulator in these systems. It contains power 

input and control input ports, and a power out port, as shown in Figure 2.1.1. Switches 

and energy storage elements are used to efficiently deliver power from one port to the 
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other, differing in the input and output voltage. In a DC-DC converter, the DC input 

voltage is converted to a higher or lower DC output voltage, possibly with opposite 

polarity or isolation of the input and output ground references. 

 

Figure 2.1.1 System block diagram of a DC-DC converter. 

DC-DC converters are characterized to quantify their ability to transform an input 

supply voltage to desired voltage levels as required by the workload. Power loss has to be 

minimized to achieve a high efficiency so that the battery operated time is maximized. 

The output voltage should be well regulated under all operation conditions: start-up, 

steady-state, and line/load regulations. Nowadays, most integrated power supplies are 

implemented with three major types of DC-DC conversion circuits: linear regulator, 

inductor based switching converter, SC power converter. For those applications that 

require voltage(s) higher than the supply voltage, such as LCD drivers, EEPROMs and 

electrostatic actuator drivers, boost switching converter and SC power converter are 

usually the preferable solutions. 

2.1.1 Linear Regulator 

A linear regulator is a voltage regulator based on an active device (such as a 
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bipolar junction transistor, MOSFET or vacuum tube) operating in its active region (in 

contrast, a switching regulator is based on a transistor forced to act as an on/off switch) or 

passive devices such as zener diodes which operate in the breakdown region. A linear 

regulator takes an input DC power supply and produces a well-controlled output DC 

power supply by dissipating part of the power flow. Linear regulators exist in two basic 

forms: series regulators and shunt regulators. 

Series regulators are more commonly employed in practice, which provides a path 

from the input supply voltage to the load through a variable resistance (the main 

transistor is in the "top half" of the voltage divider). It is inefficient compared to the 

switch mode and SC power converters, since it regulates the output voltage by burning 

off "unwanted" voltage as heat. 

 

Figure 2.1.2 Schematic of a series regulator. 

The series regulator is used if the input power supply has low impedance, which 

is true for most of the cases. As shown in Figure 2.1.2. The load Zload and regulator is 

connected in series. In the steady state, the efficiency can be calculated as: 
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100%.                                              (2.1) 

where η  represents the efficiency, Vout is the output voltage, Vin is the input voltage, 

IL is the load current, and Iz is current flowing through the controller in the regulator. If Iz 

is negligible, then Eqn. (2.1) can be further simplified as 

100%.                                              (2.2) 

Note that η this is only affected by Vin and Vout, and independent of IL. The 

power consumed by this type of linear regulator is mainly determined by the current 

drawn from the input power supply and voltage drop along the power delivery path. 

The simplest way to implement a series regulator is a resistor divider. However, 

this approach has several limitations. Using a resistor to drop voltage makes the output 

dependent on output load current (load regulation) and also on the input voltage (line 

regulation). We need control schemes to adjust resistance value based on the output so 

that the output voltage is invariant with different input voltage and load current (voltage 

regulator) or input voltage and load voltage (current regulator). 

Figure 2.1.3 shows a closed-loop series voltage regulator. The power transistor Q1 

is made to act as a variable resistor, continuously adjusting the voltage divider network to 

maintain a constant output voltage. A feedback network is employed to compare the 

output voltage Vout and the reference voltage Vref, and adjust the gate voltage of the 

power transistor so that the delivered current is well controlled to keep Vout constant.  
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Figure 2.1.3 Schematic of a series voltage regulator. 

All linear regulators require the input voltage higher than the desired output 

voltage by at least some minimum amount. This minimum voltage margin is called the 

drop-out voltage. For example, a low-power linear regulator requires the input voltage 

higher than 3.3 V to achieve an output voltage of 3 V. The drop-out voltage is therefore 

3.3 V 3 V = 0.3 V. When the supply voltage is less than 3.3 V, which is true in 

applications like low-voltage microprocessor power supplies, low-dropout (LDO) 

regulators have to be used. The efficiency of linear regulator is low because the on-

resistance and dropout voltage of the power transistor always exist. 

The shunt regulator works by providing a path from the supply voltage to ground 

through a variable resistance. The current through the shunt regulator is diverted away 

from the load and flows uselessly to ground, making this form even less efficient than the 

series regulator. It is, however, simpler, sometimes consisting of just a voltage-reference 

diode, and is used in very low-powered circuits where the wasted current is negligible. 

This form is commonly used in voltage reference circuits. 
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Figure 2.1.4 Schematic of a shunt regulator. 

Figure 2.1.4 is a shunt regulator, which is used if the input power supply is high 

impedance. Here, DZ and Zload are in parallel, and the voltage across DZ and Zload are the 

same. The efficiency is calculated as 

100%,                                       (2.3) 

where ηshunt is the efficiency, IL is the load current through Zload, and IZ is the current 

through DZ. If Z1 is very small, the voltage drop is negligible. Vin is then equal to Vout, 

and the efficiency can be simplified as: 

100%.                                        (2.4) 

Note that the efficiency drops to zero as the current through the load decreases to 

zero. 

A common implementation of shunt regulation is to use a zener diode as DZ. The 

input current is supplied by a high-impedance source such as a charge pump, or a series 

element such as a depletion FET, a current mirror output or a high value resistor. 
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2.1.2 Inductor Based Switching Power Converter 

 

Figure 2.1.5 Schematic of an inductor based switching power buck converter. 

An inductor based switching power converter converts the input DC voltage to a 

desired voltage level at the output, by storing the energy temporarily in magnetic field 

storage components (inductors) and delivering it to the output of the converter. For a 

synchronous switching converter, as shown in Figure 2.1.5, the power transistors operate 

at either linear region (on) or cutoff region (off) to realize the switching actions. The 

voltage at the switching node then passes through LC filter, which consists of the 

inductor L and output filtering capacitor CL. The main advantage of this topology is high 

efficiency, because the power switches dissipate very little power while operating in the 

linear and cutoff regions. However, switching converters have certain disadvantages such 

as higher control complexity, the generation of high-amplitude and high-frequency noise 

that must be blocked by the low-pass filter to avoid EMI noise, and a ripple voltage at the 

switching frequency and the harmonic frequencies thereof. 

There are three major topologies in the inductor based switching power converters: 
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buck, boost, and buck-boost converters. The operation principles of those three types of 

converter are given as follows. 

Figure 2.1.5 shows a circuit diagram of the buck converter, which realizes the 

step-down voltage conversion: the output voltage is lower than the input voltage. The 

energy is delivered only when S1 is ON and S2 is OFF. Hence, the conversion ratio in this 

topology is, 

  ,                                      (2.5) 

where D is the duty-ratio, ton is the turn-on time of the switch S1, and T is the switching 

period. 

 

Figure 2.1.6 Boost DC-DC converter. 

The boost converter realizes the step-up voltage conversion: the desired output 

voltage is higher than the input voltage, as shown in Figure 2.1.6. The conversion ratio 

can be calculated as 

.                   (2.6) 
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Figure 2.1.7 Buck-boost DC-DC converter. 

The buck-boost converter can realize both step-up and step-down voltage 

conversions. Figure 2.1.7 shows a circuit schematic of the non-inverting buck-boost 

regulator. The voltage conversion ratio is, 

.                                                  (2.7) 

2.1.3 Switched-Capacitor Power Converter (Charge Pump) 

 

Figure 2.1.8 Dickson charge pump. 
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Figure 2.1.9 A four-stage CTS based charge pump. 

Dickson-type charge pump [Dickson-76] shown in Figure 2.1.8 is the earliest 

developed charge pump design and can achieve a different output voltage level with 

different stage. The voltage drop across each turned-on power switch equals to one 

threshold voltage VTH (≥ 0.41V in IBM 180-nm CMOS process). A four-stage CTS-based 

charge pump in Figure 2.1.9 demonstrates a similar behavior. The conventional voltage 

doubler in Figure 2.1.10 is considered as an efficient charge pump, and the voltage drop 

across each turned-on power switch is equal to one drain-to-source voltage VDS (150 mV 

or less). However, in the charging and discharging loop, 2VDS voltage drops should be 

considered. Nowadays, the cross-coupled voltage doubler is considered as the most 

efficient topology for low-voltage low-power applications [Nakagome-91], as shown in 

Figure 2.1.11, because only one VDS drop exists in the charging and discharging loop. 

Therefore, almost all on-chip charge pump designs are based on the cross-coupled 

voltage doubler topology.  
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Figure 2.1.10 CMOS voltage doubler. 

 
(a) 

 
(b) 

Figure 2.1.11 CMOS cross-coupled voltage doubler: (a) power stage, and (b) timing diagram. 
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In the steady state, the voltages across the two pumping capacitors Cpa and Cpb are 

almost equal to Vin. As shown in Figure 2.1.11 (b), during the phase A, a is high and b 

is low, so the voltage Va at node A is 2Vin, the voltage Vb at node B is Vin. Then the 

NMOS transistor MNb controlled by Va and the PMOS transistor MPa controlled by Vb are 

turned on. Meanwhile, the NMOS transistor MNa controlled by Vb and the PMOS 

transistor MPb controlled by Va are turned off. So the pumping capacitor Cpb is connected 

to the input voltage and charged up to Vin. Cpa is connected parallel to the output filtering 

capacitor CL, and the charge stored at Cpa is transferred to CL. At the end of the phase A, 

the voltage across Cpb will be Vin and the voltage across Cpa will be Vout−Vin. Similarly, 

during the phase B, a is low and b is high, so the voltage Va at node A is Vin, the 

voltage Vb at node B is 2Vin. Then MNa and MPb are turned on, MNb and MPa are turned 

off. Thus Cpa is connected to the input voltage and charged up to Vin. Cpb is connected to 

CL and discharged. At the end of the phase B, the voltage across Cpa will be Vin and the 

voltage across Cpb will be Vout−Vin.  

When it reaches to the steady state, the total net charge difference on the two 

pumping capacitors Cpa and Cpb should be equal to the charge consumed by the output 

loading resistor RL in one switching cycle,  

   .                                    (2.8) 

Here, T is the switching period of the voltage doubler. If Cpa = Cpb = Cp, we obtain 
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        .                                           (2.9) 

If  1, then  

2.                        (2.10) 

We thus achieve a 1-to-2 step-up voltage conversion. From Eqn. (2.10), higher 

switching frequency and lower output load allows smaller capacitors for the same voltage 

ripple. It is also shown that higher switching frequency, lower output load and larger 

pumping capacitor leads to a higher output voltage. 

While microelectronics technology can be further explored for system 

miniaturization, fully on-chip power management designs are in high demand, especially 

for an ultra low power system. Monolithic IC solutions become extremely attractive. 

However, although inductor based switching power converters provide high efficiency 

and flexible power conversion, they have the off-chip component (inductor) and suffer 

from severe EMI noise. Linear regulators are not preferred in the scenarios when the 

dropout voltage between the input and output is very large, since efficiency drops 

dramatically. Therefore, in order to achieve a low-noise, compact and high-efficiency 

design, SC power converter becomes potentially the best solution. As load power 

decreases to 1 mW or even lower, some power loss components, which are usually 

negligible in traditional designs, become very critical and should be carefully re-

evaluated. 
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2.2 Power Loss in the Switching Power Converter 

In general, the efficiency of a switching power converter is defined as    

η 100%,                                       (2.11) 

where Pout represents the output loading power, and Ploss represents the total internal 

power loss caused by the switching power converter itself, including the power stage, 

gate-drive buffers and the controller. Obviously, when Ploss is minimized, the efficiency is 

optimized to the maximum. Among the power loss components, the power loss of the 

power stage dominants. The reason is that the integrated controller can be designed to 

operate at very low static power and transistor sizes in gate-drive buffers are usually 

much smaller than those in the power stage. Based on power loss generation mechanisms, 

the power loss in the power stage mainly consists of redistribution loss, conduction loss, 

switching loss and reversion loss. We will discuss them one-by-one in due course. 

2.2.1 Redistribution Loss 

        
(a) 
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(b) 

Figure 2.2.1 (a) KCL for current transfer and (b) KCL for charge transfer. 

The Kirchhoff Current Law (KCL) is also called Kirchhoff's First Law. The 

principle of conservation of electric charge implies that: At any point in an electrical 

circuit where charge density is not changing in time, the sum of currents flowing towards 

that point is equal to the sum of currents flowing away from that point. Shown in Figure 

2.2.1 (a), we get  

0.                                  (2.12) 

Integrating to (2.12),  

0.                             (2.13) 

Therefore, in a system of capacitors, the sum of all charges leaving a node in any 

instance of charge transfer is equal to zero, as in (2.14):  

0.        (2.14) 

KCL is also due to the conservation of charge and can be referred as charge 
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conservation.  Illustrated by Figure 2.2.1 (b), the capacitors C1, C2, …, Cn are connected 

at one node. Prior to the charge transfer that occurs at t = t1, the corresponding capacitor 

voltages are V1(t1
-), V2(t1

-), …, Vn(t1
-); and at t = t1, charge transfer occurs, such that 

when the charge transfer is completed, the capacitor voltages are V1(t1
+), V2(t1

+), … , 

Vn(t1
+). KCL states 

.  (2.15) 

A simple way to remember is initial charge equals the final charge.  

 
(a)                                                                              (b) 

Figure 2.2.2 Redistribution loss in cross-coupled voltage doubler. 

In a charge pump, the redistribution loss is caused by charge transfer between the 

capacitors. In a real example as in Figure 2.1.11, if the voltage drop VDS is not considered, 

during the charging phase of the pumping capacitor Cpb ( a is high and b is low), Cpb is 

charged to Vin. When Va is low and b is high, the PMOS power switch Mpb is turned on. 

Vb reaches 2Vin. However, Vout is slightly lower than 2Vin because the output filtering 

capacitor CL is constantly discharged by the load RL. The voltage difference between Vb 

and Vout causes the charge transfer from the pumping capacitor Cpb to CL, leading to the 
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redistribution loss, as shown in Figure 2.2.2. If Cpa = Cpb = Cp, according to KCL,  

.                  (2.16) 

Therefore, the new output voltage will be  

.                                    (2.17) 

Then redistribution loss is 

,       (2. 18) 

where fs is the switching frequency of the voltage doubler.  

2.2.2 Conduction Loss 

 

Figure 2.2.3 MOSFET as a voltage controlled linear resistor. 

In CMOS technology, power switches are usually implemented by MOSFET 

transistors. When a power transistor is turned on, VDS ≤ VGS - VTH, the transistor operates 

in the linear region [Gray-00]. If VDS << 2(VGS – VTH), we have  

,                                   (2.19) 
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where, μ is the mobility of the electronic carriers; Cox is the gate oxide capacitance per 

unit area; W and L are the MOSFET width and effective channel length of the transistor 

as a power switch, respectively; VGS – VTH is the overdrive voltage. That is, the drain–

source current is a linear function of VDS. This linear relationship implies that the path 

from the source to the drain can be represented by a linear resistor equal to  

.                                           (2.20) 

This turn-on resistance of the transistor causes the conduction loss 

,               (2.21) 

where, D is the duty ration of the power switch.  

If we consider a constant current, the conduction loss is  

· .                                             (2.22) 

This loss can be reduced by increasing the aspect ratio of the transistor, W/L, and 

gate drive voltage VGS. However, this directly leads to the increase on another power loss 

– switching loss. 
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2.2.3 Switching Loss 

 

Figure 2.2.4 Switching loss of power switch. 

It is well known that a MOSFET transistor is a voltage controlled device, meaning 

that the transistor’s ON/OFF state as a switch is determined by a control voltage − VGS. 

The voltage changes on VGS are accomplished by charging and discharging the gate 

capacitor of the transistor, which is proportional to the product of transistor’s width and 

length, W×L [Rabaey-04]. In the linear region, 

.                                   (2.23) 

If only CGS is considered, then the switching loss is  

.                  (2.24) 

From this perspective, to reduce the switching loss, the size of the transistor is 

preferred to be small. Obviously, there exists an optimal point for the width of the 
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transistor, W, where the sum of conduction loss and switching loss reaches the minimum. 

2.2.4 Reversion Loss 

 
(a) 

 
(b) 

Figure 2.2.5 (a) Reversion shoot-through current generation in conventional cross-coupled voltage doubler 

and (b) its associated reason of occurrence during switching with non-overlapping control signals. 

Finally, a reversion loss occurs when shorting a higher voltage node to a lower 

one, forming a reversion current, which is different from the original power flow. Thus, it 
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is similar to redistribution loss but with reverse current flow. For example, in Figure 2.2.5, 

when a and b are both low, Va and Vb both stay at Vin, PMOS power switches Mpa and 

Mpb are both turned on, NMOS power switches Mna and Mnb are both turned off. As 

shown in Figure 2.2.6, reverse shoot-through currents (3 and 4 in Figure 2.2.5 (a)) form 

from Vout through Mpa and Mpb back to Cpa (Va) and Cpb (Vb), degrading the efficiency of 

the charge pump. According to KCL,  

.               (2.25) 

If Cpa = Cpb = Cp, with (2.25), the reversion loss will be  

2 , (2.26) 

where, Vout ≈ 2Vin, so Vout - Vin ≈ Vin, which leads this reversion loss is much larger than 

the redistribution loss in (2.21). Figure 2.2.5 also indicates that in the shaded region 5 

(region 6) the reverse shoot-through current leaks from Vout through Mpa and Mna (Mpb 

and Mnb) to the input supply during the simultaneous conduction. This leads to a big 

reversion loss. Thus, minimizing the reversion loss is very important for improving the 

power efficiency. 

 
(a) 
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(b) 

Figure 2.2.6 Reversion loss of power switch. 

In a summary, the redistribution loss is determined by capacitors size and voltage 

difference between the input voltage and output voltage in the SC power converter. Much 

research attention has been given in minimizing the conduction [Ma-03a, Ma-03b, Ma-

08a], switching and the reversion loss [Favrat-98, Maksimovic-99, Lee-05, Su-06, 

Mohan-06]. Here we re-examine the power and operation performances of the state-of-

the-art designs as follows. 

2.3 Power Losses Generation Mechanisms in the State of the Arts   

2.3.1 Cross-Coupled Doublers with Gate-Drive Enhancement 

In recent years, a few new charge pump topologies are proposed to improve the 

efficiency of cross-coupled voltage doubler. In [Favrat-98], the cross-coupled voltage 

doubler can be improved by using a dual series switch and the principle of bulk switching 

in the PMOS pair, shown in Figure 2.3.1 (a). In Figure 2.1.11, Mpa and Mpb are driven by 

the control signals Vb and Va, respectively. The two signals both swing between Vin and 

2Vin. According to the conduction loss equation in (2.25), the conduction loss in the 
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PMOS transistor pair is reduced when the overdrive voltage increases. In [Favrat-98], a 

new pair of gate control signals ah and bh were employed, swinging between 0 and 

2Vin, by applying level shifter. Thus, the conduction loss is dramatically decreased.  

  
(a)  

  
 (b) 

Figure 2.3.1 (a) Cross-coupled voltage doubler with bulk switching; (b) cross-coupled voltage doubler with 

gate-drive enhancement. 

However, in this design, according to the switching loss in (2.24), when the VGS 

voltage swing increases, switching loss is increased in the PMOS transistor pair. 
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Moreover, no special consideration was mentioned for reversion loss reduction. In 

addition, in order to drive the power transistors Mpa and Mpb, two extra buffers and level 

shifters are required, leading to an increase in silicon area and power consumption. 

2.3.2 Complementary Cross-Coupled Doubler Pairs 

  
(a)                                                                               (b) 

Figure 2.3.2 (a) Complementary cross-coupled voltage doubler with opposite control signals, and (b) 

timing diagram with non-overlapping control signals. 

To reduce the reversion loss, a new charge pump topology was proposed in 

[Maksimovic-99], as depicted in Figure 2.3.2. With up to 5 mW power capability, the 

charge pump consists of two identical cross-coupled voltage doubler cells, parallel-

connected between Vin and Vout. While all NMOS switches are controlled by the clocks 

a and b, the PMOS switches are managed by their complementary clock counterparts 

 and . To reduce the reversion loss, as shown by the timing diagram Figure 2.3.2 (b), 
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when a and b are both low (  and  are high), both Va1 and Vb1 are equal to Vin. 

Meanwhile, Va2 and Vb2 are charged to 2Vin. Hence, all the power switches are effectively 

turned off. Because no reverse current path exists, no charge can be transferred from Va2 

and Vb2 (Ca2 and Cb2), back to Vin, or from CL back to Va1 and Vb1 (Ca1 and Cb1). 

Reversion loss is thus successfully reduced. Nevertheless, this loss still exists during the 

simultaneous transitions. 

Since the power transistors and pumping capacitors are doubled in this design, 

with the same switching frequency and output load, each pumping capacitor and power 

transistor size are decreased by 50%. Thus they avoid the penalty on extra silicon, in 

comparison to the design in [Nakagome-91]. However, if the power converter has to 

handle high power, the pumping capacitor will be too big to be on-chip. Then compared 

with the traditional cross-coupled doubler, four more pins are needed. Therefore, this 

design is more suitable for on-chip realization.  

2.3.3 Cross-Coupled Doublers with the Break-Before-Make Mechanism and the 

Gate-Slope Reduction 

 
(a) 
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(b) 

Figure 2.3.3 (a) Schematic of the cross-coupled voltage doubler in [Lee-05], and (b) simultaneous 

transitions of clock signals in this design 

In [Lee-05], an effective circuit technique in the cross-coupled voltage doubler is 

developed. These techniques are not only capable of reducing the shoot-through current 

during switching, but also decrease the switching noise at the output. The schematic is 

shown in Figure 2.3.3 (a). Two additional resistors (Ra and Rb) are placed in series with 

the gates of serial power transistors Ma4 and Mb4, respectively. In addition, two extra 

small PMOS transistors (Ma5 and Mb5) are added, which are driven by level shifters to 

ensure that both Ma5 and Mb5 can be turned on and off properly.  

During switching, while the voltage V4 at node 4 decreases from 2Vin to Vin, the 

gate voltage V4e of Ma4 changes from 2Vin to Vin slower, due to the delay provided by Ra. 

So Ma4 is turned on slower than which controlled by V4. Once Ma4 is turned on after Ma1 

is turned off, there is no shoot-through current leaking from Vout through Ma4 and Ma1 to 

the input. On the other side, while the voltage V2 at node 2 increases from Vin to 2Vin, 
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and the gate voltage V2e of Mb4 switches from Vin to 2Vin faster, because Ma5 is turned on 

and the additional transient current flows from Vout to V2e. Hence Mb4 is turned on faster 

than which controlled by V2. If Mb4 is turned off before Mb1 is turned on, there is no 

shoot-through current leaking from Vout through Mb4 and Mb1 to the input. Break-before-

make mechanism is thus realized. As a result, the shoot-through current can be decreased, 

thereby reducing the total supply current dissipation and improving the light-load power 

efficiency of the voltage doubler. 

In addition, the switching noise due to the output voltage drop can be significantly 

reduced by minimizing the loss discharge of the load capacitor during switching. 

Moreover, the use of the additional resistors reduces the slope change of the gate voltage 

of the serial power transistors Ma4 and Mb4 when either of them is turning on. The noise 

associated with the switching of Ma4 or Mb4 is reduced, as the current change of Ma4 or 

Mb4 is slower. Thus, the value of the noise source is decreased. So the switching noise is 

decreased. 

2.3.4 PMOS Gate-Controlled Doublers 

 
(a) 
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(b) 

Figure 2.3.4 (a) Charge pump with PMOS gate control, (b) control signals. 

To reduce both conduction loss and reversion loss, another voltage doubler design 

was reported in [Su-06], with a so-called PMOS gate control. As illustrated in Figure 

2.3.4, an NMOS pair, Mna and Mnb, are driven by control signals Vb and Va, respectively. 

In the meanwhile, a PMOS pair, Mpa and Mpb, are driven by the control signals Vga and 

Vgb, respectively. To reduce the reversion loss, in Phase A (B), the voltage Va (Vb) should 
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reach 2Vin before the PMOS transistor Mpa (Mpb) is turned on; and Va (Vb) should remain 

at 2Vin until Mpa (Mpb) is turned off. Similarly, the voltage Va - (Vb) should drop to Vin 

before the NMOS transistor Mna (Mnb) is turned on. Meanwhile, Va (Vb) should remain at 

Vin until Mna (Mnb) is turned off. The voltage swings of Vga and Vgb need to be set to 2Vin. 

In addition, the 2Vin gate-drive voltages at Mpa and Mpb also reduce the conduction loss. 

To eliminate leakage current, Vga is charged to 2Vin before Va starts to drop. However, the 

four gate control signals all require buffers to drive the power stage, leading to an extra 

power penalty. Meanwhile, Vga and Vgb need to be directly powered by the output Vout 

(equal to 2Vin), which increases the switching power loss of buffer drives, level shifters 

and the power switches. Especially for low power applications, the control signal 

generation circuits will largely decrease the power efficiency. 

2.3.5 Interleaving Charge Pumps 

To reduce the output ripples and improve the transient response, an interleaving 

charge pump is proposed in [Mohan-06]. As shown in Figure 2.3.5, with the same 

switching frequency, each pumping capacitor and power transistor sizes are decreased by 

50%, thus avoiding the penalty on extra silicon, in comparison to the design in 

[Nakagome-91]. Another advantage of this work is that the output ripples are reduced by 

nearly 50%, while the load transient response is largely improved. In this design, a 

maximum duty ratio of 50% is used. However, when the duty ratio is below 50%, as 

shown in Figure 2.3.6 (b), a and b ( c and d) are both low, the voltages at Va and Vb 

(Vc and Vd) are equal to Vin. The PMOS pair Mpb and Mpa (Mpd and Mpc)are turned on, 
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causing a reversion current flow from Vout to Va and Vb (Vc and Vd). Relatively high 

reversion loss still has no improvement.  

  
(a) 

 
(b) 

Figure 2.3.5 (a) Four phase interleaving charge pump in [Mohan-06] and (b) timing diagram with non-

overlapping control signals. 
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Figure 2.3.6 Power efficiencies comparison on the prior arts. 

As a summary, Figure 2.3.6 compares the efficiencies of the aforementioned prior 

arts. The comparison is based on fully transistor-based HSPICE simulation results. All 

the designs are implemented with IBM 180-nm CMOS process. All the power stages and 

buffers are optimized at a load with equivalent resistance of 1.8 kΩ. The switching 

frequency of the charge pump is designed as 4 MHz. With exactly the same input/output 

power operation conditions, each design is tested with and without non-overlapping 

(NOL) control signals. Since a close-loop controller is necessary for the DC-DC 

converter with an adjustable output voltage, NOL control signals is needed in the power 
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stage. As mentioned before, with NOL control signals, short-circuit current and large 

switching noise can be avoided. However, reversion loss could be large. In design 

[Favrat-98], although conduction loss is decrease by applying the level shifter, switching 

loss is increased and reversion is not considered. Design [Maksimovic-99] reduce the 

reversion loss a lot by using two identical charge cells, but it is not a good design for the 

high power converter since four more IC pins and pads are needed. Design [Su-06] 

reduces the reversion loss and conduction loss effectively, but switching loss is increased, 

and in order to generate the corresponding control signals, level shifter and buffer circuits 

are used, which will consume a lot of power. These lead the design [Su-06] is not 

efficient for low power converter.  Four phase interleaving charge pumps are used in 

[Mohan-06] to decrease the output ripple and improve the response speed; however 

conduction loss and reversion loss are not considered. As results, according to exactly the 

same input/output power operation conditions, for the designs with NOL clocks, the 

complementary cross-coupled doubler in [Maksimovic-99] stands out with the best 

efficiency, especially in the low-power range. For the designs without NOL clocks, 

interleaving charge pumps in [Mohan-06] turns to be superior.  
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CHAPTER 3 A MONOLITHIC STEP-DOWN SC 
POWER CONVERTER WITH SUBTHRESHOLD Z-

DOMAIN DPWM CONTROL FOR ULTRA-LOW 
POWER MICROSYSTEMS 

This chapter presents a fully integrated SC power converter for self-powered 

wireless sensor nodes. The design features an efficient step-down charge pump power 

stage and a frequency-programmable digital feedback controller. The subthreshold-region 

design reduces the power dissipation in the controller significantly. Meanwhile, the 

programmable switching frequency DPWM control keeps the converter stay at high 

efficiency, without causing random noise spectrum. Monolithic implementation 

effectively suppresses noise and glitches caused by parasitic components due to bonding, 

packaging and PCB wiring. Design strategy, system modeling, optimization and circuit 

implementation are addressed. An IC prototype was fabricated with a standard 0.35-μm 

CMOS process. It precisely provides a dynamic voltage scaling (DVS)-compatible, 

adjustable output voltage from 0.9 V to 1.5 V and power from 400 μW to 7.5 mW. The 

switching frequency is programmable from 200 KHz to 1 MHz. It achieves 66.7% 

maximum efficiency and the power dissipation in the controller is only 147.5 μW. 

3.1 Design Challenges and Motivations  

Numerous times in science fictions, humans are equipped with wearable sets 

comprising of communication and computation devices. Such devices are capable of 

collecting (with sensors) or distributing data locally and exchanging data with a remote 
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command center in an untetherable manner. Practically, such a system can be used in 

medical monitoring, battlefield intelligence, and many other applications [Rabaey-02, 

Ammer-06, Allen-78 and Huang-98]. Nowadays, with the advancement of modern 

technology, such dreams are becoming a reality. In such a system, it is desirable that all 

the devices can be self-powered, without the need of battery replacement. This allows the 

entire system to be permanently embedded into sensing targets or carriers, while 

maintaining operation transparency from the user. Due to the limited power generated by 

a small embedded device, advanced low power operation schemes such DVS [Ma-04, 

Burd-00, Goodman-98 and Ichiba-99] should be exploited to maintain the system runtime 

at a practical level.  

While microelectronics technology can be further explored for system 

miniaturization, compact and efficient power management IC modules are highly 

demanded. For instance, the desired size of a wireless sensor node should be under 1 cm3 

[Ammer-06]. A self-powered implantable device may require even smaller volume 

[Huang-98]. Monolithic IC solutions thus become extremely attractive. In addition, due 

to the limited energy storage capability, the interested power level in such a device has 

been much lower than those in traditional designs, ranging from tens of microwatts to 

tens of milliwatts [Rabaey-02, Ammer-06, Allen-78 and Huang-98]. Meanwhile, the 

power source is usually very unstable due to the nature of energy harvesting. These 

impose unprecedented challenges on the new power regulation system design. We must 

re-examine the design approaches at all levels from system architecture, control to circuit 

implementation.  
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For the power stage design, step-down voltage conversion appears to be more 

desirable, because its voltage conversion manner is compatible with DVS-based low-

power operation schemes. Recently, a switching buck converter was reported for such 

applications [Ramadass-07]. However, the employment of bulky off-chip inductors 

causes serious EMI noise and increases PCB profile [Ma-03a, Ma-03b]. Linear regulators 

can be very compact and need no inductors, but their dropout voltages have to be very 

small to maintain high efficiency [Ross-97], leaving little margin for DVS operation. 

Hence, a SC power converter proves to be the most attractive solution in this situation. 

However, with new design specifications, new design problems emerge: firstly, while 

most SC converters, such as voltage doublers, achieve step-up conversion, step-down SC 

converters are very few and commonly suffer low efficiency. Secondly, a SC power 

converter normally requires many off-chip capacitors, on-chip pads and IC pins, thereby 

increasing system volume and cost. The resulting parasitic components also cause serious 

glitches and switching noises.  

For the controller design, due to large variations at the alternative energy sources, 

an open-loop charge pump does not suffice. To facilitate a tight regulation and achieve 

high efficiency, the converter must employ a feedback controller. In addition, its output 

voltage is highly preferred to be adaptively variable for DVS operations. While designing 

an effective power controller remains sophisticated in traditional approaches, the design 

of a controller that operates at such a low power level becomes even more challenging.  

In this chapter, we propose a new SC power supply design for the emerging low-
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power energy-conscious applications. It features an efficient step-down charge pump and 

a subthreshold-region DPWM digital feedback controller. To enhance the efficiency, the 

switching frequency of the converter is programmable to instantaneous load conditions. 

Different from traditional pulse-frequency modulation (PFM) that exhibits random noise 

spectrum, the switching noise spectrum in this work remains discrete and predictable. 

The rest of the chapter is organized as follows. In Section 3.2, we address system 

architecture and design strategy and optimization. We then discuss circuit implementation 

details in Section 3.3. In Section 3.4, experimental results are provided to verify the 

circuits and control. Finally, we summarize this research in Section 3.5. 

3.2 System Architecture & Design Strategy 

Figure 3.2.1 illustrates the proposed system architecture and timing diagram. The 

power converter is comprised of a step-down charge pump and a feedback controller that 

includes an error processor, a proportional controller and a digital pulse-width modulator 

(DPWM). The details of system operation, design strategy and system optimization are 

addressed as follows. 
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(a) 

 
(b) 

Figure 3.2.1 (a) System architecture, and (b) timing diagram of the proposed converter. 
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3.2.1 Power Stage Architecture: Step-Down Charge Pump 

Different from well-known Dickson charge pumps and voltage doublers that 

achieve step-up voltage conversions, this work employs a step-down charge pump to 

efficiently achieve a 2-to-3 step-down conversion, as shown in Figure 3.2.1 (a). With 

reference to the timing diagram in Figure 3.2.1 (b), the charge pump is operated in two 

complementary phases − the charge phase charge  and the discharge phase discharge . 

When charge is active (“1”), the PMOS power switches M1, M2, M3 and M4 are turned on 

by the gate control signals Vclk_C and Vclk_P, which are generated by non-overlapping gate 

drive buffers. This action creates two charge paths to pre-charge the pumping capacitors 

C1 and C2. During the discharge phase discharge, the switches M1, M2, M3 and M4 are 

turned off, but the NMOS switches M6 and M7 and the PMOS switch M5 are turned on by 

the gate control signals Vclk_N and Vclk_Pb. Accordingly, a discharge path is formed. During 

discharge, the load is isolated from the input power supply Vin, but powered by the charge 

stored in C1 and C2. Note that if C1 and C2 are identical, the voltage across each of the 

capacitors will be equal to Vout/2 at the end of discharge. Meanwhile, at the end of charge, 

the voltage across each capacitor will be equal to (Vin−Vout). When the charge pump 

reaches the steady state, the total net charge on C1 and C2 should be equal to the charge 

consumed by the load RL, leading to 

 ,                              (3.1) 

where T represents the switching cycle. From (3.1), if C1 = C2 = Cp, we obtain 
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  .                                           (3.2) 

Here, if   << 3, then  

.                                      (3.3) 

We thus achieve a 2-to-3 step-down voltage conversion. 

3.2.2 Power Stage Design Strategy 

 
(a) 

 
(b) 

Figure 3.2.2 Equivalent power stage circuit with capacitor and switch charge flows in (a) the charge phase 

charge, and (b) the discharge phase discharge. 
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3.2.2.1 Power stage optimization 

The optimization of the proposed charge pump is paramount, because it has direct 

effect on the efficiency of the entire system. This can be achieved by studying the charge 

flows illustrated in Figure 3.2.2, and addressed as follows.  

For a SC power converter, the power loss in the power stage usually dominates 

the overall power loss. The power loss due to a power transistor mainly includes 

conduction loss and switching loss. The conduction loss of the proposed SC converter 

can be represented as [Seeman-06],  

∑ ,                                          (3.4) 

where Di, Roni and ai represent the duty ratio, the turn-on resistance and the switch charge 

multiplier vector of the power transistor i, respectively. Note that Roni can be defined by 

properly sizing and biasing the individual transistor, because 

| |.                                          (3.5) 

Here, ⁄  and | | are the aspect ratio and the overdrive voltage of the 

transistor i, respectively. Based on the description in Section 3.2.1, in the steady state, if 

C1 and C2 are equal, the charge flows through each power switch are equal. Because the 

total charging and discharging paths in this design is 3, the power switch charge 

multiplier vectors of all the power switches are equal to 1/3 [Seeman-06].  
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The switching power loss due to gate-source capacitance Cgs of the power 

transistors is determined by: 

 ∑ , ,  ∑ , .                           (3.6) 

where, Cgs,i and Vgs,i represent the respective gate-source capacitance  and voltage swing 

of power transistor i.  Meanwhile, the switching power loss due to parasitic junction 

capacitors can be determined by  

               ∑ , , ∑ , ,   

= ∑  2 , , .                  (3.7) 

Here, , / ,  and , / ,  stand for the respective drain-bulk/source-bulk 

capacitance and voltage swing of the power transistor i. Lsi represents the length of the 

source and drain region of the power transistor i. 

On the other hand, the power loss due to the pumping capacitors includes 

equivalent series resistance (ESR) conduction loss and charge transfer loss. Then the total 

conduction loss in (3.4) can be modified as 

∑ · .                          (3.8) 

The charge transfer loss can be expressed as 

 ∑ .                 (3.9) 
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Hence, the total power loss of the proposed SC power converter is approximately 

determined by  

   .                        (3.10) 

Table 3.1 Optimization of power transistors. 

Power transistors Overdrive voltage Width Length Turn-on resistance 

     

     

  2   2
 

  2   2
 

  2   2
 

 
2  2  2 /2

     

According to the (3.6)-(3.8), a shorter channel length could lower both conduction 

loss and switching loss. Minimum technology length Lmin is used when implementing the 

power transistors. Similarly, Lsmin is used as the minimum length of the source and drain 

region in (3.7). For simplicity, all the power transistors in this design are sized with the 
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same turn-on resistance. Note that, because of the difference of the overdrive voltages, 

the optimized width of each transistor may not be the same, in Table 3.1. Wopt represents 

a normalized width for the power transistors, which will be uniquely defined by the 

following optimization procedures. Here, we also let ⁄ , and . 

According to Table 3.1, (3.6)-(3.8) can be modified as  

                .          (3.11) 

2 6 2 .          (3.12) 

= 4 2 7 2  

3 2 4 6 5 .         (3.13) 

In order to maximize the efficiency, the optimized width of the power transistor, 

Wopt, should meet  

⁄ 0.                                     (3.14) 

Accordingly, 

                           √ ·       

·
. 2 6 2 ,                    (3.15) 
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where 

     . .       (3.16) 

Once Wopt is determined, all the power transistors are uniquely defined by Table 

3.1. With the optimized parameters, we design our SC power converter with the 

maximized efficiency. In this work, the converter was fabricated with a 0.35-μm CMOS 

process. It was optimized at 1.4-V output and 1-MHz switching frequency, with a total 

power of 5 mW. In this case, the power transistor size Wopt is identified as 700 µm. Figure 

3.2.3 shows the power loss distribution in the power stage at the optimized operation 

point.  

 

Figure 3.2.3 Power loss distribution in the proposed charge pump with Vout =1.4 V. 
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3.2.2.2 Pumping Capacitor Optimization 

According to the charge flows in the Figure 3.2.2, the total net charge on the 

pumping capacitors C1 and C2 should be equal to the net charge in the load capacitor CL, 

leading to 

2 2  ∆ .                  (3.17) 

Here, ∆  is the output ripple voltage, which is defined as  

∆ .                                         (3.18) 

The total energy transferred by the pumping capacitors CP to the load capacitor CL 

in each switching cycle is 

.                                  (3.19) 

If ∆ , then 2 , 

∆ .                                   (3.20) 

In a switching cycle, the energy consumed by the load is 

.                                                     (3.21) 

In the steady state, the energy transferred from CP to CL, Etranfer, should be equal 

to the one consumed by the load RL, meaning that  
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.                                              (3.22) 

With (3.17) and (3.20)-(3.22), the pumping capacitor size is determined as 

.                                        (3.23) 

Similarly, the load capacitor can be determined as 

∆
.                                                (3.24) 

With the design specifications given in Section 3.2.2.1, we choose 3.36 , 

and 470 . Note that, although the power transistors and capacitors are optimized 

separately, they are correlated in determining the charge and discharge time constants. 

This issue will be addressed in Section 3.2.3.1. 

3.2.2.3 Switching Frequency Optimization  

With the similar method in Section 3.2.2.2, the switching frequency fsw of the 

converter can be optimized, which follows 

⁄ 0.                                            (3.25) 

The optimized switching frequency is obtained as  

                                
√2

3 · 1  
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· 2 6 2 ,                   (3.26) 

where 

· · 4 2 7 2

3 2 4 2 6 5 2 · 2 6

2 .          (3.27) 

3.2.3 Closed-Loop System Design & Control Strategy 

3.2.3.1 Design Motivation & Constraints 

In Section 3.2.1, the discussed operation scenario is in fact a special case when 

the duty ratios of all the power transistors are 50% and no feedback control is involved. 

However, the proposed converter is designed and implemented as a closed-loop system 

for two reasons. Firstly, the existence of parasitic resistances and load variations in the 

power stage introduces significant DC regulation errors at Vout. Secondly, variable power 

supply is on high demands by DVS-related low power VLSI systems. To facilitate a 

variable Vout, the duty ratio of the key power switches must be modulated, so that the 

amount of charge flow can be adaptively controlled for the preferred voltage level. 

Accordingly, in this design, we apply a DPWM control to modulate the duty ratios of the 

power transistors M1 and M2. This change is reflected in Figure 3.2.1 (b), where the gate 

control signal Vclk_C is modulated with a time period of DT in the charging phase  charge, 

while the other control signals can still remain unchanged. Here, D denotes the duty ratio 



70 

 

of the converter. 

A closer look at the power stage operation implies that, in order to vary Vout, the 

related RC charge time, in the charge path (eg. the path of M1, C1 and M3 in Figure 3.2.2 

(a)), should not deviate too far from T/2. If the charge time is too short and the required 

output voltage needs to be lower than 2Vin/3, the turn-on time of M1 and M2 (DT) has to 

be even shorter than the charge time. This implies that the entire closed-loop system must 

respond within a very short time, requiring very high speed circuits. Otherwise, large 

regulation errors would be generated due to circuit delays. On the other hand, if DT is 

longer than the charge time, the capacitor C1 and C2 would be fully charged, making Vout 

remain at 2Vin/3. Furthermore, if the charge time is longer than T/2, the voltage levels 

near the upper limit (2Vin/3) would be unachievable. As a result, the above discussion 

places new design constraints on transistor sizing and the selection of the pumping 

capacitors and the switching frequency fsw.  

According to Figure 3.2.2 (a), the charge phase circuit meets  

,                 (3.28) 

where the VC1(t) is the voltage across the capacitor C1, Rs1 and Rs3 are the turn-on 

resistances of power transistors M1 and M3 sized in Table 3.1. We then have VC1(t) as 

1  1  
,           (3.29) 

where 
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| | .              (3.30) 

Based on the charge time requirements discussed above, in this design, we let  

meet the following inequity: 

3 .         (3.31) 

In (3.31), because it takes the charge pump three times of the charging constant τC 

to reach 95% of the fully charged voltage value, we use 3τC to define the duty ratio 

boundaries. Accordingly, 

,                                           (3.32) 

 | | | | .                   (3.33) 

As results, (3.32) and (3.33) offer another design guideline in identifying Wp and 

fsw in addition to (3.15), (3.23), (3.24) and (3.26). 

3.2.3.2 z-Domain Loop Gain Analysis 

There exists a long-time dilemma between s-domain and z-domain loop gain 

analysis in the area of power electronics [Middlebrook-76, Ki-98, Erickson-01]. In a 

traditional power converter design, the power stage exhibits a nonlinear large-signal 

behavior due to the switching actions, and is thus more suitable to be modeled in z-
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domain. However, because the controller is usually designed with linear analog circuits, it 

is commonly modeled in s-domain. To model the entire closed-loop gain, domain 

transformation is unavoidable. State space averaging or other averaging modeling 

techniques [Middlebrook-76, Ki-98, Erickson-01, Sun-01] were thus proposed to 

approximately model the power stage in s domain. However, the averaging process could 

lose the high-frequency pole/zero information in the closed-loop gain transfer function.  

In this work, we model the entire closed-loop gain in z-domain, without 

performing any domain transformation or averaging, by taking advantage of the digital 

design nature of the proposed controller and power stage. The z-domain transfer function 

of the power stage is derived as follows. 

In Figure 3.2.2 (a), during the charge phase charge, the voltage across each 

pumping capacitor is equal to (Vin − Vout) and the voltage across the output capacitor CL is 

equal to Vout. Hence, the total charge stored during charge at the instant of (n−1)T is 

 2 .        (3.34) 

Similarly, during the discharge phase discharge in Figure 3.2.2 (b), the total charge 

stored at the end of discharge is 

2 .                     (3.35) 

According to charge conservation theorem, when the charge pump reaches the 

steady state, the total net charge on the pumping capacitors C1 and C2 should be equal to 
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the charge consumed by the load RL, meaning that 

.               (3.36) 

Then, we can obtain 

       2  

.                                                                              (3.37) 

Applying z-domain transform to the (3.37) gives 

  2 1 .        (3.38) 

Therefore, Vout can be denoted as 

.                           (3.39) 

The power stage transfer function can thus be derived as 

,                                          (3.40) 

where   and  .  

Interestingly, (3.40) shows that the proposed power stage has only one pole in its 
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transfer function. As long as no low-frequency pole is introduced by the controller design, 

the power converter is stable and needs no extra compensation. This leaves large design 

margins for regulation accuracy enhancement and low power design. To verify the 

validity of this derivation, when the switching frequency goes up to infinity in (3.40), the 

conversion in the transfer function is 

| ,
 

 ,                        (3.41) 

which is consistent with the result in (3.3). 

3.2.3.3 Frequency-Programmable Subthreshold Control 

Figure 3.2.4 shows the system control flow chart and design block diagram. The 

proposed controller is to fulfill three major functions: error processing, error 

amplification with proportional control and DPWM duty ratio determination. As depicted 

in Figure 3.2.4 (a), in order to detect the regulation error between Vout and Vref, both of the 

signals serve as input signals for an error processor. The error processor then generates 

the error signal and converts it into digital error signals. We model the computed error as  

.                                       (3.42) 

Here kro presents the current-to-frequency gain of the ring oscillator. gm stands for 

the transconductance of the voltage-to-current conversion. Also, = . 

The transfer function for error processing can then be modeled as 
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.                                             (3.43)  

To enhance the processing resolution and improve the regulation accuracy, we 

include a proportional controller in the loop. As illustrated in Figure 3.2.4 (a), this process 

“amplifies” the error signals from n+1 to n+k+1 bits, and is modeled as   

.                                             (3.44) 

Another major part of the feedback controller is the DPWM. The DPWM 

modulates the pulse width of the gate control signals of power switches based on the 

instantly computed error signals. As shown in Figure 3.2.4 (a), to maintain a high signal 

processing resolution (n+k+1 bits), when Vref is converted into digital signals, it is also 

amplified to n+k+1 bits. Here, the DPWM is modeled as  

.                                           (3.45) 

As illustrated in Figure 3.2.4 (b), by combining with the power stage transfer 

function in (3.40), we obtain the entire system’s closed-loop gain as 

  

.                                              (3.46) 

Since the system has only one pole , which is always smaller than 

1, it is inherently stable. 
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(a) 

 
(b) 

Figure 3.2.4 (a) System control flow chart, and (b) control block diagram. 

V-to-I conversion

I-to-f conversion

VrefVout

Iout Iref

fout fref

Digitizing 
signal frequencies

(Dn-1Dn-2….D1D0)out

Error computing

(Dn-1Dn-2….D1D0)ref

(DnDn-1Dn-2….D1D0)e

Proportional control

(Dn+kDn+k-1Dn+k-2….D1D0)e

Digital comparison
Vpluse

V-to-I conversion
(subthreshold operation)

I-to-f conversion
(subthreshold operation)

Iclk

fclk

Frequency division
2n+kfs, 2n+k-1fs, … 2fs, fs

from 2n+kfs to 2fs:
Pn+k-1Pn+k-2….P1P0

Gate control signals 
generation

fs

Control signals

Vref

Error processing
(subthreshold 

operation)

DPWM

n+k bits signals

Power stage

Vout =
2CpVin

(CL+Cp+      )z - (CL-2Cp- )T
2RL

T
2RL



77 

 

Another feature of this design is that the switching frequency is programmable 

according to the load. When the converter powers a high output voltage, a higher 

switching frequency is assigned to ensure fast response and maintain low ripple voltages. 

However, when the load becomes very light, the switching frequency should be adjusted 

lower such that the switching loss can be reduced for high efficiency. It should be noted 

that, although the switching frequency is variable, this operation scheme is different from 

PFM which has a random, unpredictable switching noise spectrum and is thus not 

preferred in many noise-sensitive applications. Instead, in this design, the switching 

frequency is varied at the multiples of a fundamental frequency. Hence, the switching 

noise spectrum remains discrete and predictable. 

3.3 Circuit Implementations 
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(b) 

Figure 3.3.1 (a) Schematic of differential V-to-f converter, and (b) traditional and the proposed ring 

oscillator clock generators. 

To implement the proposed system on silicon, we address major circuit design 

issues in this section. As illustrated in Figure 3.2.1, the controller primarily consists of an 

error processor, a proportional controller, and a DPWM modulator. The circuit schematic 

of the differential voltage-to-frequency (V-to-f) converter, including voltage-to-current 

(V-to-I) converter, subthreshold ring oscillators and level shifters, is illustrated in Figure 

3.3.1. At the input of the error processor, a differential V-to-I converter is employed to 

amplify the output voltage Vout and the reference voltage Vref, and then convert them into 

the corresponding current signals Iref and Iout. From (3.42), in order to achieve a higher 

closed-loop gain and thus a finer regulation resolution, large transconductance is 

preferred at the input stage of the V-to-I converter. The differential circuit topology has 
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the advantages of canceling even-order harmonics as well as temperature and process 

variations. In addition, wide common-mode input range and supply-independent current 

biasing are adopted to enhance circuit robustness to the supply (Vin) and output (Vout) 

variations. As a result, the voltage error between Vout and Vref is converted into a current-

mode presentation, 

∆  .                   (3.47)                        

Iref and Iout are used to bias two ring oscillators. With the different biasing currents, 

the oscillation frequency of each oscillator varies accordingly. Note that, the biasing 

current here is designed at a very low level for the subthreshold region operation. 

Compared to the traditional ring oscillator with a full voltage swing of Vin, the voltage 

swing of the subthreshold ring oscillator is slightly below a MOSFET threshold voltage 

(Vth), as depicted in Figure 3.3.1 (b). This, once again, reduces the switching power in the 

controller. Experimental results show that the power consumption drops significantly 

from 2.13 mW in traditional ring oscillator clock generator to only 70 μW in our 

subthreshold-region design, when the oscillation frequency is set at 200 kHz.  
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(b) 

Figure 3.3.2 Subthreshold ring oscillator: (a) frequency-biasing current dependency, and (b) frequency-

voltage error dependency. 

As a MOS transistor operates in the subthreshold region, its unity-gain frequency, 

fT, can be defined as [Gray-00] 

.                                            (3.48) 

Similarly, the oscillation frequency of each oscillator also shows a linear 

dependence on the biasing current: 

.                                         (3.49) 

The linear relationship between the oscillation frequency and the biasing current 

makes the detected voltage error linearly proportional to the oscillation frequency. This is 

proven by 

∆ ,              (3.50) 
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which is also clearly verified from the simulation results in Figure 3.3.2. The linear 

frequency-error relation greatly simplifies the system modeling and circuit designs. 

Level shifters are employed after the oscillators to interface with traditional 

digital circuits. To further process the error signals, the frequency signals fout and fref are 

converted into n-bit binary signals Dout and Dref, respectively. The digital error is 

computed as [knuth-97]  

              

                                        10 0
 n bits

 

0 1
 n bits

.               (3.51) 

Because the entire closed-loop system is modeled as a single pole system as 

discussed in Section 3.2.3, no extra compensation circuit is needed in the late stages of 

the controller. We thus simply employs a proportional controller to further amplify the 

signal from (n+1) to (n+k+1) bits.  

The biasing current Ibias ensures that both oscillators are in the subthreshold region. 

When the load significantly increases (decreases), Ibias can be increased (decreased) 

accordingly to adjust the ring oscillator frequency which determines the switching 

frequency of the converter. It achieves low switching power loss at light load. In this 

design, the entire power range is divided into eight regions. The switching frequency is 

also adjustable with 8 programmable values. For finer regulation within each power 
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range, a digital pulse-width modulator takes into effect.  

The detailed DPWM control scheme and timing diagram are illustrated in Figure 

3.3.3. A reference clock signal, generated by a switching clock generator, is converted as 

binary signals P4P3P2P1P0. To maintain low power consumption, the clock generator in 

Figure 3.3.3 (a) employs the similar circuit topology in Figure 3.3.1 (b) and operates in 

subthreshold region. The amplified error signals at the outputs of the proportional 

controller are then compared with the reference data P4P3P2P1P0 to compute the duty 

ratio of the converter, as demonstrated in Figure 3.3.3 (b). For example, when 

(D4D3D2D1D0)e is “11000”, a pulse signal is triggered when P4P3P2P1P0 becomes 

“11000”. This pulse signal then activates the duty ratio generator to determine DT. We 

choose five bits for data processing to optimize the power, complexity and signal 

processing resolution. Higher resolution can be easily achieved by increasing the bit 

number of digital logic circuits and employing higher clock frequency, if the system 

power budget allows.  
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(b) 

Figure 3.3.3 The proposed DPWM controller and non-overlapping gate driver buffers: (a) circuit block 

diagram, and (b) control timing diagram. 

3.4 Experimental Verification 

The design was fabricated with a 0.35-μm CMOS process. Figure 3.4.1 shows the 

chip micrograph. The entire chip area is 7.8 mm2, where the controller occupies only 

0.26-mm2 area with 147.5-μW power dissipation. The chip layout is dominated by two 

3.36-nF pumping capacitor C1 and C2, each of which occupies 3.24-mm2 die area. In the 

power processing, the accuracy of the capacitance values is less important than the power 

Non-overlapping period

‘1'

‘1’

‘0'

‘0’

‘0’

‘1’

‘1’

‘0’

‘0’

‘0’P1

P2

P3

P4

P0

Vpulse

Vclk_C

Vclk_P

Vclk_Pb

Vclk_N

VD_out

D1

D2

D3

D4

D0



84 

 

pumping efficiency. To guarantee sufficient capacitance but minimize the fabrication cost, 

the pumping capacitors are implemented with a 3-D interleaving structure as shown in 

Figure 3.4.2. As demonstrated, we fully utilize all possible parasitic capacitors between 

all metal and poly silicon layers to maximize the equivalent capacitance values [Hastings-

01]. As a result, the capacitor shown in Figure 3.4.2 will have a capacitance of  

. 

 

Figure 3.4.1 Chip micrograph. 
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Figure 3.4.2 Implementation of a 3-D on-chip pumping capacitor. 

 
(a) 

 
(b) 



86 

 

 
(c) 

Figure 3.4.3 (a) Simulated Vc1n w/o bonding wire parasitic, (b) a close-up view of Vc1n at the instant of 5 us 

w/o bonding wire parasitic, and (c) a close-up view of V 1  at the instant of 5.5 us w/o bonding wire 

parasitic. 

The on-chip capacitors implementation saves 4 on-chip pads and 4 IC pins, and 

largely reduces system volume. Meanwhile, it minimizes the parasitic components caused 

by the bonding, packaging and PCB wiring, especially the ESR, the equivalent series 

inductance (ESL) and the equivalent series capacitance (ESC). These parasitic 

components are major contributors to large switching noises in power converters. For 

instance, even if we only consider the bonding parasitic effect, each gold bonding wire 

contributes 0.257-ohm ESR, 5.869-nH ESL and 0.242-pF ESC at 5-mm length [MOSIS]. 

We simulated the noise performance in this case and compared it to our on-chip 

implementation. As shown in Figure 3.4.3, we observe a key voltage node Vc1n (see 

Figure 3.2.1 (a)) at the on-chip power stage for both cases. With the bonding wire, the 

switching glitches vary from 1.27 to 1.61 V. For the on-chip implementation, these 

glitches are reduced to a range from 0.28 to 0.62 V. In addition, the ESC and ESL in the 

bonding wire cause oscillation ringing, which has little effect on the on-chip design.    
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With 2.5-V input supply voltage Vin, the output voltage of the converter, Vout, is 

well-regulated at any level between 0.9 and 1.5 V, with a load current ranging from 500 

μA to 5 mA. The switching frequency is programmed from 200 kHz to 1 MHz, 

depending on the instant loading condition.  

 

Figure 3.4.4 Theoretical and measured power efficiencies. 

Figure 3.4.4 shows the measured efficiency plots. As a compromise to closed-loop 

regulation, when the duty ratio becomes lower than 1/2 or Vout is lower than 2Vin/3, the 

efficiency will drop below 100% even if all the components are lossless. We call the 

efficiency calculated in this case as the ideal efficiency. With respect to the ideal 

efficiency, our measured efficiency in Figure 3.4.4 tracks closely to the ideal results, 

thanks to the subthreshold controller design, the low-swing signal propagation and the 
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frequency programmable operation. It stays above 50% in a voltage range of 0.9 to 1.5 V, 

with a maximum of 66.7% at 1.4-V output and 1-MHz switching frequency.  

 
(a) 

 
(b) 
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(c) 

Figure 3.4.5 (a) Measured output voltage, (b) the close-up ripple voltages, and (c) gate control signals of 

the power transistors. 

Figure 3.4.5 gives the measured key waveforms in the steady state. The output 

voltage at 1.5 V with full load is measured in Figure 3.4.5 (a). It clearly shows that the 

peak-to-peak ripple voltage at Vout is controlled under ±20 mV with 110-mV glitch in 

Figure 3.4.5 (b), which is a considerable improvement from the off-chip implementations. 

In Figure 3.4.5 (c), the four non-overlapping gate-drive control signals are measured. As 

indicated in the figure, the control signals, Vclk_P, Vclk_N and Vclk_Pb, keep operating with 

50% duty ratio, while the control signal Vclk_C is modulated by the DPWM controller to 

achieve variable voltage regulation. The waveforms are consistent with the proposed 

control scheme addressed in Section 3.2.3.3 and Section 3.3 (Figure 3.3.3). 

Figure 3.4.6 shows the measured load dynamic performance of the converter. The 

load control signal is used to quickly switch the load current Iout between 300 μA and 3 

mA. The signal is “0” effective, meaning that the maximum current is drawn from the 
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load when the control signal is low. According to the figure, the digital controller 

promptly responds to the load changes within 400 ns. A 164-mV variation at Vout is 

observed when Iout steps up from 300 μA to 3 mA, and Vout varies by 150 mV when Iout 

steps down from 3 mA to 300 μA. 

 

Figure 3.4.6 Measured load transient performance. 

Table 3.2 compares this work with the prior arts. It should be pointed out that, 

when the output power is at a very low level, the power consumption of the controller 

arises as a key contributor to drop the efficiency, which is usually ignorable in the higher 

power level designs. For this reason, the designs in [Shao-06] and [Linear] achieve higher 

maximum power efficiency than the design [Viraj-07] and the proposed work. However, 

when the output power drops to 10 mW, the efficiencies in [Shao-06] and [Linear] 

quickly drop to 53% and 50%, respectively. In addition, because much larger pumping 
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capacitors are required for the higher power range, it is impractical to achieve monolithic 

implementations in [Shao-06] and [Linear]. The ripples and switching noises in those 

designs are much larger than the on-chip implementations due to much larger ESL and 

ESR. The design [Viraj-07] was implemented with on-chip pumping capacitors with 

much smaller capacitance values compared to the proposed work. To maintain the same 

level of power delivery, the switching frequency in [Viraj-07] has to be high (4 MHz). 

This increases switching power loss and degrades the efficiency.  

Table 3.2 Performance comparison with prior arts. 

 [Shao-06] [Linear] [Viraj-07] This work 

Technology 0.25-μm CMOS N/A 0.35-μm CMOS 0.35-μm CMOS

Input voltage (V) 2.8~5 2.7~5.5 5 2.5 

Output voltage (V) 1.8 1.8 1 0.9~1.5 

Output power (mW) 360 450 10 0.4~7.5 

Maximal efficiency 80% 70% 31% 66.7% 

Chip area (mm2) 3.4 N/A 6.76 7.8 

Pumping capacitors 
(nF) 

1000×2 
(off-chip) 

1000 ×2 
(off-chip)

0.4×3 
(on-chip) 

3.36 ×2 
(on-chip) 

3.5 Conclusions 

In this chapter, we propose a new monolithic step-down SC power converter 

design. With the 147.5-μW subthreshold operated controller and frequency 
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programmable DPWM regulation scheme, power consumption and signal processing 

speed are adaptively optimized. The fully on-chip implementation significantly reduces 

system volume and switching noises. The number of I/O pins and on-chip bonding pads 

as well as parasitic components is significantly reduced. The design provides an effective 

solution for new generation, monolithic power supply designs for self-powered devices.
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CHAPTER 4 A MONOLITHIC MASTER-SLAVE SC 
POWER CONVERTER FOR ULTRA-LOW POWER 

ENERGY-HARVESTING MICROSENSORS 

This chapter presents a monolithic master-slave SC power converter for ultra-low 

power energy-harvesting micro-sensors. The design features an efficient master-slave 

complementary charge pump power stage and a feedback controller that purely operates 

in ultra-low-power subthreshold operation region. The master-slave complementary 

charge pump power stage minimizes the reversion power and offers an approach to 

regulate the output voltage by adjusting the pumping capacitor size. This approach, 

compared to the approach on duty ratio adjustment, benefits the converter with higher 

efficiency. The purely subthreshold-region design significantly reduces the power 

dissipation in the controller. 

The SC power converter was designed with IBM 180-nm CMOS process. Fully 

transistor-based HSPICE simulation results show that the efficiency of the converter stays 

above 76.7 % from 100 µW to 1 mW, with a maximum efficiency of 87.9 %. The 

subthreshold controller consumes only 20-µW power. In comparison with the state-of-

the-art counterparts, the load transient performance is also significantly improved. 

4.1 Design Challenges and Motivations 

Advances in biomedical and wireless sensing technologies lead to the 

proliferation of self-powered energy-efficient microsensors [Rabaey-02, Lajnef-07]. 
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Energy harvesting can provide such a microsensor with essentially a life-time power 

source, if effective power management can be implemented [Doms-09, Lhermet-08]. 

When an energy-harvesting source is available, it powers the microsensor directly. In 

addition, excessive energy can be stored in an energy storage device such as a 

supercapacitor or a rechargeable battery. Energy can then be retrieved from the charge 

storage device, once energy harvesting is interrupted, thereby extending the operation 

lifetime and improving the reliability of the microsensor. Such an energy/power 

management process usually requires a compact, efficient power converter to be 

embedded in the microsensor.  

While microelectronics technology can be further explored for system 

miniaturization, fully on-chip power management designs are in high demand. For 

instance, the desired size of a wireless sensor node should be under 1 cm3 [Lajnef-07]. A 

self-powered implantable device may require an even smaller volume. Monolithic IC 

solutions thus become extremely attractive. Meanwhile, due to limited energy source and 

storage, the power level in such a device needs to be much lower than that in traditional 

designs, ranging from tens of microwatts to a few milliwatts [Rabaey-02, Lajnef-07, 

Doms-09 and Lhermet-08]. Recently, a switching buck converter was reported for such 

applications [Ramadass-07]. However, the employment of bulky off-chip inductors 

causes serious EMI noise and increases PCB profile. Linear regulators can be very 

compact and need no inductors, but their dropout voltages have to be very small to 

maintain high efficiency. Hence, a SC power converter proves to be the most attractive 

solution in this scenario, if the following obstacles can be overcome. Firstly, as load 
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power decreases to 1 mW or below, some ignorable factors to power efficiency in 

traditional designs become very critical and should be carefully re-evaluated. Secondly, a 

SC power converter normally requires many off-chip capacitors, on-chip pads and IC 

pins, thereby increasing system volume and cost. The resulting parasitic components also 

cause serious switching noise and glitches.  

In this chapter, a new monolithic SC power converter is proposed. It features a 

reconfigurable master-slave complementary charge pump power stage and a purely 

subthreshold-region operation controller that is tailored for the aforementioned ultra-low 

power applications. The rest of the chapter is organized as follows. Section 4.2 reviews 

and analyzes the state-of-the-art SC power converter topologies, with an emphasis on 

reversion power loss minimization and low-power controller design. Then, our proposed 

converter’s architecture and control scheme are introduced in Section 4.3. Section 4.4 

verifies the functionality and performance of this work. At last, we summarize our 

research in Section 4.5. 

4.2 Low Power Design Issues in SC Power Converters 

A SC power converter usually consists of a SC power stage and a feedback 

controller. Such a SC power stage, which is also called charge pump, usually requires a 

pair of complementary clocks to control the charge and discharge actions. For example, 

in Figure 4.2.1, the clocks a and b serve as such clocks for a cross-coupled SC voltage 

doubler.  Here, a and b are usually non-overlapping. Otherwise, two short-circuit paths 
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① and ② (shown in Figure 4.2.1 (a)) are created, leading to large reverse current loss 

from Vout  to Vin. 

 
(a) 

 
(b) 

Figure 4.2.1 (a) Reversion current generation in a traditional cross-coupled voltage doubler, and (b) timing 

diagram and the simultaneous transitions during switching with non-overlapping control signals. 

However, with non-overlapping clock control, reversion power loss still remains 

as a major power loss that degrades the efficiency of a converter. This occurs when the 

circuit shorts a high voltage node to a low one, forming an instantaneous current that 
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flows reversely from Vout to Vin. For example, when a and b are both “0” during the 

transition period of OV_L in Figure 4.2.1 (b), the PMOS power transistors Mpa and Mpb 

are turned on, while the NMOS power transistors Mna and Mnb are turned off. Va and Vb 

are thus equal to Vin. As depicted in Figure 4.2.1 (a), two reverse-current paths ③ and ④ 

are then formed, from Vout to the pumping capacitors Cpa and Cpb. If Cpa = Cpb = Cp, the 

reversion loss can be computed as 

1
2

1
2

2  

                                                          (4.1)

 
Additional reversion loss can be caused during the shadowed periods of ⑤ and ⑥ 

in Figure 4.2.1 (b). Reverse currents form from Vout through Mpa and Mna for ⑤ (Mpb and 

Mnb for ⑥) to the input supply Vin due to simultaneous conduction. This further reduces 

the efficiency of the converter. 

In traditional SC power converter designs, power dissipation of the controller can 

easily surpass the 1-mW level. However, for an ultra-low power microsensor, it is 

expected that the entire system power is maintained below 1 mW. The power dissipation 

of the controller should thus be scaled down to 100 µW or below for a decent efficiency. 

As the control complexity and the required operation speed increase, such a design 

becomes very challenging. Issues from transistor level to system level must be carefully 

re-examined, since the ignorable power loss factors in traditional designs rise to become 
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dominant causes in this new scenario.  

4.3 System Architecture & Design Strategy 

To overcome the problems in Section 4.2, a new SC power converter design is 

proposed in Figure 4.3.1. It is primarily comprised of a reconfigurable master-slave 

voltage doubler and a subthreshold-region feedback controller. Details of design strategy 

and system operation are addressed here. 

4.3.1 Reconfigurable Master-Slave Power Stage Design 

 

Figure 4.3.1 Block diagram of the proposed SC power converter. 

In a charge pump as in Figure 4.3.1, during each charge phase, the charge 

transferred from Vin to each pumping capacitor will be equal to [Vin − (Vout − Vin)]Cp. 

When the charge pump reaches the steady state, the total net charge difference in the two 
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pumping capacitors should be equal to the charge consumed by the load RL, leading to 

 ,                      (4.2) 

where T is the switching period. Then,   

                    .                                          (4.3) 

Equation (4.3) reveals that the output voltage Vout of a SC converter can be 

regulated to different levels, if the pumping capacitors Cp are adjustable. This approach, 

compared to the approach on duty ratio adjustment, benefits the converter with higher 

efficiency.   

 
(a) 
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Note: The voltage swing in the clock signals Ma ~ Sa is from 0 to Vin. The voltage swing in Va1~Vb4 is 

from Vin to 2Vin. 

(b) 

Figure 4.3.2 Proposed reconfigurable master-slave charge pump: (a) circuit schematic, and (b) control 

timing diagram. 

Inspired by the above observation, as illustrated in Figure 4.3.2 (a), the proposed 

charge pump consists of two cells that serve as Master and Slave power stages, 

respectively. In general, the Master Cell operates at all load conditions, while the Slave 

Cell selectively works according to instantaneous load condition. At light load conditions, 

the output Vout is usually higher than the desired reference level; no large pumping 
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capacitance is needed to boost Vout. A control signal VSC is thus set as “1” to shut down 

the Slave Cell. Only the Master Cell remains active to save power. At heavy load 

conditions, Vout becomes equal to or lower than the reference level, due to large load 

current demand. The Slave Cell is activated to deliver more current to Vout and increases 

the voltage level of Vout. 

On transistor level, the Master Cell is constantly operated by a set of non-

overlapping control signals Ma, Mb, Ma and Mb. With regard to the timing diagram in 

Figure 4.3.2 (b), when Ma is “1” and Mb is “0”, the voltage nodes Va1 in the sub-cell M-

A and Va2 in the sub-cell M-B are charged to 2Vin, while Vb1 and Vb2 stay at Vin. The 

power transistors Mnb1, Mnb2, Mpa1 and Mpa2 are on, charging Cb1 and Cb2 to Vin through 

Mnb1 and Mnb2, respectively. Meanwhile, the charge stored on Ca1 and Ca2 are transferred 

to CL through Mpa1 and Mpa2. When Ma turns into “0” and Mb becomes “1”, Va1 and Va2 

drop to Vin, while Vb1 and Vb2 are boosted to 2Vin. Mna1, Mna2, Mpb1 and Mpb2 are then 

turned on. The capacitors Ca1 and Ca2 are charged up to Vin through Mna1 and Mna2. Cb1 

and Cb2 pump their stored charge to CL through Mpb1 and Mpb2.  

At heavy load, the control signal VSC stays at “0” to activate the Slave Cell. The 

control signals for the Slave Cell are identical to the respective control signals in the 

Master Cell. At light load, all the control signals are disabled by the control signal VSC to 

shut down the Slave Cell. So there are no switching loss and conduction loss in the Slave 

Cell and no switching loss in the corresponding buffers. Thus the power loss is greatly 

decreased in the power stage and power efficiency in the light load is increased. 
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Figure 4.3.3 Simultaneous transitions with non-overlapping clock signals in the proposed charge pump. 

To minimize the reversion loss in this design, as depicted in Figure 4.3.2 (b) and 

Figure 4.3.3, when the non-overlapping clocks a and b are both “0” during the period 

of OV, both Va1 and Vb1 are equal to Vin, while Va2 and Vb2 are charged up to 2Vin. All the 

power transistors in the sub-cells M-A and M-B are turned off. No charge can flow from 

Ca2 and Cb2 back to Vin, or from CL back to Ca1 and Cb1. Hence, no reverse current, as 

illustrated in Figure 4.2.1, should occur in this design. 

4.3.2 Subthreshold Controller Design Strategy 

When a MOSFET transistor operates in the subthreshold region, the drain current 

has an exponential dependence on gate voltage due to the dominant diffusion mechanism. 

Subthreshold operation results in a very low current density and a higher ratio of the 

transconductance to bias current of the device, which can be formulated as [Gray-00] 

.                                                        (4.4) 
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Here, W/L is the transistor aspect ratio. It represents the drain current at the 

conditions of VGS = Vth, W/L = 1 and VDS >>VT. n is equal to 1+Cjs/Cox, where Cox is the 

oxide capacitance and Cjs is the depletion-region capacitance. Different from traditional 

digital ring oscillator, a subthreshold-region ring oscillator can be designed at very low 

power level due to much lower gate drive voltages and charge/discharge currents. In 

addition, its oscillation frequency is variable to the biasing current. Figure 4.3.4 

demonstrates these low-power characteristics. Note that, compared to traditional CMOS 

digital logic circuits that have a full gate-drive voltage swing of Vin, the subthreshold 

circuits only need a voltage swing of around or even below a MOSFET threshold voltage 

VTH. This leads to significant power savings. 

 
(a)                                              (b) 

Figure 4.3.4  (a) Subthreshold ring oscillator and (b) traditional ring oscillator. 
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4.3.2.1 Subthreshold SCL Circuits 

The exponential relationship between drain current IDS and gate voltage VGS 

makes the subthreshold operation very suitable for implementing the circuits that require 

widely adjustable parameters. To further enhance the robustness of the circuits, the 

source-coupled logic (SCL) designs are adopted to implement a reliable, ultra-low power 

controller circuits. In such a SCL circuit, each logic gate consumes only tens of nano-

ampere current, with a voltage swing of a few hundred milli-volts. This allows 

subthreshold logic gates to operate in a low-voltage design environment, but still 

guaranteed the robustness of operation.  

 

Figure 4.3.5 A conventional SCL-based inverter/buffer circuit. 

In an SCL gate, the logic operation takes place mainly in current domain. Shown 

in Figure 4.3.5, a logic network composed of NMOS source coupled differential pair 

switches steers the tail current (ISS) to one of the output branches based on the input logic 

levels. The output load resistance (RL) converts the branch current back to the voltage 
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domain in order to drive the subsequent SCL gates. The voltage swing at the output node 

(VSW = RLISS) should be high enough to switch completely the input differential pair of 

the next stage. Based on this observation, the voltage swing should be larger than 

√2   (  is the drain-source overdrive voltage of the input NMOS transistors 

when Vin = 0) when the input NMOS transistors are in strong inversion, and larger than 

4nUT when the devices are in weak inversion (UT = kT/q is the thermal voltage and n is 

the subthreshold slope factor). Therefore, the required voltage swing when the devices 

are in subthreshold regime can be as low as 4nUT which is about 150 mV at room 

temperature (assuming n = 1.5). This swing in the subthreshold regime depends on the 

subthreshold slope factor and is independent of the threshold voltage of the NMOS 

transistors. Provided that the load resistance can be made sufficiently high, this means 

that the switching operation of NMOS transistors has low dependence on the fabrication 

process variations. Therefore, as long as the tail bias current ISS is higher than junction 

leakage currents and output impedance of the devices is much higher than the load 

resistance, the proposed topology can operate properly as a logic circuit, even in 

aggressively scaled deep-submicron technologies. Unlike CMOS logic circuits where the 

subthreshold channel leakage current is the dominant leakage component, in STSCL 

topology the main leakage currents are due to the p-n junctions of the MOS transistors. 

The speed of operation in an SCL gate is mainly limited by the time constant at the output 

node which is  

/                                                (4.5) 
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Based on this, the propagation delay is inversely proportional to the tail bias 

current. Meanwhile, the circuit power–delay product is independent of ISS. To maintain 

the desired output voltage swing at very low bias current levels, it is necessary to increase 

the load resistance value in inverse proportion to the reducing tail bias current as  

/                                                      (4.6) 

 

Figure 4.3.6 A SCL-based inverter/buffer circuit with PMOS load device. 

In subthreshold operation, the tail bias current would be in the range of few nA or 

even less. Therefore, to obtain a reasonable output voltage swing, the load resistance 

should be in the range of hundreds of MΩ. Meanwhile, this resistance should be 

controlled very accurately based on ISS the value. Hence, a well controlled high resistivity 

load device with a very small area is required. For this range of resistivity, conventional 

PMOS transistors biased in triode region cannot be utilized since the required channel 

length of the transistor would be impractically large. In [Tajalli-08], the PMOS load 

device by connecting the drain to the bulk gives the solution to instead of this resistor, as 
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shown in Figure 4.3.6. 

As the essential elements of the feedback controller, the circuit schematics of the 

proposed subthreshold R-latch and S-latch are shown in Figure 4.3.7.   

· ·                                             (4.7) 

· · ·                                            (4.8) 

 
 (a)                                                   (b) 

Figure 4.3.7 (a) Subthreshold R-latch and (b) subthreshold S-latch. 

4.3.2.2 Subthreshold Controller Design 

Figure 4.3.8 shows the flow chart of the proposed control scheme. A differential 

V-to-I converter, as illustrated in Figure 4.3.9, is employed to detect and amplify the error 

between the scaled output voltage Vout' from Vout and the reference voltage Vref. The error 

signal is then converted into a current signal format as Iout and Iref, respectively. This 

differential circuit topology effectively cancels even-order harmonics and 
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temperature/process variations. As a result, the voltage error between Vout' and Vref is 

converted as  

            ∆  .                             (4.9) 

 

Figure 4.3.8 System control flow chart. 

Following the V-to-I converter, two subthreshold-region ring oscillators further 

convert the current difference ΔI to be a frequency difference Δf, shown in Figure 4.3.9. 

Here, Iref and Iout are used to bias the two ring oscillators. With different biasing currents, 

the oscillation frequency of each oscillator varies accordingly. 
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.                                               (4.10) 

Eqn. (4.10) reveals a linear relationship between the oscillation frequency and the 

biasing current, making the detected voltage error also linearly proportional to Δf: 

∆ .                   (4.11) 

The linear frequency-error relationship greatly simplifies the system modeling 

and circuit designs. 

 

Figure 4.3.9 Schematic of a differential V-to-I converter with subthreshold ring oscillators. 

Following the flow chart in Figure 4.3.8, the converted frequency information Δf 

is continuously turned into the digital binary signals by passing through the subthreshold 

frequency dividers, R-S pulse counters and digital signal registers. The frequency 

dividers are composed with subthreshold digital latches proposed in Figure 4.3.7. 
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Meanwhile, the synchronous charge pump clock signals are generated by inputting the 

signals of a subthreshold ring oscillator including four subthreshold T flip-flops. To 

compare the frequencies in two subthreshold ring oscillators, R-S pulse counters are used 

to count the pulses in the subthreshold ring oscillator of Vout' side in a switching clock 

cycle. The circuit schematic of such a counter is illustrated in Figure 4.3.10.  

 

Figure 4.3.10 Subthreshold R-S pulse counter. 

Consequently, the digital binary data D4D3D2D1D0 contain the original error 

voltage information. The subthreshold digital registers then process the data to be 

normalized error data B4B3B2B1B0. If B4B3B2B1B0 is equal to “00111”, the controller 

identify the converter in the steady state, meaning that Vout' is equal to Vref. As shown in 

Figure 4.3.11, if B4B3B2B1B0 < “00111”, Vout' is thus lower than Vref. The control signal 

VSC will be reset to be “0”.  MSC is turned on to activate the Slave Cell. As a result, the 

equivalent pumping capacitance is increased to boost the output voltage Vout. On the 
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other hand, if B4B3B2B1B0 > “00111”, Vout' is thus higher than Vref. The control signal 

VSC will be set as “1”.  MSC is turned off to shut down the Slave Cell. As a result, the 

equivalent pumping capacitance is reduced to lower the output voltage Vout.  

 
 (a)                                                               (b) 

Figure 4.3.11 Control timing diagrams, when (a) Vout'  is higher than Vref and (b) Vout' is lower than Vref. 

In addition, because all the aforementioned controller circuit blocks are designed 

in the subthreshold region, the signal swings are very low between Vin −Vth to Vin. Hence, 

level shifters must be used to recover the gate control signals with full swing from 0 to 

Vin. This allows the buffers to effectively turn on/off the power transistors in the charge 

pump. Especially for the PMOS Master/Slave control switch MSC, the highest gate 

control voltage level (2Vin) has to be used to turn off MSC. 

At last, the non-overlapping gate drive buffers switch on/off the power transistors 
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in the charge pump, with cautiously designed non-overlapping clock signals to minimize 

the occurrence of reverse currents. 

4.4 Performance Verifications 

 

Figure 4.4.1 Power stage layout of a reconfigurable master-slave voltage doubler  

The proposed SC power converter is designed with IBM 180-nm CMOS process. 

Figure 4.4.1 shows the power stage layout of a reconfigurable master-slave voltage 

doubler. The power stage adapts 4-nf total pumping capacitors and 4.4-nf filtering 

capacitor. All the power stages and buffers are optimized at a highest output load of 1 

mW and the lowest output load of 100 µW. The switching frequency of the converter is 

designed at 850 kHz. Thanks to the fully subthreshold-region design, the controller of the 

converter only consumes 20-µW power. This improves the efficiency considerably in this 

application, particularly at light load conditions. According to the results in Figure 4.4.2, 

the efficiency stays above 76.7 % over the entire power range from 100 µW to 1 mW, 

with an 87.9 % maximum efficiency at the load power of 1 mW.  

Master cell                                 Slave cell 
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Figure 4.4.2 Efficiency versus output power. 

 

Figure 4.4.3 Control signals in the controllers. 
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Figure 4.4.3 depicts the major control signals and voltage waveforms in this 

design. They coincide well with the conceptual illustrations in Figure 4.3.9, which 

successfully verifies the validity of the proposed control scheme. 

 

Figure 4.4.4 Gate control signals in the charge pump. 

Figure 4.4.4 shows the dynamic response of the control signals. When Vout' is 

lower than Vref, VSC becomes “0”. Both MSC and Slave Cell are turned on to inject more 

charge into Vout. When Vout' is higher Vref, VSC turns into “1”. This shuts down the Slave 

Cell. Less charge is pumped into Vout, causing Vout to return to the desired level. The 
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waveforms are consistent with the proposed control scheme addressed in Section 4.3 

(Figure 4.3.2). 

 
(a) 

 
 (b) 

Figure 4.4.5 (a) Simulated output voltage and (b) the closed-up ripple voltage, with a 500-µA load. 

Figure 4.4.5 and Figure 4.4.6 show the output voltage waveforms in the steady 

state, at different load conditions. In Figure 4.4.5, the converter is powering a heavy load 

with 500-µA load current. Figure 4.4.5 (a) demonstrates that Vout is stably regulated at 1.8 

V, while Figure 4.4.5 (b) shows the detailed voltage ripples. In Figure 4.4.6, at a very 
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light load of 200 µA, Vout is still well regulated at 1.8 V.  The difference on the voltage 

ripples between Figure 4.4.5 (b) and Figure 4.4.6 (b) effectively verifies the Master-Slave 

operations in the charge pump.  

 
(a) 

 
 (b) 

Figure 4.4.6 (a) Simulated output voltage and (b) the closed-up ripple voltage, with a 200-µA load. 

Figure 4.4.7 shows the load transient performance of the converter. A load control 

signal is employed to quickly switch the load current IL between 100 μA and 500 µA. 
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According to the figure, the digital controller promptly responds to the load changes 

within a switching cycle. The variation at Vout is controlled as low as the output ripples. 

 

Figure 4.4.7  Load transient performance. 

To summarize this work, Table 4.1 compares this design with the prior arts. It 

should note that, when the output power is at a very low level, the power consumption of 

the controller arises as a key contributor to drop the efficiency, which is usually ignorable 

in the higher power level designs. For this reason, the designs in [Lee-07] achieve higher 

maximum power efficiency than the design [Maksimovic-99] and the proposed work. 

However, when the output power drops to 1 mW, the work in [Lee-07] requires 180-µA 

input current at 200-kHz switching frequency, making it unsuitable to the ultra-low 

power applications. 
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Table 4.1 Performance comparisons. 

Design [Maksimovic-99] [Lee-07] [Mohan-06] This work 

Process 1.2-μm CMOS 0.6-μm CMOS 0.35-μm CMOS 0.18-μm CMOS

Pumping capacitor 4×30 pF  
(on-chip) 

2×1 μF  
(off-chip) 

4×1 μF  
(off-chip) 

4×1 nF  
(on-chip) 

Switching frequency 10 MHz 200~500 kHz 1 MHz 800 kHz 

Input voltage 2 V 1.5 ~1.7 V 1.5 V 1 V 

Output voltage 3.3 V 2.7 V 2.5 V 1.8 V 

Load current 0.05~0.4 mA 5~150 mA 40~250 mA 56~560 µA 

Efficiency 45~68 % ≤90 % ≤83.2 % 76.7~87.9 % 

4.5 Conclusion 

This chapter first reviews and analyzes the state-of-the-art charge pump 

topologies, with an emphasis on reversion power loss control and low-power feedback 

controller design. A new monolithic reconfigurable master-slave complementary charge 

pump with a purely subthreshold controller is then proposed, by employing the 

techniques of the reversion loss minimization and subthreshold operation in the 

controller. Fully-transistor based HSpice simulation results show that the proposed design 

exhibits very competitive performances on efficiency and dynamic response. It provides 

an effective solution to low-voltage, ultra-low-power, and on-chip power converter 

designs. 
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CHAPTER 5 LOW-POWER RECONFIGURABLE SC 
POWER CONVERTERS 

This chapter presents two reconfigurable SC power converters for self-powered 

microsystems. The first design features an efficient step-down SC power stage with 

multiple-gain control and on-chip capacitor sizing. The multiple-gain control helps the 

converter to constantly maintain high efficiency. The size-adjustable pumping capacitors 

allow the output voltage to be regulated at different desired levels by the control signals 

with a constant 50% duty ratio. The monolithic implementation effectively suppresses the 

switching noises and glitches caused by parasitic components resulting from traditional 

bonding, packaging, and PCB wiring. The second design features an efficient step-up and 

step-down SC power stage with multiple-gain control.  

The first power converter is designed and fabricated with IBM 180-nm CMOS 

process. Post-layout fully-transistor based simulations show that the converter is capable 

of precisely providing a variable power supply voltage from 0.9 to 1.65 V. It achieves a 

maximum efficiency of 89% at 1.65-V output voltage and 4-MHz switching frequency. 

The second power converter is designed and fabricated with IBM 130-nm CMOS 

process. Post-layout fully-transistor based simulations show that the converter can be 

regulated to a variable output voltage from 0.5 V to 2.2 V with a 1.2-V input voltage. It 

achieves a maximum efficiency of 90.47% when output voltage is regulated at 0.56 V. 
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5.1 Motivations 

Self-powered sensing devices and implantable medical microsystems have been 

proliferating in recent years. Such a device usually operates at an ultra-low power level 

with the assistance of a specially designed power management system. To achieve a long 

operation lifetime and low system profile, monolithic system integration is emerging as a 

very attractive implementation in this scenario.  

However, there are certain new challenges in such a power system due to its 

unique operation environment and design specifications. Firstly, most power conversion 

circuits for these applications employ switching converters. Although these converters 

provide high efficiencies and flexible power conversions, the off-chip component 

inductor increases the system volume and generates severe EMI noise. Linear regulators 

are not preferred here because it is difficult to maintain high efficiency and stability over 

a large drop-out range. As potentially the best alternative to these applications, SC 

converters become very appealing. However, similar to their switching mode 

counterparts, new architectures and control methods should be investigated in order to 

adapt to the new design challenges associated with variable output, large dynamic 

transient, and low noise. 

Secondly, due to the instability of self-harvesting energy sources, such a device is 

mandated to operate under a wide input/output voltage range. As a result, it is much more 

difficult to maintain high efficiency than traditional designs with fixed input and output 
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voltages [Viraj-07, Shao-06, Linear, Su-09]. In the SC power converter, if all the power 

losses, such as redistribution loss, conduction loss and switching loss in the power stage, 

buffer and controller are neglected, the power efficiency is calculated as 

·
100%.                                                (5.1) 

where, Vin is the input voltage, Vout is the output voltage, G is the SC power converter 

conversion gain. Here, we call the efficiency in (5.1) as the ideal efficiency. (5.1) shows 

that if Vout is much lower than G·Vin, the ideal power efficiency will be very low. 

Especially if all the power losses are considered, the real power efficiency is further 

decreased. For example, in a SC power converter with gain 2/3, if the input voltage Vin = 

1.8 V, the highest ideal output voltage should be 1.2 V. If the output voltage drops to 0.8 

V, then the highest possible power efficiency at Vout = 0.8 V is less than 66.67%. This 

proves that, if Vin and/or Vout need to vary within certain voltage ranges, it could be 

difficult to preserve high efficiency with a fixed conversion gain. Therefore, for a single-

ratio SC power converter, as the output voltage range increases, a lower power efficiency 

is observed at low output voltage levels. Thus, for applications requiring a wide output 

voltage, one single-ratio SC power converter is insufficient and impractical.  

Thirdly, while microelectronics technology can be further explored for system 

miniaturization, fully on-chip power management designs still face numerous technical 

difficulties. As the power goes low, all the pumping capacitors are integrated on chip to 

achieve a monolithic design. So due to the process and chip size limitation, for desired 
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pumping capacitors size, the on-chip capacitance should be maximized to minimize the 

capacitors die area. Since the system power level is pretty low, all the power loss in the 

power stage and buffers should be carefully re-considered. Power transistors sizes require 

more optimization according to different output load. 

In this chapter, we propose two low-power reconfigurable SC power converters as 

a reference solution to adapt to the design challenges. The first is a monolithic 

reconfigurable multiple-gain step-down SC power converter with on-chip pumping 

capacitor sizing. The second is a reconfigurable step-up and step-down SC power 

converter with multiple-gain control. When the system power range decrease to several 

mW or µW in the ultra-low power applications, the pumping capacitors are small enough 

to be integrated on-chip. Then the second design goes to a monolithic reconfigurable 

step-up and step-down SC power converter. 

5.2 A Monolithic Low-Power Reconfigurable Multiple-gain Step-Down 

SC Power Converter with Size-Adjustable Pumping Capacitors 

5.2.1 System Architecture & Circuit Implementation 

5.2.1.1 Reconfigurable Multiple-gain Step-Down SC Power Stage 

The power stage of the proposed multiple-gain SC power converter is shown in 

Figure 5.2.1 (a), which operates with a pair of complementary phases −  and . Instead 

of using large capacitors and switches for a single fixed conversion gain implementation, 

we employ 4 pumping capacitors C1, C2, C3, and C4 and 20 switches. This allows the 
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converter to be reconfigured with 5 different conversion gains.  For instance, as depicted 

in Figure 5.2.1 (b), with a fixed input Vin, if Vout needs to drop from V5 to V3, the duty 

ratio is not modulated since it degrades the efficiency. Instead, the converter will be 

automatically reconfigured with a conversion gain change from G5 to G3.  

 
(a) 

 
 (b) 

Figure 5.2.1 (a) The proposed reconfigurable step-down SC power stage and (b) Vin versus Vout relationship 

with adaptive gain control. 
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Table 5.1 Switching schemes at different conversion gains in the step-down reconfigurable power converter. 

Gain Vout Switches that are on in  Switches that are on in  

3/5 ≤V1 S1, S2, S4, S10 ~S12, S19 S5, S7, S14, S16, S17, S20 

2/3 V1~V2 S1, S2, S7, S9, S10, S16, S20 S3 ~ S5, S11, S12, S14, S17 

3/4 V2~V3 S1 ~ S3, S9 ~ S11 S5, S15, S17, S18 

4/5 V3~V4 S1 ~ S4, S9 ~ S12 S5, S15 ~ S17, S18, S20 

1 V4~V5 S1, S2, S7, S8, S13 ~S16 S3 ~ S6, S13 ~S16 
 

 
(a) 

 
 (b) 

Figure 5.2.2 The proposed SC power converter with a conversion gain of 2/3, operating in (a) the phase of 

, and (b) the phase of .  
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Figure 5.2.2 shows how to implement gain 2/3 topology with the proposed SC 

power converter. As illustrated in Figure 5.2.2 (a), during the phase , the power 

switches S1, S2, S7, S9, S10, S16, S20 are turned on. This action creates two charging paths 

to pre-charge the pumping capacitors C1 and C2 and delivers power to the output Vout. In 

the meanwhile, the charge accumulated in C3 and C4 is released to Vout. During the phase 

, the switches S3 ~ S5, S11, S12, S14, S17 are turned on, as shown Figure 5.2.2 (b). 

Accordingly, C3 and C4 are charged up while C1 and C2 discharge the power to Vout. Note 

that if C1 = C2 = C3 = C4 = Cp, the voltage across the capacitors C1 and C2 (C3 and C4) will 

be equal to Vin−Vout (Vout/2) at the end of phase , and be equal to Vout/2 (Vin−Vout) at the 

end of phase  . When the SC power converter reaches the steady state, the total net 

charge difference on the pumping capacitors C1, C2, C3, and C4 should be equal to the 

charge consumed by the loading resistor RL, meaning that 

       .                       (5.2) 

where, T is the switching cycle of the SC power converter. With C1 = C2 = C3 = C4 = Cp, 

we obtain 

.                                    (5.3) 

Hence, if  3, then  

 .                                                  (5.4) 
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Thus, a step-down voltage conversion of 2/3 is achieved.  

Illustrated in Figure 5.2.1 (b), according to different reference voltage, we can 

choose a different power converter topology to make the corresponding output voltage of 

this power converter close to the reference voltage. Thus, the ideal power efficiency is 

greatly improved, leading to higher output power efficiency.  

5.2.1.2 On-Chip Capacitor Sizing 

Eqn. (5.3) reveals that the output voltage Vout of a SC power converter can be 

regulated to different levels, if the pumping capacitor Cp or switching frequency 1/T are 

adjustable. However, higher switching frequency causes larger system switching loss and 

switching noise. The size-adjustable pumping capacitor approach, compared to the duty 

ratio adjustment, benefits the converter with higher efficiency. Hence, in order to further 

improve the efficiency in the cases when the level change on Vout is relatively smaller 

than those in Section 5.2.1, an on-chip capacitor sizing technique is proposed. 

 

Figure 5.2.3 Adjustable switched capacitor.  

A size-adjustable capacitor can be implemented with a series of small size unit 
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capacitors and switches. Its final capacitance size is determined by status of switches and 

connections of unit capacitors. For example, if all the switches in Figure 5.2.3 are turned 

on, an equivalent capacitance of C1a + C1b + C1c + C1d is achieved. To decrease the 

capacitor size, the switch S1d can be turned off; then the total size of the capacitors 

working in the circuits is C1a + C1b + C1c. The sizes of the sub-capacitors and sub-power 

switches are determined by the power flow through the capacitors and switches, while the 

total sub-capacitor size and sub-power switch widths remain constant,   

,                                        (5.5) 

.                                     (5.6) 

where,  is the width of the power transistor , , , , ,   is the width of the 

power transistor . Correspondingly, size-adjustable pumping capacitors decrease the 

capacitor redistribution loss, and size-adjustable power switches further decrease the 

switching power loss.  

According to Table 5.1 and Figure 5.2.1 (b), with 5 selected gain values, the 

biggest voltage gap (ΔV=Vi -Vi-1, i=2, 3, 4, 5) between adjacent desired regulation 

voltages Vi and Vi-1 is 200 mV if the converter is designed with a 1.8-V input voltage, 

800-Ω load, and 50% duty ratio. Four sizable on-chip capacitors are thus implemented 

here to decrease biggest voltage gap ΔV to be less than 50 mV, as illustrated in Figure 

5.2.4. Thus, the regulation error can be controlled below 25mV. On-chip capacitor sizing 

“fine tunes” the regulation errors and thus helps to retain high efficiency. 
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Figure 5.2.4 The scheme of applying on-chip capacitor sizing to adaptive gain controlled SC power 

converter. 

From the perspective of circuit implementation, referred in Figure 5.2.1 (b), the 

regulator cells I, II, III and IV are each implemented with 4 sub-cells. For example, Cell I 

actually consists of sub-cells I-a, I-b, I-c and I-d, as shown in Figure 5.2.5 (a). These sub-

cells employ a common topology but different sizes of switches and capacitors, tailored 

for different regulation voltage levels. Eventually, based on the common charge and 

discharge switching behaviors, they are reorganized to groups A, B, C, D, as depicted in 

Figure 5.2.5 (b).  
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(a) 

 
 (b) 

Figure 5.2.5 (a) Capacitor sizing in Cell I of Figure 5.2.1, and (b) grouping of the proposed SC power stage. 

To illustrate the design idea, we again consider the case when the conversion gain 

G2 is 2/3. With reference to Figure 5.2.4 and Eqn. (3), in order to allow the converter to 
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regulate at the highest voltage in this region − V23, all the 16 sub-cells from I-a to IV-d 

function actively. As a result, the largest on-chip capacitor is generated as the sum of total 

unit capacitors.  If Vout needs to drop to the next voltage level V22, all the sub-cells except 

those in the group D will stay active. Accordingly, the equivalent capacitance would be 

equal to the sum of total unit capacitance in the groups A, B and C. Similarly, if only one 

group A remains active with the topology of 2/3 gain, as shown in Figure 5.2.4, the 

lowest output voltage in the region V20 would be achieved.    

Such a grouping method ensures the most efficient chip area and layout routing.  

The first advantage of the new structure is that each group is independent. There is no 

connection between any two groups except for Vin, Vout and ground. So, if one group in 

Figure 5.2.5 (b) fails to work due to circuit malfunction or device failure, the other groups 

still work in the power stage. Therefore, system robustness is significantly improved. The 

second advantage is that this structure decreases the power loss. Due to different power 

transistor sizes in each sub-cell, the sizes of the corresponding buffers are different, and it 

leads to differences among the delay of the control signals. Thus the connections between 

any two groups, except Vin, Vout and ground, will cause more power losses because of the 

control signals overlapping. Moreover, once the group is disabled to generate a lower 

output voltage, all the control signals in this group are either high or low to turn off the 

power transistors. So there is no switching loss and conduction loss in this group. No 

switching loss is consumed in the corresponding buffers. Thus, power loss is further 

decreased. The third advantage is that interleaving technique can be applied to the four 

groups in the power stage since they are independent. Four groups of control signals with 
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90º phase shift can be applied to each group. Hence, the output voltage ripple is 

decreased. 

5.2.1.3 Multiple-gain Controller 

 

Figure 5.2.6 Block diagram of the proposed design. 

Figure 5.2.6 illustrates the block diagram of the proposed SC power converter. 

The output voltage Vout is scaled and sampled, which is then compared to a reference 

voltage Vref. Based on the error voltage between Vout and Vref, a frequency modulator 

determines the instantaneous switching frequency. For this design, the frequency varies 

from 4 to 8 MHz to suit different charge and discharge requirements. In the meanwhile, 

according to the instantaneous input voltage Vin and the desired output voltage Vref, 3-bit 
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gain control signals k3k2k1 are used to choose the power stage topology to generate the 

suitable gain. The power stage is then reconfigured according to the proposed switching 

schemes in Table 5.1. As a parallel process, with a 2-bit control signal l2l1, input voltage 

Vin and the desired output voltage Vref also determines the on-chip pumping capacitor 

size to active groups of sub-cells shown in Figure 5.2.5 (b).  

The control signals are sent to a control signal generator to activate the desired 

switching actions in the power stage. Firstly, the 3-bit control signal k3k2k1, combined 

with non-overlapping clock signals, determines the control signals of all the power 

transistors in group A of this topology. Secondly, the 2-bit control signal l2l1 determines 

the operation of the groups B, C and D. For example, if l2l1=11, all the three groups B, C 

and D have the same control signals as group A, and all four are active in the power 

stage. If l2l1=10, all the control signals are high for the PMOS transistors and low for 

NMOS transistors in the group D, thereby turning them all off, so group D is disabled and 

isolated from the power stage. Groups B and C still have the same control signals as 

group A, and they three are active in the power stage.  

Finally, these control signals pass through the buffers to control the power 

transistors in the power stage. Since the PMOS and NMOS transistors size are different 

in each sub-converter, the corresponding buffers should also have different transistors 

size, which leads to different delays in the control signals. However, since the four sub-

converters are independent, these delays will not bring the extra power loss in the power 

stage. 
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5.2.1.4 Design Extension to Variable-Input Constant-Output SC Power Converters  

 

Figure 5.2.7 The input voltage scale of the proposed reconfigurable step-down DC/DC converter  with 

adjustable pumping capacitor. 

The proposed adaptive gain control and on-chip capacitor sizing techniques can 

also be applied to variable-input and constant-output converters. This is extremely 

attractive for the cases when an application has very unstable self-harvested input power 

source. The approach, similar to the one used in Section 5.2.2, is illustrated in Figure 

5.2.7. The only difference under this operation scenario is that the highest (lowest) gain 

and largest (smallest) pumping capacitors size are applied to the lowest (highest) input 

voltage to obtain a constant output voltage. For example, the lowest input V53 operates 

with the help of all the sub-cells and the highest gain G5. A slightly higher input voltage 

V52, will still employs the same power stage topology and thus the conversion gain, but 

all the sub-cells in the group D would be shut down to reduce the total on-chip 

capacitance.  
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5.2.1.5 Power Stage Implementation 

 

Figure 5.2.8 Group A in the reconfigurable power stage implementation. 

 

Figure 5.2.9 Connecting the body to the higher voltage. 

Usually in the step-down power converter, the switches (S13 ~ S16) which are 

connected to the ground are implemented by NMOS transistors, and the switches (S1 ~ 

S4) which are connected to the input supply are implemented by PMOS transistors with 

the body connected to the input supply, just as shown in Figure 5.2.8. In this proposed 

converter, since the output voltage changes from Vin to 3/5Vin, the power switches (S5 ~ 
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S12) which are connected to the output load should be implemented by PMOS transistors. 

However, the body connection should be seriously considered, since the body of the 

PMOS transistor should be connected to the highest voltage to avoid the leakage current 

[Ma-07]. For this scenario, the highest voltage is Vin. If the PMOS body is connected to 

Vin but drain and source are connected to the node less than Vin, then the body effect of 

the transistor will increase the threshold voltage. So, the PMOS body is connected to the 

higher node between the drain and source. Especially, for the power switch Mp6, the two 

nodes around switch are Vout and Vc2p, however, Vc2p Vout with G = 2/3 in the phase of 

; Vc2p Vout with G = 3/4 in the phase of  . So body should be connected to the higher 

voltage between drain and source. Similarly as M7 and M8. Figure 5.2.9 shows the 

schematic diagram used for fulfilling this function. Another special switch is S17, the 

voltage around the power switch M17 is about 1/3Vin (≈ 0.6 V) with G = 2/3, and about 

3/5Vin (≈ 1.08V) with G = 4/5, so a transmission gate should be used here to make sure 

switch is fully turned on.  

The optimization of the proposed SC power stage is paramount, since it directly 

affects the efficiency of the entire system. For a SC power converter, the power loss from 

the power stage usually dominates the overall power loss of the converter. In a power 

transistor, the major power losses include conduction loss and switching loss. The 

conduction loss of the proposed SC converter with G = 2/3 can be represented as  

∑ ,                                 (5.7) 
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where Dsi and Rsi represent the duty cycle and the turn-on resistance of the power 

transistor i, and ai is the switch charge multiplier vector, here, as1 = as2 = as3 = as4 = as5 = 

as6 = as7 = 1/3 [Lusher]. Note that Rsi can be controlled by sizing the individual transistor 

i, because 

.                                               (5.8) 

In this work, we design all the PMOS power transistors to have the same size, for 

system simplicity and symmetry; same as the NMOS power transistors. Since power 

stage structure is not symmetric to the PMOS and NMOS power transistors, the size ratio 

k should be optimized to get a lowest power consumption, where k = Wp/Wn, Wp 

represents the width of the PMOS power transistor, and Wn represents the width of the 

NMOS power transistor. To minimize silicon area and parasitic capacitance, each 

transistor employs the minimum length of the process. Wp represents the width of the 

PMOS transistor M1, which we used as a unit parameter and will be optimized at the end 

of this section. 

Finally, if the conduction loss due to ESR of the pumping capacitors is also 

considered, the total conduction loss of charge pump should be modified as  

∑  · .                             (5.9) 

The switching power loss of the power transistors is given and simplified as: 
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∑ , , ∑ , .                        (5.10) 

where for the power transistor I, Cgs,i is the gate-source capacitance, Wi is the gate-source 

capacitance and Vgs,i is the gate-source voltage swing. Meanwhile, for a single transistor 

working in linear region and cut off region, the drain-bulk voltage swing Vdb (drain-bulk 

capacitance Cdb) and source-bulk voltage swing Vsb (source-bulk capacitance Csb) is 

much smaller than Vgs (Cgs), thus the dynamic power loss due to parasitic junction 

capacitors Cdb and Csb  is much smaller than the dynamic loss in (5.10). As a result, in this 

scenario, only the dynamic loss in (5.10) is considered.  

In this SC step-down power converter, if non-overlapping clock signals are used 

to control the power stage, the reversion power loss can be minimized. Hence, the total 

power loss of the proposed SC power converter is approximately determined by the 

conduction loss and switching loss. 

Ptotal = PCT + PSL.                                          (5.11) 

In order to maximize the efficiency, the optimized power transistor width WN and 

ratio k should meet (5.12) and (5.13). 

0.                                                  (5.12) 

0.                                                  (5.13) 

For different topologies in Table 5.1, (5.12) and (5.13) will generate different 
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optimized power transistor width WN and ratio k, and then according to these optimized 

parameters, we can get the final power transistor size and ratio to design our SC power 

converter at the maximized efficiency. 

5.2.2 Performance Verifications 

 

Figure 5.2.10 Chip layout. 

The proposed SC power converter is designed and fabricated with IBM 180-nm 

CMOS process. The layout is shown in Figure 5.2.10. Four groups A, B, C and D are 

shown in the power stage, and have the similar structure but differ in pumping 

capacitors and power transistors sizes. The total on-chip pumping capacitor is 4 nf with 

4-mm2 chip area. The on-chip capacitor implementation not only saves on-chip pads and 

IC pins, and largely reduces the system volume, but also minimizes the parasitic 

components caused by bonding, packaging, and PCB wiring; especially the ESR, ESL 
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and ESC. These parasitic components are major contributors to large switching noises in 

power converter designs.  

All the power stages and buffers are optimized at a load with equivalent 

resistance of 800 Ω. The simulation efficiency is shown in Figure 5.2.11. The output 

voltage varies from 0.9 to 1.65 V with a 1.8-V input voltage and a variable switching 

frequency from 4 MHz to 8 MHz. The idea power efficiency stays above 80% over a 

large output voltage range. The simulation power efficiencies are higher than 74% over 

the entire power range, which is very near to the ideal efficiency. The maximum of 89% 

is achieved when the output voltage is regulated at 1.65 V. To summarize this work, 

Table 5.2 compares this design with the prior arts. The proposed reconfigurable SC 

power converter demonstrates a more area and power efficient solution.  

 

Figure 5.2.11 Power efficiency in the simulation. 
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Table 5.2 Performance comparison with prior arts. 

 
[Viraj-07] [Shao-06] [Linear] [Su-09] [Chowdhury-09] This 

work 

Process 0.35-μm 
CMOS 

0.25-μm 
CMOS N/A 0.35-μm 

CMOS 
0.35-μm        
CMOS 

180-nm 
CMOS 

Vin (V) 5 2.8~5 2.7~5.5 2.5 2.1~3.3 1.8 

Vout (V) 1 1.8 1.8 0.9~1.5 0.9~1.8 0.9~1.65 

Power    
(mW) 

10 360 450 0.4~7.5 39 1.4~3.8 

η 31% 52-80% 70% ≤66.7% ≤76% 74~89% 

Chip area 
(mm2) 

6.76 3.4 N/A 7.8 N/A 3.57 

Pumping 
capacitance 

1.2nF 
on-chip 

2μF 
off-chip 

2μF 
off-chip 

6.72nF 
on-chip 

6nF 
on-chip 

4nF 
on-chip 

5.3 A Reconfigurable Step-Up and Step-Down SC power Converter 

5.3.1 System Architecture & Circuit Implementation 

5.3.1.1 Reconfigurable Step-Up and Step-Down SC power stage  

 
 (a) 
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(b) 

Figure 5.3.1 (a) The proposed reconfigurable step-up and step-down SC power stage and (b) Vin versus Vout 

relationship with adaptive gain control. 

Usually the self-powered microsystems need both step-up and step-down 

conversion in the power stage, since battery voltage declines from Vdd+ to Vdd- as the 

power is drained (If we consider the microprocessor supply voltage is Vdd). The power 

converter proposed in Section 5.2 is not suitable. Hence, we propose a reconfigurable 

step-up and step-down SC DC-DC power converter as shown in Figure 5.3.1, which 

operates with a pair of complementary phases −  and . The power stage employs 2 

pumping capacitors C1 and C2, and 11 switches, which is simpler than the one in Section 

5.2. This allows the converter to be reconfigured with 5 different conversion gains: 1/2, 

2/3, 1, 3/2, 2. The output voltage scale of five different conversion gains is illustrated in 

Figure 5.3.2. These 5 conversion gains are distributed properly to improve lowest ideal 

efficiency on a large output voltage range, compared with single conversion gain. For 

instance, as depicted in Figure 5.3.1 (b), with a fixed input Vin, if Vout needs to drop from 

step-up output voltage V5 to step-down output voltage V2, the converter will be 

automatically reconfigured from a step-up conversion gain G5 to step-down conversion 
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gain G2. More specifically, Table 5.3 elaborates the switching schemes for the converter’s 

reconfiguration: as long as the desired Vout level is identified, the corresponding 

conversion gain will be determined. The power switches will then follow the switching 

scheme to charge the pumping capacitor(s) and deliver the power to Vout.  

Table 5.3 Switching schemes in step-up and step-down reconfigurable power converter. 

Gain Vout Switches that are on in  Switches that are on in  

1/2 ≤V1 S1, S2, S7, S8 S3 ~ S6 

2/3 V1~V2 S1, S2, S7, S8 S4, S5, S11 

1 V2~V3 S1 ~ S4 S3 ~ S6 

3/2 V3~V4 S1, S4, S11 S5, S6, S9, S10 

2 V4~V5 S1 ~ S4 S5, S6, S9, S10 
 

  
(a)                                                                                       (b) 

Figure 5.3.2 The proposed SC power converter with a conversion gain of 3/2, operating in (a) the phase of 

, and (b) the phase of .  

As illustrated in Figure 5.3.2 (a), during the phase , the power switches S1, S4, 

S11 are turned on. This action creates a charging path to pre-charge the pumping 

capacitors C1 and C2. During the phase , the switches S5, S6, S9, S10 are turned on, as 

shown Figure 5.3.2 (b). Accordingly, this action creates two discharging paths to 
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discharge the power from C1 and C2 to Vout. Note that if C1 = C2, the voltage across the 

capacitors C1 and C2 will be equal to Vin/2(Vout−Vin) at the end of phase  ). When the 

SC power converter reaches the steady state, the total net charge difference on the 

pumping capacitors C1 and C2 should be equal to the charge consumed by the loading 

resistor RL,  

       .                       (5.2) 

where, T is the switching cycle of the SC power converter. With C1 = C2 = Cp, we obtain 

.                                      (5.3) 

If  1, then  

 .                                                  (5.4) 

Thus, a step-up voltage conversion of 3/2 is achieved.  

 

    
(a)                                                                               (b) 
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(c)                                                                              (d) 

Figure 5.3.3 The proposed SC power converter operation with a conversion gain of (a) 1/2, (b) 2/3, (c) 1, 

and (d) 2.  

Figure 5.3.3 shows the other 4 different connections in Figure 5.3.1 to get 

corresponding conversion gains: 1/2, 2/3, 1 and 2. 

5.3.1.2 Closed-Loop Controller 

Figure 5.3.4 shows the system control flow chart. The proposed controller fulfills 

two major functions: analog to digital conversion and generates the necessary control 

logic signals. Similarly to the analog to digital converter in Section 4.2, the analog to 

digital converter senses the error signal and converts it to digital error signals. A 

differential V-to-I converter is employed to detect and amplify the error between Vout' 

(scaled from the output voltage Vout) and the reference voltage Vref. Then the error signal 

is converted into current signals format as Iout and Iref, respectively. This differential 

circuit topology effectively cancels even-order harmonics and temperature/process 

variations. Following the V-to-I converter, two subthreshold-region ring oscillators 

further convert the current difference ΔI into a frequency difference Δf. Here, Iref and Iout 

are used to bias the two ring oscillators. With different biasing currents, the oscillation 



145 

 

frequency of each oscillator varies accordingly. Following the flow chart in Figure 5.3.4, 

the converted frequency information Δf is continuously turned into the digital binary 

signals by the frequency dividers, R-S pulse counters and digital signal registers. The 

frequency dividers are composed with digital latches. To compare the frequencies in two 

subthreshold ring oscillators, R-S pulse counters are used to count the pulses in the 

subthreshold ring oscillator of Vout' side in a switching clock cycle. 

 

Figure 5.3.4 Closed-loop control scheme. 
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In the control logic generator, the gain controller determines the power stage 

conversion gain with 3-bit control signals. Combined with signal Vsign generated from the 

analog to digital converter, all the power transistor status is determined. For example, 

when k3k2k1 = 011, G = 2/3, the topology in Figure 5.3.2 is chosen. Thus, the power 

transistors M1, M4 and M11 are turned on in the phase of ; M5, M6, M9 and M10 are 

turned on in the phase of ; and the other transistor should be turned off all the time.  

5.3.1.3 Power Stage Implementation 

 

Figure 5.3.5 Transistor based power stage. 

In the power stage, voltage and power transfer should be considered carefully 

when these 11 switches are implemented by PMOS and NMOS transistors. Here we 

choose IBM 130-nm CMOS process to simulate and implement this design in chip.  It is 

designed and optimized with 1.2-V input voltage. As shown in Figure 5.3.3 (a), with gain 

1/2 and 1.2-V input voltage, the output voltage is less than 0.6 V, thus NMOS is the best 
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choice for S5, S6, S7 and S8. However, in the other cases, S5, S6, S7 and S8 should be 

implemented by the PMOS due to the voltage drop. Hence, S5, S6, S7 and S8 are 

implemented by transmission gates: both PMOS and NMOS. Similarly, the other 

switches are implemented by the power transistors as shown in Figure 5.3.5. 

In order to avoid transistor break down, when the voltage connected to the power 

transistors is higher than 1.2 V and lower than 2.5 V, the I/O type DGPFET transistors are 

chosen to implement switches. Otherwise, normal transistors are suitable with the voltage 

1.2 V. Hence, the PMOS power transistors M1, M2, M5, M6, M7 and M8 are implemented 

by DGPFET. Similarly as the Section 5.2.2, the power transistors sizes are optimized 

according to the power transfer in the charging and discharging flow. 

5.3.2 Performance Verifications 

The proposed charge pump is designed and fabricated with IBM 130-nm CMOS 

process. The layout is shown in Figure 5.3.6. All the power stages and buffers are 

optimized at a load with equivalent resistance of 15 Ω with the power from 16 mW to 

350 mW. The simulation results are shown in Figure 5.3.7: the output voltage varies from 

0.5 V to 2.2 V with the input 1.2-V voltage. The ideal power efficiency is higher than 

67% over entire wide output voltage range. The simulated power efficiencies are all 

higher than 60%, which are very near to the ideal power efficiency. The highest power 

efficiency is 90.47% at Vout = 0.56 V. The simulation results in Figure 5.3.8 demonstrate 

gate control signals of the power transistor M1~M11 with k3k2k1 = 100 and G = 2. They 

are consistent with the Table 5.3.  
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Figure 5.3.6 Chip layout. 

 

Figure 5.3.7 Simulated power efficiency. 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
Output voltage (V)

Ideal efficiency

Simulated efficiency



149 

 

 

Figure 5.3.8 Gate control signals in Figure 5.3.2. 
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(a) 

 
 (b) 

Figure 5.3.9 (a) Simulated output voltage at 2.1 V, and (b) the closed-up view. 

Figure 5.3.9 and Figure 5.3.10 show the output voltage waveforms in the steady 

state, at different regulated output voltages. Figure 5.3.9 (a) demonstrates that Vout is 

stably regulated at 2.1 V with a step-up conversion gain, while Figure 5.3.9 (b) shows the 

detailed voltage ripples. In Figure 5.3.10, Vout is well regulated at 0.6 V with a step-down 
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conversion gain. The difference on the output voltage between Figure 5.3.9 and Figure 

5.3.10 effectively verifies the multiple-gain control in the charge pump.  

 
(a) 

 
 (b) 

 Figure 5.3.10 (a) Simulated output voltage at 0.6 V, and (b) the closed-up view. 
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5.4 Conclusions 

In this chapter, we discuss two reconfigurable step-down SC power converters for 

self-powered microsystems. The multiple-gain control helps these two converters to 

constantly maintain high efficiency. The size-adjustable pumping capacitors allow the 

output voltage in the first design to be regulated at different desired levels and decrease 

power loss. The fully on-chip implementation significantly reduces system volume and 

switching noises. The number of I/O pins and on-chip bonding pads as well as parasitic 

components is significantly reduced. Post-layout fully-transistor based simulations show 

that the converters are capable of preserving high efficiencies in a wide range variable 

power supply Vout. The designs provide an effective solution for new generation, 

monolithic power supply designs for self-powered devices. 
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

Modern electronics continues to push past boundaries of integration and 

functional density toward the elusive, completely autonomous, self-powered microchip. 

As systems continue to shrink, however, less energy is available on board, leading to 

short device lifetimes (run-time or battery life). Extended battery life is particularly 

advantageous in systems with limited accessibility, such as biomedical implants and 

structure-embedded micro-sensors. The power management process usually requires a 

compact, efficient power converter to be embedded in the microsystems. This dissertation 

introduces SC power converter designs that make all these techniques realizable. 

Four different SC power converter topologies with multiple control schemes are 

introduced that provide low-power high-efficient well-regulated power sources. First, a 

monolithic step-down power converter with subthreshold z-domain DPWM controller is 

proposed for ultra-low microsystems; second, an efficient monolithic master-slave 

complementary power converter with a feedback controller that purely operates in ultra-

low-power subthreshold operation region is discussed. Third, we introduce an efficient 

monolithic step-down SC power stage with multiple-gain control and on-chip capacitor 

sizing for self-powered microsystems; at last, an efficient monolithic step-up and step-

down SC power converter with multiple-gain closed-loop controller is presented.   

Several control techniques and circuit-level design techniques have been 
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presented to optimize the system performance, reduce the size, cost and energy 

dissipation of the low-voltage and low power SC power converters. Simulation and 

experimental results on these four integrated SC power converters have successfully 

demonstrated these design techniques. The approach presented in this dissertation is 

evidently viable for realizing compact and high efficient SC power converters. 

6.2 Summary of Research Contributions 

In this dissertation, monolithic low-power, low-voltage, high-efficiency SC power 

converters are discussed. This includes the development and demonstration of the 

system-level and circuit-level design techniques to increase the utility of SC power 

converters in low-power applications and variable input/output supply systems. Several 

key research contributions are highlighted below: 

1. Developed a monolithic SC power converter with a subthreshold-region 

DPWM feedback controller. The subthreshold design significantly reduces the 

power dissipation in the controller. The programmable switching frequency 

DPWM control enables converter operation at high efficiencies, without 

causing a random noise spectrum. Monolithic implementation effectively 

suppresses noise and glitches caused by parasitic components due to bonding, 

packaging and PCB wiring [Su-08b, Su-09b]. 

2. Developed a monolithic master-slave complementary SC power converter 

with a feedback controller that purely operates in ultra-low-power 
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subthreshold operation region. This is tailored for the aforementioned ultra-

low power applications [Su-08a, Su-09a]. 

3. Developed a monolithic reconfigurable step-down SC power converter with 

multiple-gain control and on-chip capacitor sizing for self-powered 

microsystems. The multiple-gain control helps the converter to constantly 

maintain high efficiency. The size-adjustable pumping capacitors allow the 

output voltage to be regulated at different desired levels by the control signals 

with constant 50% duty ratio. 

4. Developed a reconfigurable step-up and step-down SC power converter with 

multiple-gain control for self-powered microsystems.  

5. Successfully fabricated a CMOS monolithic SC power converter with a 

subthreshold-region DPWM feedback controller. The entire chip area is 7.8 

mm2, where the controller occupies only 0.26-mm2 area with 147.5-μW power 

dissipation. The converter precisely provides an adjustable output voltage 

from 0.9 V to 1.5 V. The power efficiency stays above 50% with a maximum 

66.7% at 1.4-V output voltage [Su-08b, Su-09b]. 

6.3 Future Work  

6.3.1 Bidirectional Power Flow 

Bidirectional converters are the combined configuration of battery charging 

circuit and DC-DC power converter circuit. They allow power flow in either direction, 

i.e. towards battery or away from battery. They find great application in DC UPS, battery 
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charging circuits, Stand by DC power supplies and also in aerospace applications. 

Traditional design applied individual power converter for each directional flow. This 

implementation often leads to an increase in component ratings and circuit complexity. 

The converter also is less user-friendly. Possible implementation of bidirectional 

converters with switching converters has been reported in literature. However, it is very 

hard to be fully integrated on chip for the self-powered systems. So in Figure 6.3.1, we 

propose the reconfigurable step-up and step-down SC power converters with bidirectional 

power flow, which can be fully integrated on chip. 

 
(a) 

 
(b) 

Figure 6.3.1 (a) The proposed reconfigurable step-up and step-down SC power converters with 

bidirectional power flow and (b) Vin versus Vout relationship with adaptive gain control. 
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Table 6.1 Switching schemes at different power flow directions in the step-down reconfigurable power 

converter with multiple conversion gains. 

 Power from Vin to Vout Power from Vout to Vin 

Gain Switches that 
are on in  

Switches that 
are on in  

Switches that 
are on in  

Switches that 
are on in  

G1 = 2 S1, S2, S3, S4 S5, S6, S9, S10 S3, S4, S5, S6 S1, S2, S7, S8 

G2 = 3/2 S1, S4, S11 S5, S6, S9, S10 S4, S5, S11 S1, S2, S7, S8 

G3 = 1 S1, S2, S3, S4 S3, S4, S5, S6 S3, S4, S5, S6 S1, S2, S3, S4 

G4 = 2/3 S1, S2, S7, S8 S4, S5, S11 S5, S6, S9, S10 S1, S4, S11 

G5 = 1/2 S1, S2, S7, S8 S3, S4, S5, S6 S5, S6, S9, S10 S1, S2, S3, S4 

According to Figure 6.3.1 and Table 6.1, the power system is symmetric to the Vin 

and Vout. The power can flow from Vin to Vout with multiple conversion gains G1~G5. 

Similarly, the power can flow from Vout to Vin with the same multiple conversion gains 

G1~G5. If the power level in the system is pretty low, the pumping capacitors can be both 

integrated on-chip to achieve a monolithic design. This switches-based power stage is 

same as the design in the Figure 5.3.1, but power transistors-based power stage 

implementation will be different to that in Figure 5.3.5 due to different voltage issues. For 

example, the power switch S1 should be implemented by a transmission gate including 

both NMOS and PMOS transistors, similarly to the power transistors MD5p, and M5n in 

Figure 5.3.5.  
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6.3.2 Single-Input and Dual-Output SC Power Converters 

Meanwhile, in a portable device, such as cell phone, MP3 player, PDA, or Laptop, 

some different DC supply voltage levels suitable for different components are included. 

In modern electrical and electronic technology, voltage scheduling with multiple supply 

voltage VDD optimization draw great interests, because multiple VDD optimization is the 

single most effective way to reduce power consumption of circuits, especially digital 

circuit. In the most recent technology of Organic Light-Emitting Diode (OLED) display, 

Active-Matrix (AM) OLED panels need a different sophisticated voltage supply for each 

color (Red, Green, or Blue) to optimize display efficiency and display quality with 

brightness, contrast, and vividness. All of the above-mentioned typical needs from real 

applications pose a challenge to DC-DC power converter designers: from a single input 

power supply, usually a battery, several outputs with different voltage levels are regulated. 

Conventional implementation of a DC-DC power converter that has N output 

voltages may consist of N independent converters, or employ a transformer that has N 

secondary windings to distribute energy into the various outputs (isolated multiple-output 

converter)[Erickson-01]. The first method requires too many components, including 

controllers and power devices, and this will increase the system cost. The second method 

does not allow individual outputs to be precisely controlled and has a big limitation for 

the applications of multiple voltage supply scaling. In addition, leakage inductance and 

cross coupling among windings cause a serious cross-regulation problem. Moreover, both 

methods require at least N inductors or windings, which may be too bulky and costly.  
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Figure 6.3.2 SIDO boost/boost converter using time multiplexing in [Ma-03a]. 

To overcome the problems mentioned above, a single-inductor dual-output 

(SIDO) boost/boost converter was proposed in [Ma-03a]. Figure 6.3.2 shows the 

converter structure and timing diagram. Only one inductor is required for providing two 

different output voltages. Using a novel time-multiplexing (TM) control scheme, the 

converter only need one controller loop to regulate all outputs. Compared with other 

designs, both on-chip and off-chip components are reduced significantly, while low 

cross-regulation is maintained at the same time. 

In order to minimize the system volume, the self-powered microsystems requires 

fully integrated monolithic design. However switching converter is very hard to be fully 

implemented on-chip because of the inductor. It is, therefore, desirable to develop a 

compact SC power converter that is possible for multiple outputs. Here we proposed a 

single-input and dual-output SC power converter, as shown in Figure 6.3.3. 
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(a) 

 

(b) 

Figure 6.3.3 Single-input and dual-output SC power converters: (a) power stage and (b) timing diagram. 

In this power converter, during the phase A, the power switches S1, S2 and S4 are 

turned on to charging  the pumping capacitors C1 and C2 in the charging loop; the power 

switches S3, S4, S5 and S6 are turned on to release the charge on the pumping capacitors 
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C1 and C2 in the discharging loop. Then the power can be transferred from input to output 

1 by achieving the step-down conversion gain 1/2. Similarly, during the phase B, the 

power switches S1, S2 and S4 are turned on to charging  the pumping capacitors C1 and C2 

in the charging loop; the power switches S7, S8, S9 and S10 are turned on to release the 

charge on the pumping capacitors C1 and C2 in the discharging loop. Then the power can 

be transferred from input to output 2 by achieving the step-up conversion gain 3/2. In the 

two conversion gains, the voltage drops on the pumping capacitors are both 1/2Vin, so 

they can be combined together by using time multiplexing. 
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