
ABSTRACT 

 

RONG, GUO. High Efficiency Charge Pump Based DC-DC Converter for Wide Input/ 
Output Range Applications. (Under the direction of Dr. Alex Q. Huang.) 

 

Portable electronic devices are taking an indispensable part in people’s everyday life. 

To meet the growing needs of people, the number of function blocks inside the portable 

devices keeps on increasing but the portable devices tend to be small and exquisite. As a 

result, the power supply must be very compact and also very efficient during battery 

lifetime. Charge pump regulators are considered as an ideal solution in low power 

portable applications for their compact sizes and low cost. However, traditional charge 

pumps are not very efficient for battery powered applications because of the input voltage 

variations and the requirement for output regulation. The power rating of charge pumps is 

also very limited. A Multi-modes regulated charge pump with improved efficiency over 

wide input and load range is proposed. It can realize 2x, 1.5x, and 1.33x conversion 

modes. During each mode, the output voltage is regulated by a controlled current source. 

A hybrid control scheme is proposed. By using device segmentation control and pulse 

skipping modulation according to the load condition, the efficiency can be improved over 

a wide load range. Simulation and test results are provided to verify the control scheme.  

For automotive system and telecommunication systems, the input voltage varies much 

wider than in portable applications. For industry applications, the front-end bus voltage is 

relatively stable, but can be selected from 12V, 24V, and 48V. However, customers prefer 



a high performance one-fits-all power supply to avoid additional time and cost for 

re-design. Therefore, a power supply that can operate under a very wide input voltage 

range is a must for these applications. The most popular non-isolated step-down DC-DC 

converter, Buck regulator, usually shows a low efficiency at high input voltage. In 

addition, a high step-down ratio creates significant challenges for the PWM controller 

design because it has to control very narrow PWM pulses. A high efficiency charge-pump 

based wide input range Buck converter is proposed. The first stage is a multi-modes 

charge-pump and the second stage is a synchronous buck converter. The charge-pump is 

unregulated and adaptively switches between 1x, 0.5x, and 0.33x modes according to the 

input voltage. It does the rough voltage conversion while the Buck converter does the fine 

voltage regulation. Theoretical analysis proves that the total efficiency will be improved, 

especially at the high input voltage. It also simplifies the compensator design and benefits 

the transient performance. Experiment results show the highest efficiency improvement is 

7% at heavy load and 16% at light load.  

Similar merits can be found when combining a Multi-modes Charge Pump with a 

Boost converter for high gain applications, such as driving a long LED string from a 

single lithium battery. A high gain Transformerless LED driver is proposed and verified 

by the experiment. The efficiency improvement is 10% when driving 11-12 LEDs from 

2.7V input voltage. 
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Chapter 1.  Introduction 
 

 

 

1.1 Research Background 

 

In people’s everyday lives, portable electronic devices are taking an indispensable part. 

Most consumers own at least one mobile phone, and at least one other portable device, such 

like digital camera, MP3 player, notebook, etc. As the name suggests, portable devices need 

to be small in size and light in weight. In addition, as they are powered form batteries, it 

requires that their voltage converter has high efficiency and low quiescent current so the 

devices can be powered for a long time before needing to be recharged. Moreover, 

consumers’ demands of multi-function portable devices become more and more intensive 

nowadays. In stead of carrying three single-function portable devices, consumers tend to buy 

a single device which integrates multiple functions. As a result, it brings great challenges to 

the design of portable devices. A large number of function blocks inside a portable device 

greatly increase the occupied space and the power consumption goes up as well. However, 

the size of portable devices should be limited to maintain a fashionable outline. As a result, 

the power supply must be very compact and also very efficient during the battery lifetime.  
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Fig.1.1 A Ultra Slim Multi-Function Portable Device: IPad [1] 

 

Inductor-based converters, usually with one or more inductors, and inductor-less 

converters, also known as charge pumps [2], are two sorts of DC-DC converters that are 

widely used for today’s portable power supplies. 

 

Inductor-based converters can have very high efficiency over the entire battery voltage but 

the cost and volume often make the engineers think twice. Charge pump regulators are 

considered as an ideal solution due to their well-known compact sizes [3]. It first began with 

unregulated ICs and then to regulated ICs with regulated output voltages. It eliminates the 

use of inductor, thus reduces the cost and size. However, traditional charge pump, such as the 

voltage doubler, is not very efficient for battery powered applications. The battery voltage 

varies widely but the output voltage needs to be regulated to a fixed value [4]. The topology 

of a charge pump sets a limit to the maximum efficiency it can achieve at one given input 

voltage. Meanwhile, the regulation of charge pump converters is more lossy compared with 

inductor-based converters [5~14]. 



 
3 

On the other hand, the power rating of charge pump converters is limited due to huge 

conduction loss at high output current. In today’s market, there are hundreds of charge pump 

ICs. Table 1.1 shows a statistics of commercial charge pump ICs from different Vendors. 

Most of them can support power below 1W, but very few of them can support power above 

2W. Conduction loss is a big concern when it is designed to be used in high power rating 

because the charge pump has more transistors. If it is intentionally designed for high power 

rating, big devices with low on-resistance must be used. However, light load efficiency will 

suffer due to increasing switching loss.  

 

Therefore, increasing the power rating and optimizing the efficiency of charge pump 

converters over the entire battery life becomes a significant topic for designing the future 

power supplies for portable devices. 

 

Table 1.1 Commercial Charge Pump Products [15] 

Vendor # of 
ICs 

Step-up 
ICs 

LED 
driver 

IC 
Vin range Vout values Iout,max Pout,max

TI 70 44  1.8-3.6V, 2.7-5.4V,
0.9-1.8V. 

5V, 
3.3V 0.3A 1.5W

Linear 
Tech 73 30 21 1.8-4.4V 

2.7-5.5V 
5V, 

3.3V 0.5A 2.5W

Maxim 50 17  1.8-5.5V 
2.7-5.5V 

5V, 
3.3V 0.25A 1.25W

Fairchild 5 2  2.7-5.5V 3.3V, 4.5V,
5V 0.2A 1W 

National 21 2 19 2.7-5.5 3.3V, 4.5V,
5V 0.18A 0.9W
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In automotive and telecommunication systems, which use backup batteries, the input 

voltage variation is much wider than of portable applications, for example, 18-58V in an 

automotive system [16]. In industry applications, the front-end bus voltage is relatively stable, 

but can be selected from 12V, 24V, and 48V. Instead of redesigning the converter each time 

when the bus voltage changes, customers may prefer a high performance one-fits-all power 

supply to avoid additional development time and cost. Therefore, a power supply that can 

operate under a wide input voltage range is a must for these applications. In addition to wide 

input voltage range, the conversion ratio is another challenge when converting the highest 

input voltage to the given low voltage bus. A high input-to-output step-down ratio creates 

significant challenges for the PWM controller design because it has to control very narrow 

PWM pulses. Meanwhile the converter switching frequency keeps on increasing to reduce 

the size of inductors and capacitors. Therefore, the PWM pulses can become even shorter and 

very difficult to control. For example, a Buck regulator with an input voltage of 66V and an 

output voltage of 3.3V will require a duty cycle of approximately 5%. At a typical switching 

frequency of 300 kHz, the required PWM on-time of the Buck switch is a mere 166 ns [17]. 

However, if the switching frequency increases to 2MHz, the on-time will be reduced to 25ns. 

It is extremely demanding as it requires the switches have a very fast turn-on and turn-off 

speed which limits the maximum frequency. 

 

In addition, efficiency is always a target and needs to be as high as possible over the wide 

input range. Since most of the converters are optimized at one operation point, the 

performance at other operation points can be very bad. Fig.1.2 shows the efficiency 
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variations of two commercial products with input, output voltage and load. It shows that the 

efficiency difference can be 20%-30% at the same load when input or output voltage varies. 

It is the switching loss that usually dominates the total loss when the input or output voltage 

becomes high. Advanced devices can help reduce the switching loss, but the cost will go up.  

 

       

  (a) Buck Regulator (MAX5033)             (b) Boost Regulator (MAX15031) 

Fig.1.2 Efficiency Curves over Wide Input/Output Voltage Range and Load Range [18, 19] 

 

A transformer based converter is a better choice to solve the above two issues. By utilizing 

the turn-ratio of a transformer, extremely narrow duty cycles can be avoided. However 

transformers are usually bulky and expensive if isolation is not required. Besides, core loss at 

high frequency cannot be neglected.  

 

As a result, it becomes very significant to research possible advanced topologies and 

control methods to improve the performance and efficiency of wide input/output range 
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DC-DC converters. 

 

1.2. Dissertation Outline 

 

The dissertation consists of six chapters. They are organized as follows.  

Chapter I. The background information and motivations of research are introduced. 

 

Chapter II reviews the characteristics of existing charge pump converters. It starts with a 

comparison between inductor-based converters and charge pump based converters, mainly 

focusing on cost, size, efficiency, pin number, and output Noise. Then existing topologies of 

charge pump circuits are reviewed. Although the topology differs, the basic cell is a voltage 

doubler. A gain that equals to two is usually enough for portable applications; therefore the 

voltage doubler becomes the base design of power supplies. Finally, the regulation methods 

of charge pump converters are categorized and reviewed to provide references for designing 

a regulated charge pump. 

 

Chapter III proposes a high efficiency regulated charge pump over wide input (2.7-4.5V) 

and load range (10mA-500mA) for battery powered applications. It adaptively changes the 

conversion mode at different input voltage ranges. It also applies different control schemes to 

different load conditions. A hybrid control scheme is proposed: When load decreases to light 

condition, device segmentation control is used; When load further decreases, pulse skipping 

modulation (PSM) is used in addition to the device segmentation control. Due to the 
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complexity of control schemes, it is important to know if the system can remain stable over 

the entire input range and load range. The small signal model and stability analysis for the 

multi-modes charge pump are also derived to provide references for designing the 

compensator. Key function blocks are explained in detail, including Mode Change Control 

Logic, Universal Current Sensor, Device Segmentation and PSM Selector, and Soft Start. 

Finally, a prototype is built to verify proposed control scheme. The experiment results show 

that the total loss at light load can be reduced by 56% to 83%.  

 

Chapter IV proposes a high efficiency multi-modes charge pump based Buck converter for 

wide input range applications. An unregulated multi-modes charge pump is used as a 

pre-regulator of a standard buck converter and does the rough voltage conversion. According 

to the input voltage, the charge pump can adaptively select the best mode to step down the 

input voltage. The input voltage range of Buck converter is greatly reduced and therefore low 

cost device can be used. Since the Buck converter and the charge pump converter exhibit 

different efficiency tendencies within the same input range, it is proved that the total 

efficiency can be improved by combining them, especially at high input voltage. Theoretical 

efficiency analysis and comparisons between multi-modes charge pump and synchronous 

Buck are given. On the other side, the fine regulation of output voltage is achieved by the 

Buck converter. Now the duty cycle will not become extremely low because the input voltage 

range of Buck converter becomes more centralized after the charge pump. It also directly 

benefits the compensator and output LC filter design of Buck converter. A 10W prototype is 

built to verify the benefits of proposed solution. Experiment results show that the highest 
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efficiency improvement is 7% at heavy load and 16% at light load. 

 

Chapter V proposes a high efficiency transformerless Step-up DC-DC Converter with high 

voltage gain for LED Backlighting applications. To overcome the shortage of low efficiency 

when increasing the number of LEDs that a single Boost converter is driving, a multi-modes 

charge pump is cascaded with the Boost converter. Using the similar concept shown in 

chapter IV, the efficiency can be improved by changing the mode of charge pump according 

to the number of LEDs in series. 

 

Chapter VI summarizes the present work and proposes the future work regarding the 

application of multi-modes charge pump converters. 
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Chapter 2.  Characteristics of Existing Charge 

Pump Converters 
 

 

2.1 Inductor based vs. Charge Pump based DC-DC converter 

 

Nowadays, the most widely used approach to perform DC to DC conversions is 

inductor-based DC-DC converters, which includes at least one inductor. For low-power and 

highly integrated electronic systems, inductor-based converters usually have the switches 

integrated with the controller. Fig.2.1 shows the typical configuration of inductor-based 

DC-DC converter. The way how the inductor is connected can result in different topologies. 

Buck, Boost, and Buck-Boost Converter are three general DC-DC converters that are used in 

portable applications.  

 

 

Fig.2.1 Inductor Based DC-DC Converter 
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As an alternative of inductor based converters, charge pump based converters can also 

perform DC-DC conversion, but with only switches and capacitors. Compared with an 

inductor-based converter, it stores energy in capacitors instead of inductors. Different 

arrangement of capacitors and switches can result in different voltage gains, such as voltage 

doubler, divider, inverter, and etc. Basically, charge pump circuits utilize flying capacitors 

with their bottom plates connected to a voltage pulse signal. The flying capacitor can be seen 

as a voltage source with a constant voltage VCf if it is sufficiently large. As a result, the 

voltage of top plate will change with the bottom plate but one VCf higher or lower. From this 

point of view, the maximum voltage we can get from a voltage doubler will be only two 

times the battery voltage. Depending on the power rating, charge pump converter can be 

partially integrated or fully integrated. Fig.2.2 (a) is the configuration of a charge pump 

converter without integrating the flying capacitors while Fig.2.2 (b) shows a fully integrated 

charge pump converter. 

        

Fig.2.2 Typical Charge Pump Converters (a) Flying Capacitors OFF Chip (b) Flying 

Capacitors ON Chip 

 



 
11 

It is often controversial in selecting either inductor-based topology or Charge Pump-Based 

topology before designing the power supply for portable devices. Therefore, it is very 

important to know the advantages and disadvantages of both. 

 

          

Fig.2.3 Demo Boards of a Boost Regulator and a Charge Pump Regulator [20] 

 

1) Cost and Size 

In inductor-based DC-DC converter, it is the inductor that usually dominates the cost and 

size. In portable applications, the inductor used in a DC-DC converter usually can take 2-5 

times more area than that of the regulator IC. Moreover, it is usually at least 2 times thicker 

than the regulator IC. Although the switching frequency has been greatly increased in today’s 

power supplies and more compact designs of SMT inductors become available, it is still not 

easy for the inductors to be integrated on chip or even packaged within chip. Fig.2.4 shows 

the dimension of compact SMT inductors from CoilCraft. In addition, the cost of high 

performance inductor with low DCR usually is not cheap. Engineers tend to use cheaper 

inductors that dissipate more power, thus the power efficiency will be degraded. 
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Fig.2.4 SMT Inductors with Slim Outline [21] 

 

On the other hand, the availability of high value multi layer ceramic capacitors makes the 

charge pump converter a strong competitor of the inductor-based DC-DC converter. The 

charge pump converter only includes several ceramic capacitors besides of the regulator IC. 

Compared with inductor based converters, for a given output capacity, the flying capacitors 

in charge pump converters are roughly 5 to 10 times less expensive than the inductor, and 

also 5 to 10 times smaller [3].  

 

Fig.2.5 Charge Pump ICs [22] 
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With output power below 100mW, fully monolithic charge pump converters with flying 

capacitors on chip are already commercialized. Packaging the flying capacitors with the 

silicon chip is an alternative way of integration. Fig.2.5 shows the profile of charge pump ICs 

for mobile applications from National Semiconductor. Both ways form an ultra integrated 

solution for the voltage conversion in portable devices. The regulator then only needs one 

external output capacitor. 

 

2) Efficiency 

Inductor-based converters are usually considered more efficient for voltage conversion 

than charge pump converters. For example, a Boost converter only needs two switches, but a 

voltage doubler needs four switches, two at each side of the flying capacitor. Therefore, 

within limited chip area, the current paths in a charge pump converter are much more 

resistive than that in an inductor-based converter. When load current increases, the 

conduction loss goes up quickly and efficiency decreases. However, with advanced process 

technology, the charge pump can almost compete with inductor-based converters. The 

innovations in process technology make MOSFETs available with very low resistance per 

given chip area, as shown in Fig.2.6. 
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Fig.2.6 Transistor Size with Equal Current Driving Capability [23] 

 

On the other hand, unlike inductor-based converters, the maximum efficiency of charge 

pump converters highly depends on their structures and input voltages. For example, a 

voltage doubler can have a 95% efficiency when the input voltage is around half of the 

output voltage, but the efficiency can decrease to less than 50% when the input voltage is 

equal to the output voltage. This is very bad because the voltage of a typical battery changes 

during its discharging cycle, as shown in Fig.2.7. However, multi-modes charge pump 

products are now available and can provide an average efficiency similar to inductor-based 

converters over a typical battery voltage range. It can adaptively select the proper conversion 

mode to achieve the best efficiency according to the ratio of output voltage to input voltage, 

as shown in Fig.2.8. In today’s market, charge pump ICs with two conversion ratios are very 

popular. Very few ICs that use three flying capacitors to achieve four conversion ratios are 

available. 
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Fig.2.7 Discharging Curve of a single Li-ion Battery [24] 

 

 

Fig.2.8 Efficiency vs. Battery Voltage using Charge pump and Boost Converter [25] 
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3) Pin Number 

For inductor based converters, it generally requires at least four pins: Input voltage, 

Inductor connection, Feedback Voltage, and ground, which can be seen from Fig.2.1. In 

practical, an Enable pin is often added. For charge pump converter, the pin numbers can vary 

a lot. It can be seen from Fig.2.2: if it is a fully integrated charge pump or with flying 

capacitors packaged inside, it only requires three pins: Input voltage, Output Voltage, and 

ground, which is less than inductor based converter; if flying capacitors are out of package, 

then it needs four more pins in addition to the original three pins for flying capacitor 

connections. However, pin numbers can be even more depending on the current capacity, 

conversion ratio and additional features. Therefore, it is obvious that low current charge 

pump converters have less pin numbers while high current charge pump converters have 

more pin numbers than inductor based DC-DC converter. 

 

4) Output Noise 

Theoretically, there are plenty of noise sources in a switching power supply. However, 

intrinsic noise which is generated by the regulator itself is considered dominant compared to 

any other noise sources [3]. The switching nature of inductor-based and charge pump 

converters are different. One uses inductors to store energy while the other uses capacitors to 

store energy. Fig.2.9 shows the noise profiles of the inductor-based and charge pump 

converters. It can be seen that both converters show output noise around switching frequency 

and its harmonics. However, for inductor-based converters, additional noise is introduced by 

the LC filter around its resonance frequency, and it is usually located within the audio or 
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video frequency range in portable applications. Reducing the amplitude of switching intrinsic 

noise can be done by increasing the output capacitor value, but this will also shift more 

deeply the LC filter resonance frequency into the sensitive audio band [3]. 

On the other hand, the inductor on a PCB board can be considered as an antenna and emit 

electromagnetic waves when the converter is switching. The Electro-magnetic interference 

(EMI) may cause other sensitive circuits nearby to fail to work correctly. Therefore, the EMI 

issue is a big limitation for an inductor-based converter to be used in RF and audio 

applications. Shielded inductors are often used to reduce the EMI; however it definitely 

further increases the cost and weight. 

 

 

 

Fig.2.9 Noise profiles of inductor-based and charge pump converters [3] 

 

From all of the comparisons above, it can be concluded that the charge pump DC-DC 
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converters are equally able to meet all the requirements of portable devices. It has low weight, 

low cost, small size, and comparable efficiency over variable input voltage range with the 

inductor-based converter. Moreover, it generates less noise, which is good for noise sensitive 

circuits in portable devices.  

 

 

2.2 Topology of Existing Charge Pumps 

 

A number of charge pump circuit topologies exist in the literature [2][7][10][12][26-28], 

such as Dickson charge pump, Ladder, Makowski charge pump, Series-Parallel Charge pump, 

Voltage doubler, and so on. Fig.2.10 shows the topologies of five step-up charge pump 

circuits. Each of them uses three flying capacitors, but the switch number and the maximum 

gain may be different. The merits of each topology are given in [9]. It seems that there are 

lots of topologies to select, but it actually highly depends on the respective application. For a 

charge pump that targets portable applications, it mostly needs to step up the battery voltage 

(2.7-4.5V) to 5V. Therefore, a maximum gain of 2 is already enough. It can be seen from 

Fig.2.10 that the basic cell of the five charge pump topologies is the same, which is a voltage 

doubler, as shown in the red block. Therefore, a voltage doubler becomes the base design for 

the power supply in portable applications. 
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(a) Dickson Charge Pump                     (b) 1:4 Ladder 

 

       

(c) 1:5 Fibonacci (Makowski)                 (d) 1:4 Series-Parallel 

 

 

 

(e) 1:4 Doubler 

Fig.2.10 Five Step-up SC Converter Topologies. (a) Dickson Charge Pump (b) Ladder. (c) 

Fibonacci (Makowski) (d) Series-Parallel. (e) Doubler. [9] 
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Fig.2.11 1.5-times charge pump [13] 

 

Based on the principal of a voltage doubler, several other charge pump topologies can be 

derived, such as 1.5-times charge pump, 1.33-times charge pump, multi-phase voltage 

doubler, and so on. Fig.2.11 shows the topology of a 1.5-times charge pump. Similar to a 

voltage doubler in structure, but the flying capacitors are charged in series to 0.5 times the 

input voltage in a 1.5-times charge pump. Fig.2.12 shows an interleaving two-phase voltage 

doubler. In this topology, two charge pumps are connected in parallel but operate with 180° 

phase shift angle. When the duty cycle is set to 50% for both charge pumps, the output 

current is therefore continuously supplied from the input, thus reducing the ripple to a 

minimum. 
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Fig.2.12 Two-phase Voltage Doubler [13] 

 

 

2.3 Unregulated or Regulated Charge Pump 

 

Depending on the application, a charge pump converter can be regulated or unregulated. 

When it is unregulated, the output varies with input and delivers a multiple of the input 

voltage. In portable applications, it often requires charge pump to transform the decreasing 

voltage of a discharging battery into a stable supply. Therefore, regulation is required for 

charge pump converters. Generally, the regulation schemes can be summarized to two 

categories according to the switching frequency: constant frequency regulation and variable 

frequency regulation. 
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2.3.1 Constant Frequency Regulation 

 

1) Voltage Mode Control 

The regulation scheme using voltage Mode Control is usually achieved by controlling the 

on-resistance of a single or multiple switches in either the charging or discharging path. As 

the on-resistance of switch is regulated, the voltage drop across the switch is controlled. An 

error amplifier compares the output voltage against a reference voltage, and feeds back an 

error signal to the on-resistance control block, as shown in Fig.2.13 [5]. For low load current 

or high input voltage, the on-resistance will be increased and consume the excessive voltage; 

for high load current or low input voltage, the on-resistance gets smaller. The duty cycle of 

charging and discharging phase is fixed to 50%. The biggest advantage of this method is 

fixed frequency operation with a very low output voltage ripple that makes filtering easier. 

      

Fig.2.13 Voltage Mode vs. Current Mode Charge Pump  
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2) Current Mode Control 

Instead of regulating the on-resistance, the current mode regulation controls the current 

flowing through the switch. Therefore, the regulated switch operates as a controlled current 

source instead of a variable resistor, as shown in Fig.2.13. The current source can be either 

located in the charging path [14] or discharging path [5]. When the current source is placed in 

the charging path, the charging current of flying capacitor is controlled thus the voltage 

across the capacitor is regulated. It is easier to regulate M2 since its source is connected to 

the ground instead of floating. Similar to this, when the current source is located in 

discharging path, M3 is usually easier to be regulated than M4. Same with voltage mode 

control, the duty cycle of charging and discharging phase is also fixed to 50%. 

 

3) Pulse Width Modulation (PWM) [11, 29] 

Another regulation scheme of charge pump with constant frequency is PWM control. 

Instead of fixing the duty cycle to 50% in current and voltage mode, the duty cycle will 

change with the input voltage and load current. Fig.2.14 shows a regulated step-down charge 

pump using PWM control. The output voltage Vo is fed back to the error amplifier and 

compensation circuit. Then the output of compensator will be compared with a sawtooth 

waveform and generates desired duty cycle. Finally, the logic circuit will convert the duty 

cycle signal to gate driving signals for the four switches in the charge pump. By controlling 

the duty cycle, the average energy that charge pump delivers to the load is controlled and 

thus the output voltage can be regulated. The biggest drawback of PWM regulation is that it 

will be difficult to generate extremely narrow duty cycle at light load. 
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Fig.2.14 Step-down Charge Pump (a) Schematic (b) Switch drive signals.[11] 

 

2.3.2 Variable Frequency Regulation 

 

1) Pulse-Skip Regulation 

In pulse-skip regulation, the output voltage is regulated by skipping unneeded pulses. If 

output voltage is lower than the reference voltage, the charge-pump continuously switches 

and charges the output capacitor. If the output voltage exceeds the reference voltage, the 

charge pump stops and no energy will be provided through the charge pump. The regulation 

scheme is shown in Fig.2.15. The advantage of this regulation is the low average control 

current, especially at light load condition since the charge pump stops operation most of the 

time. The disadvantages are wide frequency variations and higher output voltage ripple 

compared to Constant-Frequency regulation [13].  
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(a) Schematic of Charge Pump with Pulse-Skip Modulation [8] 

 

 

(b) Typical scheme of Pulse-Skipping Regulation [13] 

Fig.2.15 Schematic and Scheme of Pulse-Skip Regulation 
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2) Linear Skip Regulation 

To improve the output voltage ripple at pulse skip modulation, an improved control 

‘Linear Skip Regulation’ (Fig.2. 16) is proposed by [29]. LinSkip regulation uses 3 phases, 

charge phase, transfer phase and wait phase. During the wait phase, the charge pump stops 

operation and the load current is only supplied by the output capacitor. In addition to pulse 

skipping, this scheme also regulates the current transferred to the output. If load current is 

high, there will be no wait phase and the frequency is fixed. Only the current transferred per 

cycle is regulated. If load current is low, the current is fixed but the duration of wait phases is 

regulated, similar to pulse skip modulation. 

 

 

Fig.2.16 Scheme of Linear-Skip Regulation [29] 

 

 

2.4. Summary  

In order to know the strength and weakness of charge pump converters and see how they 

can compete with inductor-based converter, an overall comparison between inductor-based 
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DC-DC converters and charge pump converters was presented in this chapter. For portable 

application, charge pump DC-DC converters beat the inductor-based converter with lower 

weight, lower cost, smaller size, and comparable efficiency. Popular topologies and control 

schemes of charge pump converters were also briefly reviewed to make the basis for the 

design in the following chapters. 
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Chapter 3.  Design of A High Efficiency 

Regulated Charge Pump over Wide Input and 

Load Range for Portable Applications 
 

 

3.1 Research Motivation 

 

In DC-DC converters, charge pump regulators are well known for their compact sizes 

since they do not have large and expensive magnetic components. Unlike LDO regulators, 

which can only step-down the input voltage, charge pump regulators can either boost or buck 

the input voltage by using different topologies. As a result, charge pump regulators are 

usually considered as an ideal solution in low power portable applications. 

However, the traditional charge pump, like a voltage doubler, is not a good solution for 

applications where the input (Battery) voltage varies a lot, and the output voltage needs to 

remain regulated. It only has high efficiency when desired output voltage is close to two 

times input voltage. The power loss will be particularly high when the input voltage is close 

to the output voltage. Multi-Modes Charge Pumps were proposed by researchers to improve 

the efficiency over wide input range. By alternating the connections between switches and 

flying capacitors during charging and discharging period, multiple conversion ratios can be 

obtained [34]. Once the optimum mode is selected for one input voltage, the output voltage 
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can be regulated using on-resistance regulation, duty cycle modulation, etc [13].  

On the other side, when a charge pump needs to operate over a wide load range, the light 

load efficiency is important, especially for applications, such like cell phones, which mostly 

work in standby mode. Normally, the devices’ sizes are optimized to reduce conduction loss 

and maintain regulation at maximum load; therefore, they are big devices with small 

on-resistance. However, small on-resistance will not contribute to the light load efficiency 

because the conduction loss is not dominant anymore. On the contrary, those big devices still 

need a lot of power to drive them since the gate driver loss does not scale down with the load 

current. In order to improve the light load efficiency, the driving loss needs to be as low as 

possible. This is also true for inductor-based DC-DC converters. Many solutions have already 

been proposed, by using either advanced control or improved power stage, such as pulse 

frequency modulation, pulse skipping modulation, device segmentation, etc [35-49].   

A high efficiency regulated Multi-Modes Charge Pump over wide input and load range is 

proposed. The input is a single Li-ion battery with voltage between 2.7V and 4.5V, while the 

output voltage needs to be regulated to 5V. The charge pump can automatically adjust the 

conversion modes: 2x, 1.5x, and 1.33x according to different input voltages, therefore 

enhance the average efficiency over the entire battery life. The maximum load current is 

500mA, but can go as low as 10mA. When the load current decreases to light load condition, 

device segmentation control is used; and when the load further decreases, pulse skipping 

modulation will be used in addition to the device segmentation. By using proposed hybrid 

control scheme, the gate driver loss and switching loss at light load can be greatly reduced, 

and finally improves light load efficiency. 
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3.2 Regulation Scheme of Multi-Modes Charge Pump 

 

Ideally the efficiency of a charge pump can be approximated by (3.1) if the gate driving 

loss, switching loss and quiescent loss are neglected. N is the mode conversion ratio. It can 

be seen that the maximum efficiency it can achieve is limited by its topology. If it is a voltage 

doubler, N=2 and the maximum efficiency at any input voltage will be equal to Vout/2Vin.  

out

in

V
V N

η =
∗

                             (3.1) 

When Vin gets close to 0.5 Vout, the maximum efficiency is close to 1; When Vin is much 

higher than 0.5Vout, the efficiency will become very low; When Vin is lower than 0.5Vout, the 

output will be out of regulation. Therefore, the efficiency varies with input voltage when the 

topology is fixed. To achieve a high efficiency over wide input range, a simple voltage 

doubler certainly cannot meet the requirement. Instead, Multi-Modes Charge Pump which 

can adaptively change the mode according to the input voltage will be a good solution. 

Fig.3.1 shows the topology of a Multi-Modes Charge Pump. 

 

 

Fig.3.1 Topology of Multi-Modes Charge Pump 
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Fig.3.2 Topology transformation of the Multi-Modes Charge Pump 

 

Three different conversion ratios can be realized by alternating the arrangement of 

switches and capacitors. Take Mode 1.33x as the example. During [0-0.5Ts], G1, G5, G6, and 

G10 are ON while G2, G3, G4, G7, G8, and G9 are OFF. Flying capacitor Cf1, Cf2, Cf3 are 

1.33X Mode 

1.5X Mode 

2X Mode 
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in series connection and being charged by the input source Vin; during [0.5Ts-Ts], G1, G5, 

G6, and G10 are OFF while G2, G3, G4, G7, G8, and G9 are ON. The branch circuits of Cf1, 

Cf2 and Cf3 are in parallel connection and discharge energy to the output. The output voltage 

therefore is the sum of Vin and the voltage across the flying capacitor. The topology 

transformation of Mode 1.33x, Mode 1.5x and Mode 2x in one cycle are shown in Fig.3.2. 

 

Fig.3.3 shows a simplified DC model of charge pump without considering gate driver loss, 

switching loss and leakage loss. Rout is the output impedance of charge pump. When Vout is 

not regulated, Rout is fixed. Therefore, Vout is close to N*Vin and changes with Vin. When 

output needs to be regulated, Rout will vary with Vin, load current Iout, and mode conversion 

ratio N, as shown in (3.2).  

 

Fig.3.3 Simplified DC model of Charge Pump 

out in out outV N V I R= ∗ − ∗                          (3.2) 

There are two ways to regulate the output of charge pump. One is Constant Frequency 

Mode Regulation. The output voltage is regulated using error amplifier by controlling either 

the on-resistance of transistors or duty cycle. Since switching frequency is fixed, the output 

voltage ripple and the size of output capacitor can be reduced. The main drawback is high 

quiescent current and thus low efficiency at light load condition. The other way is Skip Mode 
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Regulation. A hysteresis comparator is used to control the on and off of switches according to 

the output voltage variation. It does not need any amplifier or compensator and it can have 

high bandwidth and fast transient response. It also has low quiescent current which is good 

for light load efficiency. However, it has high output ripple and variable ripple frequency 

which is not easy for the following filter design.  

A good compromise is to combine the two regulation technique so that a trade off the 

ripple and efficiency can be achieved.  

Comparing the methods of constant frequency regulation, regulating the on-resistance of 

switches while the duty cycle is fixed to 50% is preferred than regulating the duty cycle 

while the on-resistance is fixed. It will be difficult to control narrow duty cycle when N*Vin 

is much higher than desired Vout. The maximum frequency is therefore limited.  

Generally, there are two options when selecting the transistors that will be regulated. One 

is regulating the transistors in charging path and the other is regulating the transistors in 

discharging path.  

For Option I, only the on-resistance of transistor G10 in the charging path is regulated. 

Transistors G1-G9 will have fixed on-resistance. Assume G1-G9 have equal on-resistance 

Rsw, while the impedance of regulated transistor G10 is Rt. All capacitors have the same ESR. 

The DC output impedance of charge pump can be derived according to its loss dissipation. 

Taking Mode 2x as the example. The charging and discharging paths of the Multi-Modes 

Charge Pump in 2x mode are shown in Fig.3.4. In order to maintain the charging balance, the 

integration of the current through Cf3 in one cycle should be: <ICf3>Ts=0. Since duty cycle is 

fixed to 0.5, the average value of charging and discharging current through Cf3 should be 



 
34 

equal, as: ICharge=IDischarge. Similarly, the average value of charging and discharging current 

through output capacitor Cout should also be equal, as: Iout=IDischarge-Iout. Therefore, 

ICharge=2Iout. The transistor conduction loss PCon, flying capacitor loss PCf, and ESR loss PESR 

can be derived using (3.3), (3.4), and (3.5). The total loss is the sum of conduction loss of 

transistors, flying capacitors and ESR, gate driver loss and leakage loss, as shown in (3.6). 

Ultimately, the DC impedance of Charge pump can be obtained, as shown in (3.7). 

 

 

Fig.3.4 Multi-Modes Charge Pump in 2x mode 

 

Model 2x: 

Loss in switches:    2 2 2(2 ) 2 (2 ) 0.5 4 (2 0.5 )Con out SW out t out SW tP I R I R I R R= × + × = × +        (3.3) 

Loss in flying capacitors:            2 /
fC out s fP I f C=                         (3.4) 

Loss in ESR:                2 2(2 )ESR out outP I ESR I ESR= × + ×                   (3.5) 

Total Loss:          2( )
fTotal Con C ESR q IN gate out out q IN gateP P P P I V P R I I V P= + + + + = + +         (3.6) 

8 5 1/( ) 2out SW s f tR R ESR f C R= + + +                        (3.7) 
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Similarly, we can derive the losses and Rout for Mode 1.5x and 1.33x. 

Mode 1.5x: 

Loss in switches:                2 (3.5 0.5 )Con out SW tP I R R= × +                        (3.8) 

Loss in flying capacitors:          2 /(2 )
fC out s fP I f C=                             (3.9) 

Loss in ESR:                     23ESR outP I ESR= ×                            (3.10) 

Total Loss:          2 3.5 3 1/(2 ) 0.5Total out SW s f t q INP I R ESR f C R I V⎡ ⎤= + + + +⎣ ⎦            (3.11) 

3.5 3 1/(2 ) 0.5out SW s f tR R ESR f C R= + + +                (3.12) 

 

Mode 1.33x: 

Loss in switches:                 2 (2 0.22 )Con out SW tP I R R= × +                      (3.13) 

Loss in flying capacitors:          2 /(3 )
fC out s fP I f C=                             (3.14) 

Loss in ESR:                    2 2.33ESR outP I ESR= ×                          (3.15) 

Total Loss:           2 2 2.33 1/(3 ) 0.22Loss out SW s f t q INP I R ESR f C R I V⎡ ⎤= + + + +⎣ ⎦          (3.16) 

2 2.33 1/(3 ) 0.22out SW s f tR R ESR f C R= + + +                (3.17) 

 

For Option II, the on-resistance of transistors G2, G3, and G4 located in the discharging 

paths are regulated; Transistors G1 and G5-G10 have fixed resistance. Using the same 

method, the output impedance of charge pump at each mode for Option II can be derived.  

The results of Option I and Option II are shown in Table 3.1. Once Rsw, ESR, and 

capacitors are fixed, the output impedance of charge pump Rout will be determined by Rt.  
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Table 3.1 Output Impedance of Multi-Modes Charge Pump 

 

It can be seen that option II can more efficiently regulate the charge pump since the control 

gain from Rout to Rt are larger. However, input current spike during mode change can be huge 

since the voltage across flying capacitors has a sudden change during mode change, which 

are shown in Table 3.2. Besides, the voltage run-away can happen among the flying 

capacitors since they are not in direct parallel with each other during the discharging phase. 

Compared with Option II, Option I is free of such two issues. 

 

Table 3.2 Voltage of Flying Capacitors at Different Modes 

 

 

Finally, Option I is adopted in this design: only regulating transistor G10 in the charging 

path. The implementation of Multi-Modes Charge Pump is shown in Fig.3.5. To avoid 

Mode Option I Option II 
VCf Regulated Transistors VCf Regulated Transistors

2x Vout-Vin G10 Vin G4 

1.5x Vout-Vin G10 Vin/2 G3,G4 

1.33x Vout-Vin G10 Vin/3 G2,G3,G4 

Mode Output Impedance (Rout) 
Option I Option II 

2x 8Rsw+5ESR+1/(fsCf)+2Rt 8Rsw+5ESR+1/(fsCf)+2Rt 

1.5x 3.5Rsw+3ESR+1/(2fsCf)+0.5Rt 3Rsw+3ESR+1/(2fsCf)+Rt 

1.33x 2Rsw+2.33ESR+1/(3fsCf)+0.22Rt 1.56Rsw+2.33ESR+1/(3fsCf)+0.67Rt 
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floating driving issues, G1-G9 are implemented using PMOS, denoted as MP1-MP9. The 

gate voltage of MP1-MP9 fully swings from ground to Vout(5V), so they are unregulated. 

G10 is implemented using NMOS, denoted as MN1. The output voltage Vout will be 

compared with desired reference voltage and the error will be integrated by a PID 

compensator. When MN1 is ON, the gate voltage is equal to the output voltage of 

compensator Vc; When MN1 is OFF, the gate voltage is zero. Therefore, the gate driving 

voltage of MN1 swings from ground to Vc. It is worth to clarify that the PID compensator 

controls the gate voltage of MN1, so it may drive MN1 either in saturation or linear region. 

Generally, MN1 is in saturation region when the impedance needs to be large and in linear 

region when the impedance needs to be low. However, no matter if it is in linear or saturation 

region, the regulation principle can still be explained using the same DC model.  

 

Fig.3.5 Implementation of Multi-Modes Charge Pump in Transistor Level 
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Table 3.3 The Voltage Swing of Nodes in Multi-Modes Charge Pump 

 Mode n1 n2 n3 n4 n5 n6 

2X Vin Vin Vin Vin Vin ~Vout gnd~Vin

1.5X Vin Vin Vin~Vout 1/2Vin~Vin 1/2Vin~Vout gnd~Vin

1.33X Vin~Vout 2/3Vin~Vin 2/3Vin~Vout 1/3Vin~Vin 1/3Vin~Vout gnd~Vin

 

The voltage swing of nodes n1-n6 at different mode is shown in the Table 3.3, which will 

be the reference to connect the bulk of each transistor correctly. For MP2, MP3 and MP4, it 

can be seen that nodes n2, n4 and n6 are always less than the node Vin. Therefore, the bulk 

should be connected to Vin. For MP7, MP8, and MP9, nodes n1, n3, and n5 are always less 

than the nodes Vout. Therefore, their bulk should be connected to Vout. For MN1, the bulk is 

connected to ground. However, for MP1, MP5, and MP6, the comparison of voltage between 

both ends is complicated since the result is not consistent when the mode changes. Dynamic 

Bulk switching technique is proposed by some researchers to solve this problem [50]. Fig.3.6 

shows the structure of a PMOS with dynamic bulk switching. The bulk of targeted PMOS 

will be adaptively connected to the higher voltage between source and drain by adding 

another two small PMOS across both ends. 

 

Fig.3.6 Dynamic Bulk Switching for PMOS 
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3.3 Efficiency Improvement over Wide Input Range 

 

Eq.(3.1) shows that the maximum efficiency of charge pump at given input voltage is 

determined by its topology. For example, when input voltage is 3.9V, the maximum 

efficiency of charge pump is 5/(2*3.9)=64.1% in 2x mode, 5/(1.5*3.9)=85.5% in 1.5x mode, 

and 5/(1.33*3.9)=96.4% in 1.33x mode. Therefore, working at the right operation mode for 

given input voltage will greatly benefit the efficiency.  

In a Multi-Modes Charge Pump, the mode can be easily changed by re-arranging the 

connection of switches and capacitors according to the input voltage. It is important to know 

the proper range of Vin for each mode. Fig.3.7 shows the Efficiency variations of 

Multi-Modes Charge Pump over the entire battery voltage range. The x-axis is weighted 

according to the discharging curve of lithium-ion battery. The dotted line is the minimum 

voltage that the charge pump can stay in the lower conversion ratio modes. However, the real 

mode transition point should be selected higher than the minimum voltage considering the 

voltage drop on charge pump itself. In Fig.3.7, it can be seen that Eff1<Eff2<Eff3 over the 

entire input range. As a result, when pushing the transition points to higher input voltage, the 

average efficiency will degrade. On the other side, since the output voltage is regulated to the 

same value during each mode, it should meet inequalities (3.18)-(3.20). 

2X:       1.5Vin -Rout _min(1.5x)*Iout ≤ Vout ≤ 2Vin - Rout _min (2x)*Iout              (3.18) 

 1.5X:     1.33Vin - Rout _min (1.33x)*Iout ≤ Vout ≤ 1.5Vin - Rout _min (1.5x)*Iout       (3.19) 

1.33X:             Vout ≤ 1.33Vin - Rout _min (1.33x)*Iout                     (3.20) 
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       Fig.3.7 Maximum Efficiency vs. VIN of Multi-Modes Charge Pump 

 

Therefore, according to Fig.3.7 and (3.18)-(3.20), the transition voltages should be 

optimized for overall efficiency while still maintains the regulation of output. In this design, 

the transition point is set to 3.9V and 3.5V for 1.33x and 1.5x mode respectively. 

 

Based on derived output impedance at each mode, transistor sizes and flying capacitance 

can be determined. To maintain output regulation over the entire load range, transistor sizes 

should be chosen based on the worst case, which happens at the full-load condition together 

with the mode transition. At the worst case, the output impedance of charge pump has the 

lowest value, thus we can have (3.21). 
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Rout_min ≤ (N* Vin –Vout)/ Ifull                                (3.21) 

 

Assume ESR=10mOhm and Cf=4.7uF. The full load current (Ifull) is 0.5A and Vout is 

regulated to 5V. The transition points are Vin=3.9V (1.33x<->1.5x) and Vin=3.5V (1.5x<->2x). 

According to (3.21) and the expressions of Rout in Table 3.1, (3.22)-(3.24) can be derived. 

2x:               8Rsw+2Rt ≤ 0.54 Ohm                      (3.22) 

1.5x:             3.5Rsw+0.5Rt ≤ 0.364 Ohm                    (3.23) 

1.33x:             2Rsw+0.22Rt ≤ 0.306 Ohm                    (3.24) 

 

To simplify the calculation, assume the lowest value of Rt is equal to Rsw, so the maximum 

on-resistance that can maintain regulation at full load can be obtained by solving 

(3.22)-(3.24). For 2x mode, the on-resistance of switches Rsw ≤ 54 mOhm; For 1.5x mode, 

Rsw ≤ 91 mOhm; For 1.33x, Rsw ≤ 138 mOhm. 

It can be seen that the worst case happens at 2x mode because the switch current is the 

highest and thus requires the lowest on-resistance. However, the smaller the on-resistance is, 

the bigger the device size and silicon area will be. In previous calculation, it is assumed that 

the on-resistances of all un-regulated transistors are equal. It can be seen from Fig.3.5 that the 

PMOS used in 2x mode are only MP3, MP4, MP6, and MP9. It is undoubted that the 

on-resistance of these four PMOS needs to be maintained small for high current operation, 

but it may not be necessary for all the other transistors. Considering the circuit symmetry, the 

on-resistance of MP2, MP3, and MP4 should be equal and the on-resistance of MP7, MP8, 

and MP9 should be equal, so we can have: RMP2=RMP3=RMP4=RMP6=RMP7=RMP8=RMP9=54 
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mOhm. As a result, the on-resistances of MP1 and MP5 have some sort of flexibility and can 

be optimized to reduce the silicon area. It can be calculated that to maintain regulation at full 

load in 1.5x and 1.33x mode, RMP5≤175 mOhm and RMP1≤770 mOhm. Increasing the size of 

capacitors, the size of transistors will decrease. However, the footprint of capacitors will 

become bigger. 

 

 

3.4 Efficiency Improvement over Wide Load Range 

 

In fact, the power loss in a charge pump circuit includes conduction loss, gate driving loss, 

switching loss, and leakage loss; therefore the efficiency can be expressed using (3.25): 

out out

in out gate sw leak

V I
V N I P P P

η ∗
=

∗ ∗ + + +
                   (3.25) 

 

In heavy load condition, the gate driving loss Pgate, switching loss Psw and leakage loss Pleak 

are far less than Vin*N*Iout, so the maximum efficiency it can achieve is close to Vout/(N*Vin). 

However, when the load current decreases until the gate driving loss, switching loss and 

leakage loss cannot be neglected, the efficiency becomes poor. Improving the light load 

efficiency is very important when the charge pump needs to work over a very wide load 

range. According to the gate driving loss equation shown in (3.26), there are several methods 

to reduce the gate driver loss. 
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2
gate iss GS sP C V f≈                           (3.26) 

 

Pulse skipping modulation can reduce the average switching frequency, and thus reduces 

the gate driver loss, switching loss and leakage loss. The gate driver loss can be further 

reduced by reducing the capacitance associated with the transistor gates according to (3.26). 

Since the transistors sizes are optimized to reduce conduction loss and maintain regulation at 

maximum load condition, they are usually big devices with small on-resistance. The gate 

capacitances of those devices are very large. However, for the same input voltage, the 

required output impedances of charge pump Rout are different for high and low load current 

according to the DC model equation shown in (3.2). In light load condition, the Rout can be 

larger than that in heavy load condition. Therefore, small devices with less gate capacitance 

will be enough to maintain regulation at light load condition and it can help reduce gate 

driver loss. Ref.[37] proposed the concept of device segmentation in Buck converter. By 

segmenting each large transistor into several baby-transistors, and shut down part of those 

baby-transistors when the load current decreases, the gate driver loss can be reduced. The 

same concept can be used in charge pump as well and achieves better results because there 

are much more transistors in a charge pump than in a Buck converter. 

In this design, a hybrid regulation is used for efficiency and ripple tradeoff. At heavy load, 

the charge pump is continuously running at 1MHz to reduce output ripple. At light load, 

switch sizes are reduced by shutting down most parts of the baby-transistors, thus reduce gate 

driver loss. At very light load, pulse skipping modulation (PSM) is used in addition to device 

segmentation. By shutting down the controller intermittently, the gate driver loss, switching 
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loss and leakage loss can be reduced. The shutdown frequency of the controller is designed to 

be around 50 kHz, which is out of the audible band. 

 

 

Fig.3.8 Hybrid Regulation Scheme for Improving Light Load Efficiency 

 

Fig.3.8 shows the designed control diagram. Output voltage is regulated using a PID 

compensator. Compensator output Vc is also used as the gate voltage of current source MN1, 

so it is proportional to the current flowing through MN1 when it is on. ‘Ref1’ and ‘Ref2’ are 

two references for deciding the load condition. Fixed-off-time generator controls the shut 

down time in pulse skipping mode using the capacitor-charging circuitry. Voltage detector 

monitors the output voltage Vout. When Vout is less than 4.9V, the voltage detector will disable 
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all the light load control. Light-load control signal generator is responsible for generating the 

PSM enable (PSM_ENB) and segmentation enable (SEG_ENB) signals based on the circuit 

condition. Modes decision and driving sequence generator will output the driving signals for 

ten transistors according to the Vin, PSM_ENB, and SEG_ENB.  

 

 

Fig.3.9 Key waveforms in hybrid regulation scheme 
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The primary nodes waveforms are shown in Fig.3.9. During start-up, Vout increases from 

zero and driving pulses are continuous. Vc decreases when Vout reaches 5V. Load condition is 

judged using the output signal from current sensor. At heavy load condition, Isense is higher 

than Ref1. When Isense is lower than Ref1 but higher than Ref2, charge pump operates in light 

load condition. Device segmentation is enabled but the driving frequency is still 1MHz. 

Ripple is smaller than that in heaving load. When Isense drops below Ref2, charge pump enters 

very light load condition. The controller will be shut down for a fixed off time and then 

restart. Eq. (3.27) gives the equation of off time. During the off time, load current is only 

provided by discharging the output capacitor, and the output voltage drop can be derived 

using (3.28). Therefore, smaller load current results in less voltage ripple.  

C onstantC ref
o ff

C harge

C V
t

I
= =                    (3.27) 

V- out off

out

I t
C

Δ =                          (3.28) 

 

When the controller is shut down, it is still able to respond to a load transient quickly using 

the voltage detector. Since the decreasing slope of output voltage is proportional to the load 

current during the off time, the output voltage should drop more sharply and results in more 

voltage drop if a load step up happens. Without waiting for the end of the off time, the 

controller will wake up once the output voltage touches the threshold. The primary 

waveforms during load transient are shown in Fig.3.10. 
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Fig.3.10 Fast Light-Heavy Load Transient Response 

 

 

3.5 System Stability Analysis 

In designed Multi-Modes Charge Pump, the regulated transistor MN1 mostly operates in 

saturation region and behaves as a controlled current source. The output voltage Vo is 

regulated by controlling the gate voltage of MN1, thereby controlling the charging current Ich. 

Small signal modeling is required to obtain the transfer function from the charging current to 

the output voltage before performing the stability analysis. The small signal model can be 

derived based on State Space Average analysis [51]. The following analysis uses 1.33x mode 

charge pump as the example. V1, V2, and V3 represent the voltages across the three flying 
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capacitors Cf1-Cf3. To simplify the calculation, assume the voltages across the three flying 

capacitors are equal since the circuit structure is symmetrical. Neglect the ESR of capacitors 

in the following analysis as they are much smaller than the on-resistance of switches. 

 

[0-0.5Ts]: During the first half cycle, the regulated device behaves like a controlled current 

source. The charging current for three flying capacitors is the same, as shown in (3.29). The 

output capacitor is discharging current to the load, as shown in (3.30). 

31 2
ch f f f

dVdV dVI C C C
dt dt dt

= = =                     (3.29) 

o o
o

L

dV VC
dt R

−
=                              (3.30) 

By rearranging the two equations, we can have (3.31) and (3.32). 

3
3

10 0 0o ch in
f

dV V V I V
dt C

= ⋅ + ⋅ + + ⋅                      (3.31) 

3
10 0 0o

o ch in
L o

dV V V I V
dt R C

−
= ⋅ + ⋅ + ⋅ + ⋅                      (3.32) 

 

[0.5Ts-Ts]: During the second half cycle, the regulated device is OFF. The three flying 

capacitors are in parallel and discharging energy to the output. Since the three flying 

capacitor paths have the same impedance, the discharging current should be the same as well.  

3 3

2
o in

f
on

dV V V VC
dt R

− −
=                            (3.33) 

33
2

o o in o
o

on L

dV V V V VC
dt R R

− −
= − −                      (3.34) 
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By rearranging the two equations, we can have (3.35) and (3.36). 

3
3

1 1 10
2 2 2o ch in

on f on f on f

dV V V I V
dt R C R C R C

− −
= ⋅ + ⋅ + ⋅ + ⋅                    (3.35) 

3
3 3 1 3( ) 0

2 2 2
o

o ch in
on o on o L o on o

dV V V I V
dt R C R C R C R C

= ⋅ + − − ⋅ + ⋅ + ⋅           (3.36) 

 

The system state equations in one cycle can be obtained by averaging the equations during 

[0-0.5Ts] and [0.5Ts-Ts], as shown in (3.37) and (3.38). 

3
3

1 1 1 1
4 4 2 4o ch in

on f on f f on f

dV V V I V
dt R C R C C R C

− −
= ⋅ + ⋅ + ⋅ + ⋅               (3.37) 

3
3 3 1 3( ) 0

4 4 4
o

o ch in
on o on o L o on o

dV V V I V
dt R C R C R C R C

= ⋅ + − − ⋅ + ⋅ + ⋅           (3.38) 

Then by doing Laplace transform to (3.37) and (3.38), the equation of vo in s-domain can 

be solved, as shown in (3.39). 

2

3 6
8 (6 2 8 ) 2

L ch L f in
o

on L f o L f L o on f

R i R C sv
v

R R C C s R C R C R C s
+

=
+ + + +

               (3.39) 

Finally, the transfer function from charging current ich to output voltage vo can be obtained, 

which is shown in (3.40). 

_1p33x 2

1.5
4 (3 4 ) 1

o L
vi

ch on L f o L f L o on f

v RG
i R R C C s R C R C R C s

= =
+ + + +

           (3.40) 

 

Using the same method, the transfer functions from charging current ich to output voltage 

vo for 1.5x and 2x mode charge pump can be derived as well, which are shown in (3.41) and 

(3.42) respectively. 
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_1p5x 24 (2 4 ) 1
o L

vi
ch on L f o L f L o on f

v RG
i R R C C s R C R C R C s

= =
+ + + +

          (3.41) 

_ 2x 2

0.5
4 ( 4 ) 1

o L
vi

ch on L f o L f L o on f

v RG
i R R C C s R C R C R C s

= =
+ + + +

            (3.42) 

 

Table 3.4 System Poles of Charge Pump at Different Mode 

Mode Pole1 Pole2 

1.33x 1

3
4

f o
p

on o f

C C
f

R C C
+

=  2
1

(3 )p
L f o

f
R C C

=
+

 

1.5x 1

2
4

f o
p

on o f

C C
f

R C C
+

=  2
1

(2 )p
L f o

f
R C C

=
+

 

2x 1 4
f o

p
on o f

C C
f

R C C
+

=  2
1

( )p
L f o

f
R C C

=
+

 

 

It can be seen that designed charge pump system is a second-order system and has two 

poles. Table 3.4 shows the equations of two poles for each mode. Pole1 is formed by the 

on-resistance of switches Ron, Cf and Co; Pole2 is formed by the output RC network 

consisting of RL, Cf and Co. Since the load resistance is much higher than the on-resistance of 

switches, Pole 2 will be the dominant pole of system. Based on the small signal analysis 

above, the equivalent small signal AC model at each mode can also be derived, as shown in 

Fig.3.11. It can be seen that the difference between each mode is the number of 

flying-capacitor branches that are in parallel. When switching from 2x mode to 1.5x mode 

and to 1.33x mode, more flying capacitors are involved and thus results in a significant 

change in its small signal model. As a result, it will shift the locations of system poles when 
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the conversion mode changes. When the Multi-Modes Charge Pump switches from high 

conversion ratio to low conversion ratio, the dominant pole moves to high frequency while 

the non-dominant pole moves to low frequency. Therefore, the phase margin can get worse at 

lower conversion ratio. 

inv̂

ov̂

Ch
2

î
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(a) 2x Mode                        (b) 1.5x Mode 
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(c) 1.33x Mode 

Fig.3.11 Equivalent small signal AC circuit model of Multi-Modes Charge Pump 
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To verify the accuracy of derived math model, a circuit with the same parameters 

(Cf=4.7uF, Co=22uF, RL=50Ohm, Ron=75mOhm, fs=1MHz) is built and simulated in 

SIMPLIS. Both of the simulated and calculated bode plots are plotted in Fig.3.12. It can be 

seen that they match each other very well up to half of the switching frequency. 

 

 

 

Fig.3.12 Comparison between Calculated and Simulated Gvi at 2x mode. 

(Red: Calculation; Green: Simulation) 
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Designed regulated Multi-Modes Charge Pump is a complex feedback system. In addition 

to adaptively switching conversion modes at different input voltage, it also uses device 

segmentation and pulse skipping modulation control at different load condition. As a result, 

the transfer function Gvi may change dramatically at different circuit conditions. To make the 

system stable over all conditions, it is necessary to analyze the Gvi at all cases and design the 

compensator based on the worst case. 

 

1) Gvi at Different Input Voltage (Different Mode) 

It can be seen from Table 3.4 that the transfer function Gvi at each mode is not the function 

of input voltage vin, so it has a consistent bode plot at different input voltage as long as it 

stays within the same mode. Fig.3.13 shows the bode plots of Gvi in 2x, 1.5x and 1.33x 

modes when Iout=66mA. It can be seen that the magnitude plots vary a lot with modes while 

the phase plots vary a little. The worst case happens at 2x mode, which has the lowest 

cross-over frequency and low-frequency gain. 

 

2) Gvi at Different Load Current  

The equations of Gvi show that they also vary with the load current Iout. Fig.3.14 gives the 

bode plots of Gvi in 2x mode charge pump at different load current. It can be seen that the 

low-frequency portions of Gvi vary a lot with Iout while the high-frequency portions are very 

consistent. The cross-over frequencies are the same for all the load conditions. The phase 

margins are different but all are greater than 90 degrees. The low-frequency gain decreases 

when load current increases. 
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Fig.3.13 Gvi at Different Input Voltage (Mode) 
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Fig.3.14 Bode Plot of Gvi in 2x Mode at Different Load Current 

 

3) Gvi w and w/o Device Segmentaion Control 

When device segmentation control is enabled, parts of baby-transistors are shut down at 

light load and the on-resistance greatly increases. Although the circuit topology remains, the 

change of devices’ on-resistance finally alters Gvi. The bode plots of Gvi in 2x mode before 

Iout Increases 
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and after device segmentation are shown in Fig.3.15. It can be seen that the low-frequency 

portions of Gvi are consistent but the high-frequency portions vary a lot, especially the phase 

plots. After device segmentation, Pole1 moves to lower frequency and results in a large phase 

drop. Therefore, the compensator should be carefully designed to be able to compensate the 

phase drop after device segmentation. 
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Fig.3.15 Bode Plot of Gvi in 2x Mode before and after Device Segmentation 
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4) Gvi w and w/o Pulse Skipping 

At very light load condition, pulse skipping modulation is used in addition to device 

segmentation. The pulse skipping modulation will force the controller turn ON and OFF 

intermittently. When controller is ON, PID compensator is working normally; when 

controller is OFF, the compensator will not affect the system. The ON/OFF frequency is 

much lower than the switching frequency. To check the system stability, the circuit models in 

Fig.3.11 are still valid for deriving the new Gvi. Since the charge pump circuit is originally a 

linear system, the derived small signal AC equivalent circuit in Fig.3.11 can also be 

considered as a large signal circuit equivalent model. A switch S1 can be manually added to 

emulate the ON/OFF of the control system. Using 2x mode charge pump as the example, the 

modified circuit is shown in Fig.3.16. TPSM is the period of pulse skipping modulation and D 

is the duty cycle of switch S1. 

 

inv
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Fig.3.16 Modified Equivalent Circuit Model of 2x mode Charge Pump in PSM 

 

[0-D*TPSM]:  S1 is ON, and the control system is working normally. 
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3
34

2
ch

in f on o
I dVV C R V V

dt
⎛ ⎞− − + =⎜ ⎟
⎝ ⎠

                   (3.43) 

 3

2
ch o o

f o
L

I dV dV VC C
dt dt R

⎛ ⎞− − =⎜ ⎟
⎝ ⎠

                      (3.44) 

By rearranging the two equations above, we can get (3.45) and (3.46). 

3
3

1 1 1 1
4 4 2 4o ch in

on f on f f on f

dV V V I V
dt R C R C C R C

= − + + −            (3.45) 

3
1 1 1 1( )

4 4 4
o

o in
on o L o on o on o

dV V V V
dt R C R C R C R C

= − + +              (3.46) 

 

[D*TPSM-TPSM]:  S1 is OFF, and the control system is shut down. 

 3 0f
dVC
dt

=                               (3.47) 

o o

L o

dV V
dt R C

= −                             (3.48) 

 

According to the design, the duty cycle of S1 at very light load condition is almost fixed to 

0.3446. By averaging the state equations in one cycle we can get (3.49) and (3.50).  

3
3

0.08615 0.08615 0.1723 0.08615
o ch in

on f on f f f on

dV V V I V
dt R C R C C C R

= − + + −            (3.49) 

3
0.08615 0.08615 1 0.08615( )o

o in
on o on o on o on o

dV V V V
dt R C R C R C R C

= + − − +               (3.50) 

 

Using Laplace transform, the transfer function Gvi at pulse skipping modulation can be 

derived, which is shown in (3.51). 
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L
vi

on L f o L f L o on f
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=
+ + + +

      (3.51) 

 

Compared with the Gvi without using pulse skipping modulation, the equation is similar 

but the gain and poles are changed. To verify the derived math model, the same circuit is 

simulated in SIMPLIS with PSM enabled. Both of the simulated and calculated Bode plots 

are plotted in Fig3.17. It can be seen that they almost match each other.  

 

 Fig.3.17 Comparison between Calculated Gvi (Red) and Simulated Gvi (Blue) 
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Fig.3.18 shows the bode plots of Gvi in 2x Mode with and without pulse skipping 

modulation. It can be seen that the phase margin of system with PSM enabled remains but 

both of the bandwidth and low-frequency gain decrease. 
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Fig.3.18 Bode plots of Gvi in 2x Mode with (Red) and without (Blue) pulse skipping 

modulation 
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4) Compensator Selection 

From the above analysis, it can be seen that the transfer function Gvi changes with modes, 

load current, and control schemes. The worst case happens at 2x Mode, and the upper limit of 

very light load condition with both of device Segmentation and PSM enabled. Since the 

phase drop can be around 45 degree after using device segmentation control, a type III PID 

compensator will be good for improving phase margin and ensure system stability over wide 

input and load range. 

 

 

Fig.3.19 Type III PID Compensator 

 

 

3.6 Key Blocks Design 

 

The Block Diagram of designed the regulated Multi-Modes Charge Pump is shown in 

Fig.3.20. It includes charge pump power stage, driver, control logic, protection, and etc. The 
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controller and the power stage will be integrated on the same silicon chip while the three 

flying capacitors will be packaged together within the chip. The most important function 

blocks are: Mode Change Control Logic, Universal Current Sensor, Device Segmentation 

and PSM Selector, and Soft Start Block. The operating principles of these blocks will be 

demonstrated as follows. 
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Fig.3.20 Block Diagram 
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3.6.1. Mode Change Control Logic 

 

When input voltage Vin varies, the mode change block will choose the best mode the 

charge pump should operate at and generate corresponding gate signals. Fig.3.21 shows the 

Mode Change Control logic. It senses the input voltage and compares with given reference 

voltages. The truth table of Mode selector is shown in Table 3.5. Once the output mode has 

been decided, the gate signal logic is generated respectively. Non-overlapping signals CLK 

and CLK_Bar are used to insert certain deadtime between the Charging phase and Discharge 

phase. 

 

 

Fig.3.21 Mode Change Control Logic 
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Table 3.5 Truth Table of Mode Decision 

 

 

 

 

3.6.2. Universal Current Sensor 

 

 

Fig.3.22 Universal Current Sensor 

 

The universal current sensor is designed using Sense-FET technique. N0 and N0’ is a pair 

of NMOS with the same gate voltage. The size of N0’ is 1000 times smaller than N0.  

[0-0.5Ts]: SenseEnable is high, N1 is ON and N3, N4 are OFF. The voltage of Va is equal 

Mode2x/1.5x Mode1.5x/1.33x Output Mode 
0 ------ 2x 
1 0 1.5x 

------ 1 1.33x 
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to SensePoint. Transistor P2, P3, P7 and P8 form a current bias and mirror and force the 

voltage Vb equal to Va. Therefore, the current flowing through N4 is 1/1000 of the current 

through N0. The current of N4 is then mirrored to P9-P10. The sensed current will be 

mirrored again to P11, P12 and charge the capacitor C1. When P5 is ON, the current in P10 is 

1:1 mirrored to P11; When P6 is ON, the current in P10 is 2:1 mirrored to P12; When P5 and 

P6 are ON, the current in P10 is mirrored to P11 and P12. P5 and P6 are controlled by the 

mode select signal. 

[0.5Ts-Ts]: SenseEnable is low, N0 and N0’ are OFF. N3 and N4 are ON to provide paths 

for bias current to flow. P10 is OFF, so the sensed current is zero. The peak voltage of C1 is 

sampled and held at C2 when transmission gate T1 is ON. At the end of the half cycle, T1 is 

OFF and N5 is ON to discharge C1 to zero.  

The relationship between the voltage of C2 (Isense) and load current (Iout) can be found 

using the following analysis. During 0-Ts, the average current in one cycle through one 

flying capacitor is zero, so we can have (3.52), 

0.5

0 0 0.5
0s s s

s

T T T

Cf Ch DisT
i i dt i dt= − =∫ ∫ ∫                    (3.52) 

Therefore, the average current during 0-0.5Ts can be obtained using (3.53). 

  
0.5

0

2            for 2x Mode
1 2 / 2        for 1.5x Mode

0.5
2 / 3        for 1.33x Mode

s
out

T

Ch out
s

out

I
i dt I

T
I

⎧
⎪= ⎨
⎪
⎩

∫                  (3.53) 

It can be seen from (3.53), the ratio of average value of current ich to output current Iout is 

different at each mode. However, by using P5 and P6 to turn ON/OFF the current source P11 

and P12, the variation of ratios can be compensated, which is shown as (3.54). Finally, the 
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ratio of sensed current Isense to Iout is the same for all three modes. 
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∫

               (3.54) 

 

 

3.6.3. Device Segmentation and PSM Selector 

 

The sensed current Isense will be compared with references to determine the load condition 

and control scheme. 

When Isense is lower than VL for 5 continuous cycles and PG is high, PSM_ENB is low. 

The charge pump is in very light load condition. SEG_ENB keeps low so device 

segmentation is enabled. All switches turn OFF, so the output current is provided by the 

output capacitor only. A timer is started to produce a constant OFF time (10 cycles) for very 

light load condition. When time is up, or PG is low, the charge pump will be restarted.  

When Isense is lower than VH1 but higher than VL, SEG_ENB is low but PSM_ENB is high. 

Pulse Skipping Modulation is disabled and Device segmentation is still enabled. The charge 

pump is in light load condition.  

When Isense is higher than VH2, SEG_ENB is high and device segmentation is disabled. The 
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charge pump is in heavy load condition. 
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Fig.3.23 Device Segmentation and PSM Selector 

 

 

3.6.4. Soft Start 

 

At the beginning, the voltage across the output capacitor is zero. When charge pump 

begins to switch, a huge current will be pulled from the input source to get the output 

capacitor being fast charged. A soft start function is designed to reduce the inrush current 

during start-up. PMOS G1 and G7 will be turned ON only, and the turn-on speed of G1 is 

controlled by slowly decreasing its gate voltage. The input source is directly charging the 
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output capacitor though G1 and G7. If the decreasing speed of gate voltage G1 is slow 

enough, the inrush current can be limited. Once G1 is fully turned on, the output capacitor 

will be charged to the input voltage. Then the charge pump begins to switch normally. The 

FB of error amplifier will be firstly pulled up 100-200mV higher than REF, and gradually 

decreases until FB and REF are equal. The saturation of the compensator is avoided, so the 

settling time and overshoot of output voltage is reduced. During this period, the output 

voltage will continuously to increase until it reaches 5V. 
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Start-Up
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Z1H1Vout
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Fig.3.24 Soft Start Control 
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3.7 Simulation and Experiment Verifications 

 

The designed regulated Multi-Modes Charge Pump with improved light load efficiency is 

implemented using IBM7RF 5V process and simulated in Cadence Spectre. Three flying 

capacitors Cf1-Cf3 are 2.2μF and the output capacitor Cout is 4.7μF. Each capacitor has a 

10mOhm ESR resistance. The whole system will be fit in a 4*4mm2 package.  

 

Fig.3.25. shows the slow transition from very light to light to heavy load condition when 

Vin is 3.7V. It can be seen that only device segmentation is used for current between 70mA 

and 205mA; Both of PSM and segmentation are used for current below 70mA. The output 

voltage is regulated at 5V over all load conditions. Fig.3.26 shows the frequency and output 

ripple change with the load current at Vin=3.7V. The frequency is 1MHz when load current is 

above 70mA, but decreases to around 70 kHz for lower current. The maximum output 

voltage ripple 78mV happens at the upper limit of very light load condition. However, the 

ripple decreases with load current no matter if it is in heavy, light, or very light load condition. 

The ripple also decreases with more output capacitances.  
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Fig.3.25 Load Transition from 50 mA to 500mA@ Vin=3.7V 
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Fig.3.26 (Left) Frequency vs. Load Current; (Right) Ripple vs. Load Current 
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Fig.3.27 shows the simulated charge pump efficiency at 10mA load current using different 

control schemes. Comparing with a multi-modes charge pump without using any light load 

efficiency control scheme, the charge pump with both of PSM and device segmentation have 

the highest efficiency. It can improve the efficiency by 10-30% over the entire input voltage. 

Fig.3.28 shows the simulated charge pump efficiency at different load conditions. It can be 

seen that the average efficiency at 500mA and 50mA load are around 80% when the input 

voltage varies from 2.7V to 4.5V. The average efficiency at 10mA load over the entire input 

range is around 60%. 

 

 

Fig.3.27. Efficiency of Charge pump with Different Control Schemes at very Light Load 

Condition 



 
72 

 

 

Fig.3.28. Efficiency of Designed Charge Pump at Different Load Currents 

 

 

A PCB prototype is built to verify proposed control methods, as shown in Fig.3.29. Table 

3.6 shows the circuit parameters used in the prototype. The circuit is running at 1MHz at 

heavy and light load condition, but the frequency will decease at very light load condition. 

Transistors MP1-MP9 are PMOS while MN1 is NMOS. The gate charge ratio of PMOS 

before and after the device segmentation control is 7.8:1. 
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Fig.3.29. Test Bench of Designed Multi-modes Regulated Charge Pump 

 

Table 3.6 Circuit Parameters for the Prototype 

Vin 2.7-4.5V Vo 5V 

fs 1MHz Iout 10-500mA 

Cfly 4.7uF Co 10uF*2 

PMOS (Before Segmentation) Qg=14nC , Ron=35mΩ@VGS= –4.5 V 

PMOS (After Segmentation) Qg=1.8nC, Ron=0.4Ω@VGS = –4.5 V 

NMOS(Regulated) Ron=36mΩ @VGS= 4.5 V 

 

 

Fig.3.30 (a) and (b) are experiment results for fast load transitions between different load 

conditions. In Fig.3.30 (a), load steps down from 300mA to 100mA, and SEG_ENB is 

automatically enabled after transition while PSM_ENB is always disabled. In Fig.3.30 (b), 

load steps down from 100mA to 25mA, and PSM_ENB is automatically enabled after 

transition while SEG_ENB is always enabled. Fig.3.31 shows the output voltage ripple and 

control signals in steady state at different load conditions.  

Control Board

Power Stage
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(a) Heavy->Light Load                (b) Light-> Very Light Load 

Fig.3.30 Test Results of Load Transitions from Very light->light->heavy load @ Vin=3.7V 

 

 

    

(a) Iout=25mA(very light load)             (b) Iout=100mA(light load) 
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(c) Iout=300mA(heavy load) 

Fig.3.31 Steady State at different load conditions when Vin=3.7V 

 

 

Fig.3.32 Total Loss Comparisons @ Iout=25mA 
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Fig.3.32 shows the total loss comparison between different light load control methods. The 

total loss of charge pump without any light load improvement has been normalized to 1. The 

experiment results show the charge pump with only device segmentation saves the loss by 

47%-70%, while the one combining both of device segmentation and PSM can reduce the 

total loss by 56% to 83%. 

 

 

3.8 Summary 

 

A multi-modes regulated charge pump with improved efficiency over wide input and load 

range is proposed. The output voltage is regulated to 5V when input is 4.5-2.7V. By 

alternating the switch network, it can realize 2x, 1.5x, and 1.33x conversion modes, which 

improves the efficiency over wide input range. During each mode, the output voltage is 

regulated by a controlled current source. The regulated charge pump is designed for a very 

wide load range (10mA to 500mA). Pulse skipping regulation and device segmentation are 

used to improve light load efficiency, especially for very light load conditions. A hybrid 

control scheme is designed to achieve a high efficiency over wide load range. Both of the 

simulation and test results are provided to verify the control scheme. The results show that 

the total loss at light load can be reduced by 56% to 83%. 
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Chapter 4.  High Efficiency Multi-Modes 

Charge-Pump Based Buck Converter for Wide 

Input Range Applications 
 

 

4.1 Research Motivation 

 

Wide input range DC-DC converters are widely used in automotive, telecom and industrial 

systems. For example, a 42V automotive battery system usually requires the DC-DC 

converter to operate over 18-58V input range [16]. Sometimes, the input voltage range can be 

even wider depending on different manufacture’s requirement. The output voltage is 

regulated to 5V, 3.3V or even lower, therefore the step-down ratio could be high. In industrial 

applications where the front-end Bus voltage can change (12V, 24V, or 48V), instead of 

redesigning the DC-DC converter, a wide input range DC-DC converter can save the time 

and cost. However, these wide input range converters usually come with several issues. First, 

switching loss increases fast as the input voltage becomes higher and thus results in a low 

efficiency at high input voltage. Conduction loss increases very little with input voltage, but 

high voltage rating low on-resistance devices are required to keep it down. Second, it is 

impractical for a standard single inductor Buck converter to step down very high voltage to 

very low voltage because of the duty cycle limit [52]. With a high step-down ratio, it is 
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difficult to control at extremely low duty cycle because very little room is left to reduce the 

duty cycle further once there is a load step-down transient. Transformer based converter is a 

better choice; however it is bulky and expensive for applications that do not need isolation. 

Third, compensator design is not easy as the loop gain can vary a lot with input voltage. Feed 

forward control can be used to cancel the variation; however it will increase the complexity 

of control circuit. Fourth, the maximum switching frequency is also limited because of the 

extremely narrow duty cycle at high step down. 

 

To overcome these drawbacks, a multi-modes charge-pump based wide input range 

DC-DC converter is proposed. An unregulated multi-modes charge pump is used as a 

pre-regulator of standard buck converter and does a rough voltage conversion. It has three 

modes: 1/3x, 1/2x and 1x. According to the input voltage, the charge pump can adaptively 

select the best mode to step down the input voltage. The input voltage range of Buck 

converter is greatly reduced and therefore low voltage standard devices can be used in Buck 

converter, which reduces both of the conduction loss and switching loss. Since the charge 

pump is unregulated, the efficiency usually is very high (>90%). As Buck converter and 

charge pump converter exhibit different efficiency tendency within the same input range, it is 

proved that the total efficiency can be improved by combining them, especially at high input 

voltage. It also directly benefits the design of compensator and output LC filter because the 

input range of Buck converter becomes much narrower. In addition, extremely low duty cycle 

will not happen in steady state. 
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Compared with a wide input range single Buck converter, the proposed charge-pump based 

DC-DC converter not only improves the efficiency, but also can improve the transient 

response without using feed forward control. Instead of a bulky transformer, the added charge 

pump can be integrated with Buck regulator (except flying capacitors) for single chip 

solution and saves space. 

   

In this Chapter, the theoretical efficiency analysis of multi-modes charge-pump based 

Buck converter is given. Benefits for control over wide input range are also analyzed. A 10W 

prototype is built to verify the benefits of proposed solution. Experiment results show that the 

highest efficiency improvement is 7% at heavy load and 16% at light load. 

 

 

4.2 Proposed Structure of Wide Input Range Buck Converter  

 

Fig.4.1 shows the proposed topology of wide input range converter. The first stage is an 

unregulated multi-modes charge-pump and the second stage is a synchronous buck converter. 

As the pre-stage of synchronous Buck converter, the multi-modes charge pump includes eight 

MOSFETs M1-M8 and three flying capacitors Cf1-Cf3. All of the MOSFETs operate in 

triode region and behave like switches with fixed on-resistance. By alternating the 

arrangement of switches and capacitors, it can realize three different conversion modes: 1/3x, 

1/2x and 1x.  
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Fig.4.1 Proposed topology of wide input range DC-DC converter 

 

1) Mode 1/3x:  During 0-0.5Ts, M1, M4 and M5 are on. Cf1, Cf2, and Cf3 are in series 

connection and are charged by the input source VIN. The input voltage is evenly distributed 

across the three flying capacitors. During 0.5Ts-Ts, M2, M3, M6, M7, and M8 are on. Cf1, 

Cf2, and Cf3 are in parallel connection, and discharge energy to capacitor Cm.  

2) Mode 1/2x: During 0-0.5Ts, M1, M4 and M3 are on. Cf1 and Cf2 are in series 

connection and are charged by the input source VIN. VIN is evenly distributed across the two 

flying capacitors. During 0.5Ts-Ts, M2, M3, M6, and M7 are on. Cf1 and Cf2 are in parallel 

connection, and charge the capacitor Cm. 

3) Mode 1x: Only M1 and M6 are on, while other switches are off. The input source VIN 

will directly charge the capacitor Cm. 

 

The charge pump is unregulated with duty cycle fixed to 50%, thus its output voltage will 

be affected by modes, input voltage, load resistance and internal impedance. Use 1/3X mode 
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charge pump as the analysis model. Assume all the switches have equal on-resistance Ron, 

and all the capacitors have the same ESR. The voltages across capacitors Cf1, Cf2, Cf3, and 

Cm are represented as v1, v2, v3, and vm respectively. The input impedance of Buck converter 

is Rm, which is also the load of the charge pump. During 0-0.5Ts, Cf1, Cf2 and Cf3 are 

charged by the same current ich while Cm discharges energy to the output. The equations are 

shown in (4.1)-(4.3). During 0.5Ts-Ts, Cf1, Cf2, Cf3 and Cm are in parallel connection. The 

three flying capacitors will discharge current to load and charge Cm up as well. The 

corresponding equations are shown in (4.4) and (4.5). 

 

[0 to 0.5Ts] 

31 2
1 2 3ch

dvdv dvi Cf Cf Cf
dt dt dt

= = =                          (4.1) 

1 2 3 in(3 3 ) Von chESR R i v v v+ + + + =                       (4.2) 

( )m
m m m

dvC ESR R v
dt

− + =                            (4.3) 

[0.5Ts to Ts] 

31 2
1 1 2 2 3 3( 2 ) ( 2 ) ( )on on on

dvdv dvCf ESR R v Cf ESR R v Cf ESR R v
dt dt dt

+ + = + + = + +       (4.4) 

31 2 1
1 2 3 1 1( ) ( 2 )m m

m m m m on
dv dv dvdv dv dvv C ESR Cf Cf Cf C R Cf ESR R v
dt dt dt dt dt dt

+ = − − − − = + +   (4.5) 

 

To simplify the calculation, neglect the ESR as they are much smaller than the Ron. The 

output voltage of charge pump Vm can be obtained using state-space average analysis [17]. 

The calculated output voltage Vm and its ideal value for each mode are shown in Table 4.1. 
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Table 4.1 Output Voltage of Charge Pump at Each Mode 

Mode Vm Ideal Vm 

1/3x 3 8 /(3 )
in

m
on m

VV
R R

=
+

 
3
inV  

1/2x 2 7 /(2 )
in

m
on m

VV
R R

=
+

 
2
inV  

1x 1 2 /
in

m
on m

VV
R R

=
+

 inV  

 

It can be seen that when Ron is selected much smaller than Rm, Vm will get close to the 

ideal value. After inserting the charge pump between the input source and the Buck converter, 

the input voltage range of Buck converter has been reduced by 2/3 compared with a single 

Buck converter. As a result, instead of using high voltage rating devices, standard voltage 

rating devices can be used in Buck converter. The on-resistance will be lower and the cost is 

reduced as well. 

  Since the charge pump stage only roughly steps down the input voltage, the fine regulation 

of output voltage will be achieved by Buck converter using feedback and PID control. 

 

 

4.3 Loss Break Down of Charge Pump 

 

A single Buck converter operating over wide input range shows a low efficiency at high 

input voltage. However, using a multi-mode charge pump as the pre-stage can improve the 
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efficiency. In this section, the losses in charge pump stage are analyzed. 

To perform a reasonable efficiency analysis of charge pump, the expressions of charging 

and discharging current in the charge pump need to be derived first. A 1/3X mode charge 

pump is used as the example, and analyzed in time domain during each half cycle. To 

simplify the calculation, use Cf to represent the three flying capacitors since they are selected 

to be equal, and also consider v2 and v3 having the same equation as v1.  

 

[0 to 0.5Ts] 

During this half cycle, the flying capacitors are being charged by the input source, so we 

have (4.6). 

1
1 in3 3 Von f

dvR C v
dt

+ =                         (4.6) 

Assume the peak ripple voltage of v1 is up and the valley ripple voltage is uv. Therefore the 

initial voltage of flying capacitor Cf1 during charging stage is uv, and the initial voltage 

during discharging stage is up. The equation of v1(t) during [0-0.5Ts] can be solved from 

(4.6), as shown in (4.7). 

in in
1_ v

V V( ) (u )
3 3

on f

t
R C

Chv t e
−

= + −                  (4.7) 

From (4.7), we can verify the initial voltage of v1 during charging stage and also get the 

voltage when t=0.5Ts, as shown in (4.8). 

1_ v
0.5

in in
1_ v

(0) u
V V(0.5 ) (u )
3 3

s

on f

Ch
T

R C
Ch s

v

v T e
−

=⎧
⎪
⎨

= + −⎪⎩

               (4.8) 
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During the same half cycle, Cm is discharging energy to load, as shown in (4.9). 

m
m m m

dvC R v
dt

− =                           (4.9) 

Assume the peak ripple of vm is ump and the valley ripple is umv. Therefore the initial 

voltage of Cm during charging stage is umv, and the initial voltage during discharging stage is 

ump. The equation of vm(t) during 0-0.5Ts can be solved from (4.9), which is shown in (4.10). 

_ p( ) um m m

t
C R

m Disv t e
−

=                       (4.10) 

From (4.10), we can verify the initial voltage and also get the voltage of vm when t=0.5Ts, 

as shown in (4.11). 

_ p

2
_ p

(0) um

(0.5 ) um
s

m m

m Dis
T

R C
m Dis s

v

v T e
−

=⎧⎪
⎨

=⎪⎩
                (4.11) 

 

[0.5Ts to Ts] 

During this half cycle, the flying capacitors are discharging energy to the output capacitor 

Cm, so we can have (4.12) and (4.13). 

1
12m on f

dvv R C v
dt

= +                          (4.12) 

1 m m
f m

m

dv vdvC C
dt dt R

− = +                         (4.13) 

Then the equation of v1(t) during 0.5Ts-Ts can be solved from (4.12) and (4.13), which is 

shown in (4.14). ‘xa’ and ‘xb’ are constants determined by the R and C parameters in the   

charge pump circuit. The expressions of ‘xa’ and ‘xb’ are given in (4.15). 
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From (4.14), we can verify the initial voltage of v1 during discharging stage and also get 

the voltage when t=Ts, which are shown in (4.16). 

1_ p

p v p
p

0.5
1_

p v p
p

0.5

(0.5 ) u

3 u + um +2 u
u

2
( )

3 u + um +2 u
u

2
                 

s

s

Dis s

f m m m f on

on f m m xaT
Dis s

f m m m f on

on f m m xbT

v T

C R C R C R
xa

R C C R
v T e

xb xa
C R C R C R

xb
R C C R

e
xb xa

−

−

⎧
=⎪

⎪
⎪ − ⋅⎪⎪ = +⎨ −⎪
⎪

⋅ −⎪
⎪
⎪ −⎩

       (4.16) 

 

 



 
86 

At the same time, capacitor Cm is being charged by three flying capacitors. Therefore, the 

equation of vm(t) can be obtained according to the equation of v1(t).  

1_
_ 1_

( )
( ) 2 ( )Dis

m Ch on f Dis

dv t
v t R C v t

dt
= +                    (4.17) 

From (4.17), the initial condition of vm(t) during 0.5Ts-Ts can be verified and the voltage at 

t=Ts can also be found, as shown in (4.18). 
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   (4.18) 

 

Since the end of the charging stage is the start of the discharging stage, and vice versa, 

based on the results shown in (4.8), (4.11), (4.16), and (4.18), we can get (4.19). 
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                       (4.19) 

Then according to (4.19), the expressions of up, uv, umv, and ump can be solved, which are 

shown in (4.20). 

Finally, the equations of v1(t) and vm(t) during 0-Ts can be obtained by substituting the 

solved initial conditions up, uv, umv, and ump into the equations (4.7), (4.10), (4.14) and 

(4.17). Once the voltage equations are derived, the current flowing through Cf1 can be found 
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using (4.21). 
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                          (4.21) 

 

The calculated vm(t), v1(t), and i1(t) in one cycle are plotted in red using MathCAD, as 

shown in Fig.4.2. To verify the accuracy of calculation, the charge pump circuit is also 

simulated using SIMPLIS with the same circuit parameters, and the simulation results are 

plotted in blue. It can be seen from Fig.2 that they are matched perfectly. 

 

By solving the expressions of current and voltage in the circuit, the RMS, peak and valley 

value of charging and discharging current can be easily calculated, which are denoted as 

I1_Ch_RMS, Ip_Ch, Iv_Ch, I1_Dis_RMS, Ip_Dis and Iv_Dis respectively. 
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Fig.4.2 Comparisons of i1(t), v1(t), and vm(t) between simulation results and calculations. 
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Based on calculated current information, the loss equations can be accurately derived. In a 

charge pump, the major loss can usually be broken down to two categories: conduction loss 

and switching loss. The quiescent loss will not be the focus of this analysis. 

 

1) Conduction Loss 

The conduction loss includes on-resistance loss of switches and ESR loss of the capacitors. 

During 0-0.5Ts, G1, G4 and G5 are ON. During 0.5Ts-Ts, G2, G3, G6, G7, and G8 are ON. 

The on-resistance loss (Pron) and ESR loss (Pesr) can be derived using (4.22) and (4.23). 

Fig.4.3 plots the variation of total conduction loss (PCon) with input voltage in a 1/3x mode 

charge pump. It can be seen that the conduction loss quickly decreases when the input 

voltage is increasing, because the current passing through charge pump becomes smaller at 

the same time. 

 

2 2
1_ _ 1_ _3 5ron Ch rms on Dis rms onP I R I R= +                     (4.22) 

2 2 2
1_ _ 1_ _ _( )3esr Ch rms Dis rms esr m rms esrP I I R I R= + +               (4.23) 

 

 

2) Switching Loss 

The switching loss of charge pump will include V-I overlapping loss, Coss charging loss, 

and Gate driver loss. During the analysis, assume G1, G4, and G5 are on and off 

simultaneously; G2, G3, G6, G7, and G8 are on and off simultaneously. 
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Fig.4.3 Conduction Loss vs. Input Voltage in 1/3x Charge Pump (Po=10W) 

 

 

a. V-I Overlapping Loss. 

All switches in the charge pump are hard-switching, therefore V-I overlapping losses exist. 

The turn on and turn off transients of switches are shown in Fig.4.4. Since there are only 

switches and capacitors in the circuit, the transition of voltage and current can be considered 

as occurring at the same time. The equations to calculate the turn-on and turn-off losses are 

shown in (4.24). Vds is the blocking voltage when the switch is off. During 0-0.5Ts, the 

blocking voltage of G1 is Vin-Vout=2/3Vin, and the blocking voltage of G4 and G5 is 

Vout=1/3Vin. During 0.5Ts-Ts, the blocking voltages of G2, G3, G6, G7, and G8 are 2/3Vin, 

1/3Vin, 2/3Vin, 1/3Vin and 0 respectively. The turn-on and turn off losses of each switch are 

summarized in Table 4.2. The total V-I overlapping loss will be the sum of turn-on and 

turn-off loss of all switches, which is shown in (4.25). 
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Fig.4.4 Turn on and Turn off Transients of the switches 
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                        (4.24) 

overlapping Turn on Turn offP P P− −= +                      (4.25) 

 

b. Coss Charging Loss. 

The parasitic Coss of each switch will be charged to the blocking voltage of that switch 

when it is off, and will be fully discharged when the switch is on. The charging efficiency is 

only 50% and half of the energy gets wasted. Coss is a nonlinear capacitor and strongly 

depends on the drain to source voltage Vds. The Coss is normally tested at Vgs=0 and Vds=Vin, 

but the real Coss is inversely proportional to the square root of the Vds [53]. Since it will 

change when it is being charged or discharged, a coefficient 4/3 is added during the loss 

calculation for a better approximation. The Coss charging losses of each switch are 

summarized in Table 4.3. The total Coss charging loss will the sum of Coss charging loss of 

0

Ip

Iv

ton toff

Vds 
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each switch, as shown in (4.26). 

1 2 3 4 5 6 7 8Coss oss oss oss oss oss oss oss ossP P P P P P P P P= + + + + + + +          (4.26) 

 

Table 4.2 Summary of Turn-on and Turn-off Losses 

 

 

Table 4.3 Summary of Coss Charging Loss 

 

   

 

   

   

 Switch Turn-on Loss( Turn onP − ) Turn-off Loss( Turn offP − ) 

0-0.5Ts 

G1 _
1 2( )
6 3 in p Ch on sV I t f  _

1 2( )
6 3 in v Ch off sV I t f  

G4 _
1 1( )
6 3 in p Ch on sV I t f  _

1 1( )
6 3 in v Ch off sV I t f  

G5 _
1 1( )
6 3 in p Ch on sV I t f  _

1 1( )
6 3 in v Ch off sV I t f  

0.5Ts-Ts 

G2 _
1 2( )
6 3 in p Dis on sV I t f  _

1 2( )
6 3 in v Dis off sV I t f  

G3 _
1 1( )
6 3 in p Dis on sV I t f  _

1 1( )
6 3 in v Dis off sV I t f  

G6 _
1 2( )
6 3 in p Dis on sV I t f  _

1 2( )
6 3 in v Dis on sV I t f  

G7 _
1 1( )
6 3 in p Dis on sV I t f  _

1 1( )
6 3 in v Dis off sV I t f  

G8 0 0 

G1 2
1 in

1 4 2( )( )
2 3 3oss oss sP C V f=  G5 2

5 in
1 4 1( )( )
2 3 3oss oss sP C V f=  

G2 2
2 in

1 4 2( )( )
2 3 3oss oss sP C V f=  G6 2

6 in
1 4 2( )( )
2 3 3oss oss sP C V f=  

G3 2
3 in

1 4 1( )( )
2 3 3oss oss sP C V f=  G7 2

7 in
1 4 1( )( )
2 3 3oss oss sP C V f=  

G4 2
4 in

1 4 1( )( )
2 3 3oss oss sP C V f=  G8 0 

 



 
93 

c. Gate Driver loss. 

There are eight transistors in the charge pump; therefore, the gate driving loss can be 

derived according to (4.27). 

28dr iss gs sP C V f=                          (4.27) 

 

In summary, the switching loss can be obtained by adding the three losses up, which is 

shown in (4.28). Fig.4.5 plots the switching loss versus input voltage in a 1/3x mode charge 

pump. It can be seen that the total switching loss is not monotonously increasing with the 

input voltage. From Table 4.2, the turn-on and turn-off losses are the functions of both input 

voltage and the charging/discharging current. However, when input voltage goes up, the 

current will go down and results in a non-monotonic loss increase with input voltage. 

SW overlapping Coss drP P P P= + +                      (4.28) 

 

 

Fig. 4.5. Switching Loss vs. Input Voltage in 1/3x Charge Pump(Po=10W) 
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4.4 Loss Break Down of Synchronous Buck Converter 
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Fig.4.6. Power Stage of Synchronous Buck Converter 

 

 

The loss break down of Buck converter has already been analyzed in lots of papers [54-56]. 

Based on these literatures, we can category the loss into conduction loss and switching loss. 

Assume the Buck converter operates in CCM. The peak and valley inductor current are Ip and 

Iv, as shown in (4.29). The RMS current of inductor and switches are denoted as 

IRMS
2(Inductor), IHS_RMS

2(Top FET), and ILS_RMS
2(Bottom FET), as shown in (4.30). 
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1) Conduction Loss 

The conduction loss of Buck converter includes top and bottom FETs on-resistance losses 

PHS and PLS, body diode conduction loss PBD, inductor DCR loss PDCR and capacitor ESR loss 

PESR. They are independent of switching frequency. The equations are shown in (4.31). VBD is 

the forward voltage drop of the body diode and td is the dead time between high-side and 

low-side switches. 

2
_

2
_

2

2( )
2

( ) 2

HS HS RMS HS

LS LS RMS LS

DCR RMS DCR

p v
ESR ESR

BD BD p d BD v d s BD o d s

P I R

P I R

P I R
I I

P R

P V I t V I t f V I t f

⎧
=⎪

⎪
=⎪

⎪ =⎨
⎪ −⎪ =
⎪
⎪ = + =⎩

            (4.31) 

The total conduction loss is shown in (4.32). Fig.4.7 plots the variation of conduction loss 

with input voltage. Since the conduction loss in Bottom FET increases with input voltage, 

while the conduction loss in Top FET decreases, the total conduction loss only has slight 

increase with input voltage.  

Con HS LS DCR ESR BDP P P P P P= + + + +                    (4.32) 
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 Fig.4.7 Conduction Loss vs. Input Voltage in Buck Converter (Vo=5V, Iout=2A) 

 

2) Switching Loss 

The switching loss in Buck Converter includes V-I overlapping loss, Coss charging loss, 

Gate driver loss, and Reverse recovery loss. They are frequency dependent. 

 

 

(a) Bottom FET                                (b) Top FET 

Fig.4.8 Vds and Ids during Turn-On and Turn-Off of Switches 
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a. V-I Overlapping Loss 

Fig.4.8 shows the voltage and current transitions during Turn-on and Turn-off of Top FET 

and Bottom FET. The Bottom FET is ZVS turn on and ZVS turn off due to the freewheeling 

body diode, so there is no turn-on and turn-off overlapping loss. For Top FET, during the 

turn-on process, Vds begins to drop at the end of Ids rising edge, therefore it is easy to get the 

expression of turn-on overlapping loss, as shown in (4.33). 

_
( )1 1 ( )

2 2 2
in o o

HS Turn on in v on s in o on s
o s in

V V VP V I t f V I t f
L f V−

−
= = −           (4.33) 

During the turn-off process, the current begins to drop at the end of Vds rising edge. The 

Turn-off overlapping loss is shown in (4.34). 

_
( )1 1 ( )

2 2 2
in o o

HS Turn off in p off s in o off s
o s in

V V VP V I t f V I t f
L f V−

−
= = +          (4.34) 

Thereby, the loss due to the V-I overlapping can be obtained by (4.35). 

_ _overlapping HS Turn on HS Turn offP P P− −= +                  (4.35) 

 

b. Coss Charging Loss 

Both of Top FET and Bottom FET in Buck converter have the same blocking voltage Vin 

when they are OFF. The total Coss charging loss will be the sum of high side and low side Coss 

charging loss, as shown in (4.36). 

2 2
_ _ _ in _ in

1 4 1 4( ) ( )
2 3 2 3Coss Coss HS Coss LS oss HS s oss LS sP P P C V f C V f= + = +        (4.36) 
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c. Gate Driving Loss 

The gate driving loss in Buck converter includes the losses for driving Top FET and 

Bottom FET. The equation can be derived using (4.37). 

2
_ _ _ _( )dr dr HS dr LS iss HS iss LS gs sP P P C C V f= + = +                (4.37) 

 

d. Reverse Recovery Loss 

Because of the existence of inductor in the Buck converter, the body diode of Bottom FET 

will be on during the dead time between Bottom FET turn-off and Top FET turn-on, which 

results in a reverse recovery loss, as shown in (4.38). 

 _rr in rr LS sP V Q f=                          (4.38) 

SW overlapping Coss dr rrP P P P P= + + +                   (4.39) 

 

 

Fig.4.9 Switching Loss vs. Input Voltage in Buck Converter (Vo=5V, Iout=2A) 

 

Finally, the total switching loss of Buck converter can be obtained using (4.39). Fig.4.9. 
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plots the switching loss over a wide input voltage. The switching loss is increasing quickly 

with the input voltage. The major two losses are V-I overlapping loss and diode reverse 

recovery loss. 

 

Comparisons can be made by putting together the switching loss and conduction loss 

curves of 1/3x mode charge pump and singe Buck converter, as shown in Fig.4.10. It can be 

seen that the dominant loss in charge pump is conduction loss, and it decreases much faster 

than the increasing speed of switching loss when Vin increases. The situation is just reversed 

in Buck converter: the dominant loss is switching loss, and it increases much faster than 

conduction loss as Vin increases. Such a complimentary characteristic made it possible to get 

a better efficiency curve over a wide input range by combining the two converters, especially 

at a high input voltage. 

 

 

Fig.4.10 Losses vs. Input Voltage@Po=10W 
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4.5 Efficiency Analysis of Charge-pump based Buck Converter 

 

According to the loss analysis in section 4.3 and 4.4, the efficiency curves of multi-modes 

charge pump and single Buck converter can be plotted. Fig.4.11 (a) shows the efficiency vs. 

input voltage when the multi-modes charge pump is in 1x, 0.5x and 0.33x mode. Fig.4.11 (b) 

shows the efficiency curves of Buck converter when its input voltage range is reduced to half 

and one third of the original range. The efficiency of charge pump increases with Vin while 

the efficiency of Buck converter decreases with Vin. A 1/3x mode charge pump has a lower 

efficiency than 1x mode charge pump, but the efficiency difference will not be significant at 

a high input voltage. With only one third of the original input voltage range, the Buck 

converter can have a much better efficiency, especially when the original input voltage is 

high. The total efficiency when combining multi-modes charge pump and Buck converter is 

shown in Fig.4.12.  

 

    

 Fig.4.11 (a) Efficiency of Charge Pump at Different Modes 
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Fig.4.11 (b) Efficiency of Buck converter with Different Input Ranges 

 

 

 

Fig.4.12 Efficiency of Charge Pump based Converters vs. Vin 
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It can be seen that the Buck converter with 1/3x mode charge pump has the highest 

efficiency at high input voltage while the Buck converter with 0.5x mode charge pump has 

the highest efficiency at medium input voltage. The Buck converter with 1x mode charge 

pump has a comparable efficiency to single Buck converter at low input voltage. Thus by 

changing the modes of charge pump according to the input voltage, the best efficiency curve 

can be achieved over wide input range, which is shown as the black dashed line. Compared 

with single buck converter, the overall efficiency can get greatly improved, especially from 

medium to high input voltage range. 

  If the input is a continuously changing voltage source, such as a battery, the controller can 

adaptively change the modes by comparing Vin with predetermined references. If the input is 

a loosely regulated front-end voltage Bus, the mode can also be manually switched according 

to the actual operation input voltage for the efficiency optimization. 

 

 

4.6 Control Benefits of Charge-Pump based Buck Converter 

 

For wide input range DC-DC converter, the loop gain can vary a lot with the input voltage 

and the compensator is often designed at its worst case. However, it is desired that converters 

have good performance over the entire input range, such as good output regulation and fast 

transient response. To compensate for input variations, feed forward control is usually used 

[52]. By varying the ramp amplitude according to the input voltage, constant loop gain, 
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bandwidth and phase margin can be achieved over the full input range. However, the 

implementation of feed forward control sophisticates the control part design. Current mode 

Buck converters will have better performance than voltage mode Buck converters when 

operating over a wide input range. In this section, the control benefits brought by using a 

multi-modes charge pump with a voltage/current Mode Buck converter will be discussed. 

 

Since the multi-modes charge pump is unregulated, the transfer function will be the ratio 

of the output voltage to the input voltage, as shown in (4.40). It is a linear system and the 

low-frequency gain is determined by its conversion mode. 

out
CP

in

vT
v

=                              (4.40) 

 

1) Multi-mode charge pump Based Voltage mode Buck Converter  

For voltage mode Buck converters, the type III compensator is usually used to improve the 

stability and bandwidth. It can be seen from (4.41), the closed loop gain Tv will directly 

depend on the input voltage Vin. The loop gains of a single voltage mode Buck converter and 

a Multi-mode charge pump based voltage mode Buck converter are plotted in Fig.4.13.  

For the single Buck converter, the wider the input voltage range is, the more divergent the 

magnitude of loop gains will be. The phase plots are the same at any input voltage. It can be 

seen that with the same compensator, the maximum bandwidth variation can be 80% and the 

phase margin differs by 20 degrees.  
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Fig. 4.13 Comparison of Loop-Gain Variations over Wide Input Range between Single 

Voltage Mode Buck converter(Left) and Multi-modes Charge-Pump based Voltage Mode 

Buck Converter(Right). 
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For the Buck converter with a multi-modes charge pump as the pre-stage, the input voltage 

range of Buck converter is reduced by 2/3. As a result, the loop gains at different input 

voltage become more centralized even without using feed forward control. The bandwidth 

variation is reduced from 80% to 40%, and the phase margin variation is within 5 degrees. 

The great reduction of variations on bandwidth and phase margin not only simplifies the 

compensator design but also improves the bandwidth at low input voltage. In the single Buck 

converter, the compensator is often designed around the highest input voltage (Worst case). 

The bandwidth can be very low at the lowest input voltage. However, when loop gains 

become centralized, the bandwidth can be pushed higher at low input voltage. 

 

It also can be seen from the block diagram shown in Fig.4.14 that the existence of charge 

pump as the pre-stage of Buck converter will not affect the loop gain of total system since the 

added charge pump is out of the feedback loop. However, the Gvd of Buck converter will be 

changed because its input voltage is reduced by the charge pump. 

 

 

Fig.4.14 Block Diagram of Charge Pump Based Buck Converter in Voltage Mode 
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2) Multi-mode charge pump Based Current mode Buck Converter 

For current mode Buck converter, a type II compensator is usually good for bandwidth 

improvement and stability. The loop gain equation is given in (4.42). The equation shows that 

the loop gain is a weak function of input voltage. It does not vary with input voltage at low 

frequency since the dominant pole only strongly depends on the output capacitor and the load 

resistor. However, it will vary with input voltage at high frequency. Fig.4.15 shows the loop 

gains of a single current mode Buck converter and a Multi-modes Charge Pump based 

current mode Buck converter at different input voltage. For the single Buck converter, 

although the loop gains at different input voltage are quite consistent below 100kHz, it begins 

to diverge at higher frequency. The situation is similar for Charge Pump base Buck converter 

but less divergence at higher frequency. Therefore, combining a multi-modes charge pump 

with a current mode Buck converter does not benefit the control as much as the voltage mode 

Buck converter because of the different mechanisms of voltage mode and current mode 

control. The block diagram is shown in Fig. 4.16. Similar to charge-pump based 

voltage-mode Buck converter, the loop gain will not be changed by adding the multi-modes 

charge pump to the Buck converter. Only the transfer function from Vin to Vout is changed, 

which becomes more concentrated as well. 
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Fig.4.15 Comparison of Loop-Gain Variations over Wide Input Range between Single 

Current Mode Buck converter(Left) and Multi-modes Charge-Pump based Current Mode 

Buck Converter(Right). 

 

Fig.4.16 Block Diagram of Charge Pump Based Current Mode Buck Converter 
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In the Buck converter, the highest inductor current ripple Ipp appears at the maximum input 

voltage. When input voltage decreases, the ripple current decreases as well. Fig.4.17 shows 

the inductor current ripple comparisons between a single Buck converter and a multi-modes 

charge pump based Buck converter. If the maximum ripple current of the single Buck 

converter is normalized to one, then the ripple current in the charge pump based Buck 

converter can be reduced by 24%. The mode determines how much ripple will be reduced. At 

1x mode, there is no change.  

 

10 20 30 40 50
0

0.1

0.2

0.3

0.4
0.45

0

Ipp1 Vin( )

Ipp2 Vin( )

505 Vin  

Fig.4.17 Inductor Current Ripple in Single Buck Converter (Red) and Multi-modes Charge 

Pump Based Buck Converter (Blue) 
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  Fig.4.18 Minimum Inductance of Single Buck Converter (Red) and Multi-modes Charge 

Pump Based Buck Converter (Blue) 

 

The minimum inductor value is determined based on the worst case when the current 

ripple is the largest. At high input voltage, duty cycle is low, and the peak-peak current will 

be high. To meet the ripple requirement, the minimum inductance at input=48V has the 

highest value over the entire input range and should be used as the reference for designing 

the inductor. Fig.4.18 shows the minimum inductance of single Buck converter and 

multi-modes charge pump based Buck converter. Compared with single Buck solution, the 

required inductance can be reduced by 24% when using multi-modes charge pump based 

Buck converter for same current ripple. Meanwhile, the reduction of inductance can benefit 

the control bandwidth and improve transient response.  
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4.7 Experiment Verifications 

 

To verify the performance of the proposed solution, a 10W prototype is built. Since the 

charge pump is unregulated, its switching frequency can be selected lower than the Buck 

converter to improve light load efficiency. The circuit parameters are shown in Table 4.4.  

 

Table 4.4 Parameters of Circuit under Test 

 

 

The desired input range is 9-48V, and the output voltage is regulated to 5V with load 

current up to 2A. Fig.4.19 shows the efficiency curves of the single Buck converter and the 

charge-pump based Buck converter over the entire input range when Iout=1A. The mode 

change happens at the boundary of areas in different color. It can be seen that the efficiency 

of the single Buck converter drops fast as Vin increases; however the efficiency of the 

charge-pump based Buck converter drops much slower from medium to high voltage. 

Therefore, the overall efficiency has been greatly improved using charge-pump based Buck 

converter. The maximum efficiency improvement is 7%. Fig.4.20 shows the efficiency curves 

of a single Buck and a charge-pump based Buck converter over the entire load range when 

Vin=48V. The overall efficiency is also greatly improved, especially from medium to light 

Multi-Modes Charge Pump Single Buck Converter 

MOSFETs fs Cf Co Regulator Lo fs Co 

Si2308BDS 200kHz 10μF 10μF*3 ISL8560 22μH 500kHz 470μF
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load condition. Without using any light load control method, the highest efficiency 

improvement is around 16% at light load.  

 

 

 Fig.4.19 Tested Efficiency of Single Buck Converter and Multi-modes Charge Pump based 

Buck Converter over Wide Input Range 
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 Fig.4.20 Tested Efficiency of Single Buck Converter and Multi-modes Charge Pump based 

Buck Converter vs. Load Current 

 

 

4.8 Summary 

 

A high efficiency charge-pump based wide input range DC-DC converter for automotive, 

telecommunication and industrial applications is proposed. Using an unregulated 

multi-modes charge pump as the pre-stage of a Buck converter to roughly step down high 
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voltage, low cost devices can be used in Buck converter and extremely low duty cycle is 

avoided. The overall efficiency can be improved by adaptively switching among different 

modes according to input voltage. In addition, the compensator design is simplified and 

inductance can be reduced due to reduced input range of Buck converter, which directly 

benefits the transient response. Both of the theoretical calculations and experiment results 

verify the performance of proposed solution. 
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Chapter 5.  A High Efficiency Transformerless 

Step-up DC-DC Converter with High Voltage 

Gain for LED Backlighting Applications 
 

 

5.1. Introduction 

 

White LEDs are obtaining increasing popularity in small backlighting systems due to their 

falling costs, longer life, and smaller size [62]. To power the LEDs from a commonly used 

Li-Ion battery in hand-held devices, a step-up DC-DC converter is required. Boost converter 

is the typical solution to drive a number of LEDs in series [63-65]. There is no current 

mismatch issue since all the LEDs are sharing the same current. However, the number of 

LEDs in series is limited by the gain of Boost converter. An single boost converter (M= 

1/(1-D)) would have to operate at a very high steady-state duty-cycle (> 90%) in order to 

provide a DC gain greater than 10. Such an extreme duty cycle will result a very high di/dt in 

the circuit, attracting large EMI. Operation at very high switching frequency may not be easy 

because it requires the control switch to switch fast enough otherwise the diode does not have 

enough time to conduct current. A latch-up problem can also happen due to the extreme duty 

cycle. There will be very little room left to increase the duty cycle further when there is a 

load step-up or line step-down transients. The output voltage varies with the number of LEDs 
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in series, and the efficiency varies as well. Switching loss increases very fast with output 

voltage, and results the lowest efficiency when driving maximum LED numbers. Therefore it 

is hard to maintain a high efficiency when driving different LED numbers.  

 

Transformer based step-up converter can provide a high voltage gain, but it is bulky and 

expensive for applications that do not require isolation in the power flow. Its efficiency will 

also drastically degraded by losses associated with the leakage inductors [66, 67]. 

 

High gain can also be achieved by cascading two Boost converters [68]. By establishing an 

intermediate voltage between the two stages, extreme duty cycle can be avoided. However, 

an extra inductor is required, the control circuit is sophisticated and the total efficiency is low, 

which is the product of each stage. 

 

An integration of a switched-capacitor (SC) circuit within a boost converter is proposed in 

[69, 70]. The charge pump is located in front of the Boost converter, but is lumped together 

with Boost converter by eliminating the capacitor between the two converters. The charge 

pump is unregulated therefore high efficiency can be achieved. However, the charge pump is 

at the high-current side, which results in a considerable conduction loss and degrades the 

total efficiency. In addition, the charge pump is only designed to have fixed conversion ratio, 

therefore optimal efficiency cannot be achieved for variable gain applications [71]. 

 

To overcome these drawbacks, this chapter proposed a multi-modes charge-pump based 
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step-up DC-DC converter for LED backlighting applications. An unregulated multi-modes 

charge pump is used as the post-stage of boost converter and performs a rough voltage 

conversion. The charge pump is located at the low current side therefore can have very high 

efficiency. It can switch between 1x, 2x and 3x conversion modes according to the number of 

LEDs in series. With the charge pump, the maximum output voltage of Boost converter is 

greatly reduced, therefore a low cost device can be used in Boost converter and extremely 

duty cycle is avoided. Although the two stages are cascaded, it is proved in this paper that the 

overall efficiency can be improved, especially at high gain. Without a transformer, the 

proposed charge-pump based step-up converter not only achieves high gain, but also 

improves the efficiency. Compared with bulky transformers, the added charge pump can be 

integrated with a Boost regulator (except flying capacitors) for single chip solution and saves 

space.  

 

5.2. Operation of Proposed High Gain Transformerless Step-up 

Converter 

 

The structure of the proposed step-up converter is shown in Fig.5.1. A current-mode Boost 

converter and a multi-modes step-up charge pump are cascaded. To generate the required 

voltage for the LED string and regulate the output current, the duty cycle of Boost converter 

is adjustable. The charge pump has a 50% fixed duty cycle. Three conversion modes (1x, 2x, 

3x) are obtained by alternating the connections between switches and capacitors. The 
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topology transformations are shown in Table 5.1. Assume M1-M7 have equal on-resistance 

Ron, and ignore the ESR as they are much smaller than Ron. The steady-state output voltage of 

the charge pump can be obtained using state-space average analysis, which is similar to the 

derivations in Chapter 4. Unlike the Boost converter, the equations are different at each mode. 

The output equation of the cascaded converter therefore can be obtained by combining the 

equations of the Boost converter and Charge Pump converter. Table 5.2 shows the output 

equations of single Boost converter, multi-modes charge Pump, and multi-modes charge 

pump based Boost converter. Then the duty cycle can be solved according to input voltage, 

output voltage and load current. Fig.5.2 shows the duty cycle versus voltage gain of a single 

Boost converter (D_0x) and multi-modes charge pump based Boost converter(D_1x, D_2x, 

D_3x). The input voltage is fixed to 2.7V and the load current is 0.125A. At the same voltage  

 

 

Fig.5.1 Proposed Multi-modes Charge-pump based High gain Step-up DC-DC converter 
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gain, the required duty cycle decreases when the conversion mode of charge pump increases. 

It can be seen that the duty cycle is 93% for a single Boost converter to generate 37V output 

(10 LEDs) and only 80% for a 3x charge pump combined with Boost converter. Extreme 

duty cycle at high gain is avoided. 

 

Table 5.1 Topology Transformations of Multi-modes Step-up Charge Pump 

Mode 0-0.5Ts 0.5Ts-Ts 
3x 

2x 

1x 

 
 

 

Table 5.2 Output Equations for Each Stage 

Modes Boost Converter Charge Pump Total System 

3x  
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  Fig.5.2 Duty Cycle vs. Gain 

 

 

5.3. Theoretical Efficiency Analysis 

 

When driving a LED string using a single Boost converter, the output voltage will increase 

with the number of LEDs in series. LEDs are current-driven devices and the preferred driving 

method is to directly regulate the driving current, this eliminates changes in current due to 

variations in forward voltage. Since the current is regulated, the output power will go up with 

the number of LEDs in series. Assume Boost converter operates in CCM. According to Vin, 
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Vout and output current, the peak inductor current Ip and the valley current Iv can be solved, as 

shown in (5.1). 

2 2 3

2 2 3

2
2

2
2

o o s o o in in
p

o in o s

o o s o o in in
v

o in o s

I L f V V V VI
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L V V f

⎧ + −
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                      (5.1) 

 

 

Fig.5.3 Power Stage of Boost Converter 

 

Similar to a Buck converter, we can also classify the loss of the Boost converter into 

conduction loss and switching loss according the current obtained in (5.1). The loss 

breakdown of a single Boost converter is shown in Table 5.3 In order to see the variation 

trends of the losses with the output voltage, Fig.5.4 plots the curves of conduction loss and 

switching loss versus the output voltage. When the output voltage is increasing and the load 

current is regulated to be a constant, both of conduction loss and switching loss increase. 

However, switching loss increases much faster and becomes dominant at high output voltage. 
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Table 5.3 Loss breakdown of Boost Converter 

 

 

 

 Fig.5.4 Loss vs. Output Voltage (Boost Converter) 
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As a contrast, the multi-modes charge pump also needs to be analyzed in order to see the 

trend of losses versus the output voltage. Using the similar methodology shown in Chapter 4, 

the equations of charging and discharging current through flying capacitors can be derived. 

Based on the equations, the RMS, peak and valley value of charging and discharging current 

are calculated, which are denoted as ICh_RMS, ICh_p, ICh_v, IDis_RMS, IDis_p and IDis_v respectively. 

Table 5.4 shows the loss breakdown of a 3x mode charge pump. For a fair comparison, 

assume the charge pump and Boost converter are outputting the same power. The calculated 

switching loss and conduction loss versus output voltage are plotted in Fig.5.5. It can be seen 

that the dominant loss in the charge pump is conduction loss and does not change with output 

voltage since the LED current is regulated instead of the output voltage. The switching loss is 

increasing, but much slower than that in a Boost converter.  

 

Table 5.4 Loss breakdown of 3x mode Charge Pump 

 

Loss Category 3x Charge Pump 

Conduction Loss On-Resistance 2 2
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Fig.5.5. Loss vs. Output Voltage (3x Mode Charge Pump) 

 

Due to different characteristics of a Boost converter and charge pump, the cascading 

solution can benefit the overall efficiency. It utilizes the low-switching loss feature of the 

charge pump and minimizes the conduction loss by moving it at the low current side. It 

reduces the switching loss of the Boost converter by moving it to the low voltage side. 

Besides, same current rating but lower voltage rating device can be used by the Boost 

converter to further reduce the switching loss and conduction loss. A Boost converter paired 

with a charge pump having small transistors with a lower current rating can be implemented. 

Fig.5.6 shows the comparisons of efficiency among different combinations of multi-modes 

charge pump and Boost converter when driving a LEDs string from a minimum battery 
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voltage. It can be seen that Boost converter with 3x mode charge pump has the highest 

efficiency at high output voltage while Boost converter with 2x mode charge pump is the best 

for medium output voltage. Boost converter with 1x mode charge pump has a comparable 

efficiency to single Boost converter at low output voltage. By adjusting the modes of charge 

pump according to the output voltage requirement, a best efficiency curve can be achieved 

when driving different numbers of LEDs, as shown in the gray line. Compared with single 

Boost converter, the maximum efficiency improvement is 10% at 40V output (10-11 LEDs). 

 

 

Fig.5.6. Efficiency vs. Output voltage @Vin=2.7V, Io=125mA. 
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                Fig.5.7. Minimum Inductance vs. Vo @Vin=2.7V, Io=125mA 

 

On the other hand, the inductor value can be reduced to achieve the same ripple 

requirement by cascading a multi-modes charge pump with a Boost converter. For a given 

input voltage, the inductor ripple current is decided by the duty cycle and inductor value. 

From Fig.5.2, the required duty cycle of a Boost converter cascading with a multi-modes 

charge pump is less than that of a single Boost converter, thus the minimum inductance can 

be reduced. Fig.5.7 shows that the minimum inductance is reduced by 15% due to the 

existence of the charge pump. With reduced duty cycle and inductance, the transient response 

will also be benefited by the two-stage cascaded solution.  
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5.4. Experiment Verifications 

 

To verify the performance of proposed solution, a prototype is built to generate up to 40V 

from a single lithium battery voltage (2.7-5.5V), as shown in Fig.5.8. The circuit parameters 

are shown in Table 5.5. A string of twelve white power LEDs will be the load of designed 

high gain step-up converter. Each LED has a typical 3.6V forward voltage and 120mA DC 

forward current. An efficiency comparison between a single high-voltage (60V) Boost 

converter and a low-voltage (30V) Boost converter cascaded with multi-modes charge pump 

are performed.  

Fig.5.9 shows the node voltages in designed cascaded converter. It can be seen that the 

output voltage reaches 30V while the input voltage is 3.5V. The multi-modes charge pump 

operates at 3x mode. Fig.5.9 (a) shows the node voltages of flying capacitor Cf1 while 

Fig.5.9 (b) shows node voltages of flying capacitor Cf2. Fig.5.9 (c) shows measured PWM 

signals in the Boost converter and the Charge Pump. The Boost converter operates at 1MHz 

with 70.49% duty cycle while the Charge Pump operates at 500 kHz with 50% duty cycle. 

For generating an output voltage above 20V from a 2.7V input, the duty cycle of a single 

Boost converter needs to always stay above 90%. The duty cycle is 96% when the output 

voltage is 38V. The duty cycle of designed cascaded converter is much better, which always 

below 90%. The duty cycle is only 84% when the output voltage is 39V. The tested duty 

cycle variation with output voltage is shown in Fig.5.10.  

Fig.5.11 shows the efficiency variation with the output voltage for a single Boost converter 

and a Boost converter cascaded with a multi-modes charge pump. The efficiency of a single 
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(a) High Gain Boost LED Driver                     (b) White LED String 

Fig.5.8. Designed High Voltage Gain Transformerless LED driver. 

 

Table 5.5 Primary Parameters of Circuit under Test 

 

Boost converter drops when driving more than 4 LEDs and is only 72.5% when generating a 

38V driving voltage. Using a multi-mode charge pump, the efficiency can be improved by 

increasing the conversion mode when the number of LEDs increases. It can be seen that the 

efficiency curve is almost flat when the generated driving voltage is from 20V to 40V. 

Therefore, significant improvement can be achieved when driving more than 7 LEDs. The 

Charge Pump Based Boost Converter Single Boost Converter 

 MOSFETs fs Cf/Lo Co MOSFET fs Lo Co 

Charge 
Pump 

IRLML2060 
(60V, 1A) 500kHz 1μF 2.2uF

Si3458BDV
(60V/3.6A) 1MHz  10μH 2.2uF

Boost Si2306BDS 
(30V/3.5A) 1MHz 10μH 2.2uF

 

 

Charge Pump 

Boost Converter 
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efficiency is 83% when driving 11 LEDs, which is 10.5% improvement comparing with the 

single Boost converter. One drawback is that the mode transition between 1x and 2x mode 

happens around 17V since the Boost stage using 30V device, so the efficiency is lower than 

the single Boost converter around that point. 

 

 

CH1: Vin (5V/div); CH2: VCf1+ (10V/div); CH3: VCf1- (10V/div); CH4: Vo (15V/div) 

(a) Node Voltages of Flying Capacitor Cf1 

 

 

CH1: Vin (5V/div); CH2: VCf2+ (10V/div); CH3: VCf2- (10V/div); CH4: Vo (15V/div) 

(b) Node Voltages of Flying Capacitor Cf2 

 

t (500ns/div) 

t (500ns/div) 
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CH1: Vin (5V/div); CH2: VPWM_CP (5V/div); CH3: VPWM_BOOST (5V/div); CH4: Vo (15V/div) 

(c) PWM Signals of Boost Converter and Charge Pump Converter 

Fig.5.9. Node Voltages in Designed Boost LED Driver (Vin=3.5V, Vo=30V, Iout=120mA) 

 

 

  

Fig.5.10. Duty Cycle vs. Output Voltage (Vin=2.7V, Iout=120mA) 

 

t (500ns/div) 
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Fig.5.11. Efficiency Comparison between two High Voltage Gain LED Drivers. 

(Vin=2.7V, Iout=120mA) 

 

 

5.5. Summary 

A high voltage gain step-up DC-DC converter is proposed for LED backlighting 

applications. A multi-modes step-up charge-pump is cascaded with a Boost converter to 

achieve a high voltage gain. The charge-pump is unregulated and can switches between 1x, 

2x, and 3x modes according to the output requirement. The LED current is regulated by the 

Boost converter. The charge pump is located at the low current side therefore can have very 

high efficiency. The Boost converter is moved to the low voltage side and operates at a lower 
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duty cycle comparing with the single stage solution, thus the efficiency is improved. Without 

using transformers, the proposed solution can achieve high voltage gain as well as high 

overall efficiency. Theoretical efficiency derivations and experiment results have been given 

to verify the proposed solution. 
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Chapter 6. Conclusions and Future Work 

 

 

6.1. Conclusions 

 

In low power portable applications, charge pump regulators are considered as an ideal 

solution for their compact sizes and low cost. However, traditional charge pumps are not very 

efficient for battery powered applications because of the wide input voltage variation and 

output voltage regulation. In addition, the power rating of charge pump is very limited due to 

its huge conduction loss at high output current. 

 

For automotive system, telecommunication systems and industry applications, the input 

voltage varies much wider than in portable applications. A power supply that can operate 

under a very wide input voltage range is a must for these applications. The most popular 

non-isolated topology of wide input DC-DC converter, Buck regulator, usually shows a low 

efficiency at high input voltage. In addition, high input-to-output step-down ratio creates 

significant challenges for the PWM controller design due to extremely narrow PWM pulses.  

 

Similarly, converters that are required to generate a wide output voltage range also have 

the issues of low efficiency and extreme duty cycle at high output voltage, such as the LED 
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driver which drives a long LED string. A Boost converter is the preferred solution to drive 

LEDs in series in order to avoid current mismatch between different LEDs. However, it has 

difficulty in generating a very high voltage gain and the efficiency is also degraded at high 

output voltage. 

 

It is the purpose of this work to develop high efficiency charge pump based DC-DC 

converters with wide input and output range.  

   

The contributions of this work include: 

1) Proposed a multi-modes regulated charge pump with improved efficiency over wide 

input and load range for portable applications. By alternating the switch network, it can 

realize 2x, 1.5x, and 1.33x conversion modes over a wide input range (2.7-4.5V). During 

each mode, the output voltage is regulated by a controlled current source. The regulated 

charge pump is designed for a very wide load range (10mA to 500mA). 

A hybrid control scheme is proposed and analyzed to achieve a high efficiency over a wide 

load range. When the load current decreases to light load condition, device segmentation 

control is used; when the load current further decreases, pulse skipping modulation is used in 

addition to device segmentation. By using proposed hybrid control scheme, the gate driver 

and switching loss at light load can be greatly reduced, and improves the light load 

efficiency.  

Due to the hybrid control scheme, the small signal model and stability analysis for the 

multi-modes charge pump are derived to provide a reference for compensator and ensure the 
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stability over wide input range and load range. 

 

2) Proposed the structure of charge-pump based Buck converter for wide input range 

applications. The first stage is a multi-modes charge-pump and the second stage is a 

synchronous buck converter. The charge-pump is unregulated and adaptively switches 

between 1x, 0.5x, and 0.33x modes according to input voltage. It does the rough voltage 

conversion while buck converter does the fine voltage regulation.  

Theoretical efficiency analysis and comparisons between multi-modes charge-pump and 

synchronous Buck are given. As they exhibit different efficiency tendencies within the same 

input range, it is proved that the total efficiency is improved by combining them, especially at 

high input voltage. 

Evaluate the control benefits of multi-modes charge pump based Buck converter with wide 

input range. The small signal model of charge pump-based Buck converter at voltage and 

current mode are derived. The gain, bandwidth, and phase margin are improved compared 

with that of single Buck converter. The output filter size can also be reduced. 

 

3) Proposed a high gain transformerless converter for LED backlight applications by 

extending the concept of the charge-pump based Buck converters.  

 

As a conclusion, charge pump based DC-DC converter is a good solution for wide 

input/output range applications. A Multi-modes charge pump can be used solely for portable 

applications and achieve a performance comparable with inductor-based converters. 
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Meanwhile, by combining with inductor-based PWM DC-DC converters, it also provides a 

possible solution for applications having a wide conversion ratio to improve the overall 

performance. 

 

 

6.2. Future Work 

 

Charge pump itself has poor regulation ability, but can have some advantages when 

combined with PWM DC-DC converters. More future work can be done towards this 

direction. 

 

1) In specific applications that require both step-up and step-down functions and have a 

very wide conversion gain range, a multi-modes charge pump can also be combined with 

Buck-Boost converter for efficiency optimization. 

 

2) The structures of step-up multi-modes charge pump and step-down multi-modes charge 

pump are symmetrical. Similarly, the structures of Buck converter and Boost converter are 

symmetrical as well. Therefore, the multi-modes charge pump based DC-DC converter can 

also be considered a possible solution for bidirectional converters that require a very wide 

conversion ratio. 
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