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Abstract

Multiple voltage conversion ratio (VCR) recursive switched-capacitor (SC) DC-DC

converters, based on a number of basic 2:1 converters, are widely used for on-chip power

supplies due to their flexible VCRs for higher energy efficiency. However, conventional

multi-VCR SC converters usually have one or more 2:1 converters unused for some

VCRs, which results in lower power density and chip area wastage. This paper presents

a new recursive DC-DC converter system, which is able to dynamically reconfigure the

connection of all on-chip 2:1 converter cells so that the unused converters in conventional

designs can be re-used in this new architecture for increasing the load-driving capacity,

power density and power efficiency.

To validate the design, a 4-bit-input 15-ratio system was designed and fabricated in a

180-nm BCD process, which can support a maximum load current of 0.71mA and achieve

a peak power efficiency of 93.1% with 105.3µA/mm2 chip power density from a 2V input

power supply. The measurement results show that the load-driving capacity can become

6.826×, 2.236× and 2.175× larger than the conventional topology when the VCR is 1/2,

1/4 and 3/4, respectively. In addition, the power efficiency under these specific VCRs can

also be improved considerably.
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1 Introduction

Figure 1: DC-DC

In recent society, electrical devices have become an indispensable part of people’s daily

life. All electrical devices need DC power supply to work. The usual mains power is

220V AC which cannot be used directly for devices. AC/DC converters are usually used

to convert it into a high voltage DC power supply (E.g. 24V), but this DC voltage still

cannot be used for electrical devices because it will exceed the safety voltage limitation of

electrical appliances and break them down. At this time, a DC/DC converter is necessarily

to be used to convert the high DC voltage into a low DC voltage (E.g. 1.8V), which is

suitable for electrical devices’ work.

1.1 DC-DC converter

DC/DC converter is a voltage converter that converts an input voltage and efficiently

outputs a fixed voltage. DC/DC converters are divided into three categories: step-up

DC/DC converters, step-down DC/DC converters, and buck-boost DC/DC converters.

Commonly used types of DC-DC converter are low-dropout regulator, inductor-based

buck/boost converter and switched-capacitor converter, which will be introduced sepa-

rately as below.

1.1.1 Low-dropout regulator (LDO regulator)

A low-dropout regulator (LDO regulator) is a DC linear voltage regulator (Which can

only be used in step-down applications) that can regulate the output voltage even when the

supply voltage is very close to the output voltage. Its main components are a controllable
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Figure 2: Low-dropout regulator (LDO regulator)

power MOSFET and a differential amplifier (error amplifier). One input of the differential

amplifier monitors the fraction of the output Vout determined by the resistor ratio of R1

and R2. The second input to the differential amplifier is from a stable voltage reference

Vre f (bandgap reference). The working principle is: The sampled output Vout will be

compared with the reference voltage Vre f in the error amplifier, the difference between

these two voltages is amplified to control the voltage drop VDS of the power MOSFET,

thereby stabilizing the output voltage. When the output voltage Vout decreases, and the

difference between the reference voltage Vre f and the sampling voltage Vout increases,

the drive current output by the error amplifier increases, and the voltage drop VDS of the

power MOSFET decreases, thereby increasing the output voltage, vice versa. The output

voltage will be finally stabilized as a constant value determined as Eq.(1).

Vout = (1+
R1

R2
)Vre f (1)

The energy efficiency of LDO can be calculated as η = Vout/Vin, it can be found that

when the voltage difference between Vin and Vout is large, the energy efficiency will be

very low, which is unacceptable in the power converter system.
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1.1.2 Inductor-based Buck/Boost DC-DC converter

In order to achieve high efficiency power conversion, a popular energy storage element-

inductor is used in DC-DC converter design, that is, an inductor-based buck/boost con-

verter. This part will only introduce the principle of a buck converter working in continu-

ous mode as shown in Fig.3.

Figure 3: Buck converter

Buck converters operate in continuous mode if the current through the inductor IL never

falls to zero during a whole period T . When the switch is closed (On-state), the voltage

across the inductor is VL =Vin−Vout . The current through the inductor IL rises linearly (in

approximation, so long as the voltage drop is almost constant). As the diode is reverse-

biased now, no current flows through it; When the switch is opened (Off-state), the diode

is forward-biased. The voltage across the inductor is VL =−Vout (neglecting diode drop).

Current IL decreases. The energy stored in inductor L is EL = 0.5LI2
L . It can be seen

that the energy stored in inductor L increases during on-time as IL increases and then
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decreases during the off-state. L is used to transfer energy from the input to the output

of the converter. In the steady state, the energy stored in the inductor L at the end of a

operation period T is equal to that at the beginning of the period. That means the current

IL(0) = IL(T ). Based on this, the output voltage can be determined as Eq.(3):

Vout = DVin (2)

Where D is the duty cycle of the period (On-state time Ton = DT , Off-state time To f f =

(1−D)T ).

The inductor-based buck converter can achieve over 90% energy efficiency and drive

a very large load current, which is preferred over a long time in DC-DC converter de-

sign. However, with the development of integrated circuits, people’s requirements for the

miniaturization of electronic equipment are increasing day by day, and fully integrated

power conversion systems have been favored by designers because of their smaller area,

lower IR drops and Ldi/dt drops in the package. In this case, the performance exhibited

by the inductor in fully on-chip integration is not satisfactory due to: 1) On-chip induc-

tive converters require high-Q inductor for good efficiency, necessitating special masks

and increasing manufacturing costs [5]. 2) Integrating the inductor will introduce large

inductor’s parasitic resistance, parasitic capacitance between the inductor and the silicon

substrate, and also the skin effect in the windings [6], [7], [2]. 3) Since inductor-based

converter requires complex control systems, when supplying low power loads, the load

power scaling is challenging, which limits the power efficiency.

1.1.3 Switched-capacitor DC-DC converter

Capacitor, as another energy storage element, is introduced to the fully integrated DC-

DC converter design to overcome the disadvantage of inductor integration. The working

principle of the most widely used topology 2:1 Dickson step-down SC converter will be

explained briefly here.

Switched-capacitor DC-DC converter usually works in 2 interleaved phases: charging

phase φ1 and discharging φ2. With the 50% duty cycle operation shown in Fig.4, during
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Figure 4: Dickson 2:1 step-down converter [1].

the charging phase φ1, the flying capacitor C f ly is connected between the input Vin and

the output Vout (VC f ly = Vin −Vout). The charge drawn from Vin will charge this capacitor

up and flow to the output. In the discharging phase φ2, C f ly is connected between output

Vout and ground VSS (VC f ly +VSS = Vout), and thus the charge previously stored on the

flying capacitor is transferred to the output. The overall output voltage will be Vout =

0.5Vin, realizing the 2:1 voltage step-down function. (The detailed analysis of the 2:1 SC

converter will be given in the section.3.1.1)

Capacitor-based DC-DC converter has shown better performance (low parasitic factors

and easy power scaling) and it has been proved that this kind of DC-DC converters are

able to achieve better power conversion efficiencies (almost 100% ideally) than inductive

converters in fully integrated design [8], [9]. Hence, switched-capacitor (SC) power con-

verters have successfully emerged as the best candidate to become the next generation of

fully integrated on-chip power converter.

However, traditional SC converter topologies (with fixed voltage conversion ratio) are

only efficient at discrete ratios of input to output voltages which will constrict efficient

dynamic voltage scaling (DVS) to a small voltage range [10]. For example, in the SoC

system shown in Fig.5, many modules require different supply voltages. If only a fixed

voltage conversion ratio SC converter (E.g. VCR=5/2, the output voltage is 1.32V) is

used to power all modules, only the MEM-2 module (1.2V) has the best conversion effi-

ciency, and the efficiency of MEM-1 and Processor will decrease dramatically. To opti-

mize the overall efficiency of the power management system, several converters with dif-

ferent VCRs need to be used in this situation, resulting in design complexity and control
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Figure 5: SoC power management [2].

logic complexity. Also, in a real case, the battery will degrade slowly, with a fixed-VCR

converter, the output voltage might not be able to reach the required voltage after a pe-

riod of time. So designing a circuit that can offer multiple voltage conversion ratios is

necessary.

One way to realize that is by combining traditional fixed-VCR topologies into one

circuit (E.g. Combining 4:1 topology and 3:1 topology to offer 2 VCRs by sharing flying

capacitors and power switches). However, this will result in increased system complexity,

power consumption, and extra switching elements [5]. In recent years, some pioneering

multi-VCR topologies based on multiple cascaded 2:1 converters have been invented.

These types of multi-VCR topology have a simple circuit structure and could provide high

efficiency over a wide output voltage range, with a very high output voltage resolution. 2

constructive designs will be introduced in the next section ”state of the art”.

1.2 State of the art of Multi-VCR designs

1.2.1 Successive approximation SC converter

In 2013, Suyoung Bang in [4] proposed a Successive approximation (SAR) SC DC-

DC converter that allows for fine output voltage control to enable effective load and line

regulation in ultra-low power applications. Fig.6 explains the conceptual operation of
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Figure 6: Successive approximation SC [3].

this converter. The central idea is to cascade multiple 2:1 SC stages using configuration

switches to obtain a fine-grain output voltage (Vout). Each SC stage takes two inputs

(Vhigh, Vlow) and produces an output Vmid = (Vhigh +Vlow)/2. The (Vhigh, Vlow) inputs of a

stage are connected through configuration switches to either (Vhigh, Vmid) or (Vmid , Vlow)

of the previous stage. And the voltage conversion ratio Vout/Vin under no load could be

determined as Eq.(3) below:

Vout

Vin
=

A+1
2N (3)

Where A is a N-bit binary control signal and A = {a1,a2, ...,aN}.

In a 3-stage SAR example with VCR=5/8, the battery voltage VDD = 2V is converted

to Vout =VDD(1002 +1)/23 = 1.25V with configuration control A = {a1,a2,a3}= 1002.

a1 = 1 means the mid-voltage of the first 2:1 stage Vmid,1 is connected to the low-voltage

of the second 2:1 stage Vlow,2, Vlow,2 =Vmid,1 = (VDD+VSS)/2 = 1V, and the high-voltage

of the second stage Vhigh,2 is connected to the battery voltage, Vhigh,2 =VDD = 2V. So now

the mid-voltage of the second 2:1 stage becomes to Vmid,2 = (Vhigh,2 +Vlow,2)/2 = 1.5V.

For a2 = 0, the mid-voltage of the second 2:1 stage Vmid,2 is connected to the high-voltage

of the third 2:1 stage Vhigh,3, Vhigh,3 =Vmid,2 = 1.5V, and the low-voltage of the third stage

Vlow,3 is now connected to low-voltage of the second 2:1 stage Vlow,2, Vlow,3 = Vlow,2 =

Vmid,1 = 1V. So now the mid-voltage of the third stage is Vmid,3 = (Vhigh,3 +Vlow,3)/2 =
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1.25V. In this case, the third stage is the last stage, so a3 = aN = 0 means the output node

is connected to the mid-voltage of the third stage, then Vout =Vmid,3 = 1.25V. Similarly,

when VCR=6/8, the battery voltage VDD = 2V can also be converted to Vout =VDD(1012+

1)/23 = 1.5V with configuration control A = {a1,a2,a3} = 1012, therefore providing a

250mV output voltage step (no load condition).

Hence, the key benefit of the successive approximation (SAR) SC converter is generat-

ing (2N − 1) voltage conversion ratios through one simple circuit structure and having a

very fine Vout resolution over a wide output voltage range while maintaining similar effi-

ciency (65%-70%) [3]. The output voltage resolution is VDD/2N . (N is the cascaded 2:1

stage number). However, the SAR SC converter will suffer from the cascaded losses due

to the linear cascading of stages, limiting overall power efficiency.

1.2.2 Recursive SC converter

Figure 7: Recursive SC [4]

To improve the cascaded losses, in 2014 Loai G. Salem of [4] introduced a recursive

switched capacitor (RSC) DC-DC converter topology that achieves high efficiency across

a wide output voltage range by also providing (2N − 1) conversion ratios using N 2:1

SC cells with minimal hardware overhead as shown in Fig.7. In this binary recursive SC

converter, each 2:1 SC converter stage receives one input from the previous stage’s output,

and the other from a power supply rail, either VDD or VSS (The most important difference

between this design and the SAR SC converter). Since each 2:1 converter has 1/2 voltage
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gain from input to output, changing supply voltage at a stage far away from the output

has an exponentially smaller impact than ones near the output, resulting in binary ratio

tuning [11]. The VCR can be obtained as Eq.(4).

Vout

Vin
=

A
2N (4)

Where A is also a N-bit binary control signal but the order of the bit is now inversed as

A = {aN , ...,a2,a1} here.

Also taking a 3-stage RSC example with VCR=5/8, the battery voltage keeps the same

as VDD = 2V. It will be converted to an output voltage Vout =VDD(1012)/23 = 1.25V with

configuration control A = {a3,a2,a1}= 1012. Compared with the SAR SC converter, the

control of this RSC topology is much more simple. When the control signal a1 = 1, the

input voltage of the first 2:1 stage Vin,1 will be selected as VDD in the MUX, so the output

voltage of the first stage will be V1 = (Vin,1 +VSS)/2 = 1V. For a2 = 0, the input of

the second 2:1 stage Vin,2 will be selected as ground VSS, then the output of the second

voltage is V2 = (Vin,2 +V1)/2 = 0.5V. The third 2:1 stage is the last stage, a3 = aN = 1

means the input voltage Vin,3 is VDD now, therefore the output voltage becomes Vout =

V3 = (Vin,3 +V2)/2 = 1.25V, realizing the 5/8 voltage conversion ratio.

When evaluating the efficiency performance of the converter system, the charge flowing

through each flying capacitor needs to be known. Here taking a 4-stage SAR and RSC

SC converter with VCR=11/16 as an example to analyze the charge distribution in each

2:1 converter stage.

In Fig.8(a) the SAR SC converter, the last stage converter 4’s flying capacitor C f ly,4

loads half of the output charge qout/2 on the third stage converter 3’s output, therefore

C f ly,3 will load qout/4. Then the charge loaded on the output of the second stage will be

the sum of C f ly,4 and C f ly,3, so C f ly,2 will load 3qout/8. Similarly, the first stage C f ly,1 will

load 5qout/16.

In contrast, the RSC converter employs the configuration shown in Fig.8(b), where

the one input voltage of these 4 2:1 converter stages is directly connected to the battery

voltage VDD or the ground VSS. Therefore, the charge distribution is fixed in this topology,

the loaded charge on C f ly,1 to C f ly,4 will be qout/16, qout/8, qout/4 and qout/2,respectively.
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Figure 8: Charge distribution in 4-stage (a) SAR and (b) RSC SC converter

For the N-stage RSC converter, each flying capacitor C f ly,i in each stage is loaded with

a charge qi that is divided by a binary weight of the total output charge, qout , such that

qi = qout/2N , where i is the stage order in the cascaded system.

The important intrinsic power loss that will significantly affect the power efficiency is

due to the charge sharing loss of all flying capacitors, which is proportional to the charge

flowing through that capacitor. According to the analysis of charge distribution before, by

maximizing the number of connections to the power supply VDD and VSS, the RSC topol-

ogy minimizes the total charge (much smaller than that of SAR SC converter) transferred

through the flying capacitors, and thus minimizes the cascaded losses, resulting in an 85%

peak efficiency and greater than 70% power efficiency over a wide output voltage range.
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1.3 Research Questions

The aforementioned Multi-VCR topologies can be employed in the modern System-on-

Chips (SoC) and Internet-of-Things (IoT) devices to solve multi-power supply require-

ments and the battery degradation problem, then extend the battery lifetime. However,

these 2 multi-VCR converter topologies based on 2:1 converter all share a common prob-

lem: in some specific voltage conversion ratios, the 2:1 converter cells in the circuit are

not fully utilized. As a result, load-driving ability, power density, and power efficiency are

limited. Taking the recursive SC converter topology and the commonly used VCR=1/2

condition as an example, only the N-th converter cell operates whereas the remaining

(N − 1) converters are not in use. To address this problem, this paper proposes a novel

topology to make full use of every on-chip 2:1 converter in different VCRs. The con-

nection of all on-chip 2:1 converters can be dynamically reconfigured, which means the

unused converters in conventional RSC designs can be re-used and no converter cell is

wasted. The proposed converter has been designed and fabricated in a 180-nm BCD pro-

cess. The measurement results show the dramatically increased load-driving capability

and improved power conversion efficiency under certain VCRs.
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1.4 Thesis Outline

This article is organized as follows:

Chapter 2 gives the operation principle of the proposed system, the energy loss mech-

anism and the power transfer efficiency.

Chapter 3 aims to gradually present the detailed implementation of building blocks

and highlights the theoretical analysis results of single 2:1 converter and the total RSC

converter system.

Chapter 4 provides the measurement results for the implemented design with emphasis

on the energy efficiency and load-driving capacity. Also the performance of this design

compared with state of the art multi-VCR SC converters is also presented in this section.

Chapter 5 illustrates the conclusions and gives some valuable ideas of this design to

get further improved in the future.
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2 Proposed Topology

2.1 Operation Principle

Table 1: Reconfigurable VCR number of different cascaded stages

Cascaded VCR Reconfigurable

Number (N) number VCR Number

1 1 0

2 3 1

3 7 1

4 15 3

... ... ...

N 2N −1 2int(N/2)−1

* int means round down.

This proposed topology aims to reconfigure the cascaded recursive converter topology

into a paralleled converter circuit to make full use of every single 2:1 converter stage. That

means the more cascaded converter stages there are, the more VCR can be dynamically

reconfigured. The relationship between the cascaded stage number and the reconfigurable

VCR number is presented in Table 1. For N cascaded stages, the reconfigurable VCR

number could be generalized as Eq.(5) shown below.

RV N = 2int(N/2)−1 (5)

Taken a four-stage cascaded recursive SC converter as an example, according to Table

1, three VCRs can be dynamically reconfigured, which are VCR=1/2, 1/4 and 3/ 4 respec-

tively. In these 3 specific VCRs in conventional RSC converters, only the last one stage
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Figure 9: Reconfigurable VCR numbers

(VCR=1/2) or the last two stages (VCR=1/4 or 3/4) will be used, whereas the other con-

verter cells are idle. Fig.10 shows the reconfiguration process of the proposed system at

these three VCRs, with the unused converter cells colored in gray. When VCR=1/2, this

proposed converter will reconfigure the 4-stage-series-connected converter system into a

4-stage-parallel-connected converter system, so that the previously unused converters can

be fully used and the load-driving capacity will therefore be enhanced by at least 4 times.

Similarly, when VCR=1/4 or 3/4, the topology will also switch the series-connected sys-

tem into a new parallel-connected system and the load-driving capacity can be increased

by at least 2 times. However, the real enhancement factor calculation is much more com-

plicated. Because the unused converters affect the effective output impedance although

they are not outputting any power. Theoretically, if the unused converters are connected in

parallel for VCR=1/4, 1/2 and 3/4 cases, the load-driving capacity should be enhanced by

2.125×, 5.3125× and 2.125×, respectively. The detailed analysis will be given in section

3.2.

In order to validate the proposed design, a 4-bit 15-VCR converter system consisting
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Figure 10: Proposed dynamic reconfiguration scheme for (a) VCR = 1/2 and (b) VCR =

1/4 or 3/4.

of four 2:1 converter cells is designed. The top-level system architecture is shown in

Fig.11. The proposed system contains five main blocks: a 4-level series 2:1 converter

system, a converter mode control block (VCR reconfiguration), a circuit reconfiguration

control block, an output switch control block and a CLK control block. The voltage con-

version ratio of the system is controlled by an external 4-bit binary global input signal

{aL4,aL3,aL2,aL1}. In these cases, the circuit reconfiguration control block produces a

MUX control signal {SW3,SW2,SW1}, to make the unused converter cells forming new

sub-modules. Then the converter mode control block generates a new VCR control signal
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Figure 11: Proposed system architecture.

{a4,a3,a2,a1} to control the conversion ratio of the new sub-modules. These processes

could guarantee all sub-modules to have the same desired VCRs, so that they can be re-

configured in parallel. The outputs of all 2:1 converters are connected to the total output

Vout through a 3-bit controllable selecting signal {SWout3,SWout2,SWout1}, so as to in-

crease the total output current at specific VCRs, thus improving the system’s load-driving

capacity.

2.2 Power Loss

The main components of the SC converter design are capacitors and power switches.

Both of them suffer from non-idealities that cause loss of energy during the normal CLK

operation. In this design, the total power loss Ploss consists of the switching loss PSwitching,

the conduction loss PConduction and the power consumption of the CLK generation block

PCLK , respectively.

2.2.1 Switching Loss

This section investigates the switching loss Pswitching, the dominating part of whole
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power loss. The main contribution of the switching loss are parasitic capacitor charge

sharing loss Pbot−cap and gate-driving loss Pdriver.

PSwitching = Pbott,cap +Pdriver (6)

Figure 12: Parasitic Capacitance.

In the fully integrated circuit design, the flying capacitors suffer from parasitic ca-

pacitors from their terminals to ground. The most widely used capacitor type-MIM

(Metal-Insulator-Metal) capacitor creates parasitic capacitors Ctop−plate and Cbottom−plate

between each metal layer away from the substrate, colored in red and blue respectively in

Fig.12 [12]. During the whole operation, the voltage change of Vtop−plate and Vbottom−plate

are presented in Fig.12. Power loss happens when charging and discharging these two

parasitic capacitors. In the steady-state, the top plate capacitor Ctop−plate and the bottom

plate capacitor Cbottom−plate will experience approximately equal voltage swings which

means ∆V = ∆V1 = ∆V2. Therefore, it’s reasonable to group both losses caused by these
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two parasitic capacitors into one parasitic capacitor switching loss Pbot−cap [1], which is

given by:

Pbot−cap = Mbot fsCbot∆V 2 (7)

Where Mbot is a constant determined by the RSC cascade stage number (Mbot = N

for a N-stage RSC system) and the general capacitance Cbot =Ctop−plate +Cbottom−plate.

Because normally in MIM capacitor, the bottom plate parasitic capacitor Cbottom−plate are

much bigger than the top plate parasitic capacitor Ctop−plate, so this part of switching loss

is also called the bottom-plate loss.

Another part of the switching loss comes from the gate driver. Under certain circum-

stances, the SC converter design might requires large power switches to optimize the

characteristic of the output impedance. The CLK generated from the oscillator might not

drive the power switches directly. Each power switch needs a tapered buffer to amplify

the CLK’s driving ability and each tapered buffer consumes huge power. The power loss

is also caused by the gate capacitor charging and discharging loss. For a single power

switch, the power loss can be determined as Eq.(8):

Pgate−cap = fs(CSW +Cbu f f er)V 2
SW (8)

Where Cbu f f er is the sum of the gate parasitic capacitance of each buffer stage, and

CSW is the gate parasitic capacitance of the power switch. Then VSW is the voltage swing

of these gate parasitic capacitance during the CLK operation which is simply equal to the

CLK voltage swing Vdd .

Pdriver = MdriverPgate−cap

= Mdriver fs(CSW +Cbu f f er)V 2
dd

(9)

Eq.(9) expresses the total power loss for amplifying the drive ability, which is the sum

of each pair of the power switch and its gate driver of the whole converter system. As-

suming all 4 power switches inside a 2:1 converter are identical, for a N-cascaded-stage

converter system in this topology, the Mdriver will be a constant 4N. And this part of

power loss is the most pivotal limitation of the system’s power efficiency.
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2.2.2 Conduction Loss

The conduction loss is also an important part of the total power loss. The total conduc-

tion loss PConduction contains intrinsic conduction loss PRout and extrinsic conduction loss

Pswitch.

PConduction = PRout +Pswitch (10)

PRout = I2
outRout = PC f ly +PRSW (11)

PC f ly and PRSW contributes to the intrinsic conduction loss PRout . They are caused by the

equivalent series resistance (RESR) of the flying capacitor, and the finite conductance of

the power switches respectively of one single 2:1 converter stage [1]. These two kinds of

loss are both set by the stage output current Iout , and can be modeled by the equivalent

output resistance Rout in Fig.14. The analysis will be specified in the ”output impedance”

part in the next section, since this part only focuses on the extrinsic conduction loss Pswitch

due to the reconfiguration MOSFET switches of the control blocks.

In this design, the reconfiguration function of the system is realized by multiple MOS-

FET switches operating in the linear region, named the reconfiguration switch here. Since

the gate control voltage of these switches do not change during operation, it is not neces-

sary to consider the dynamic power consumption. So the conduction loss of this part is

the sum of the static power consumption of each MOSFET switch in Eq.(12).

Pswitch =
Mswitch

∑
i=1

I2
i Ri = MswitchI2

ONRON (12)

Where Mswitch is a constant which is related to the system cascaded stage number N

and equal to (5N −2) in this design. Ri is the ON-state resistance of the reconfiguration

switch and Ii is the current flowing through Ri. If assuming the reconfiguration switches

have the same characteristic, the equation can be further simplified.

RON =
LON

µCoxWON(VGS −Vth)
(13)
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The ON-state resistance of the i-th reconfiguration switch working in linear region can

be expressed as Eq.(13). In this expression, the gate-oxide capacitance density Cox, carrier

mobility µ and the threshold voltage Vth are determined by the process and always keep

fixed which means the ON-state resistance is proportional to the length and inversely

proportional to the width. Therefore, it is only necessary to ensure that the minimum

length LON = Lmin of the process is selected, and then increasing the width WON as large

as possible can minimize the on-resistance. But this is a trade-off with chip area, larger

area also introduces more parasitic capacitance and parasitic resistance, which has an

impact on system performance.

In order for the converter to achieve the highest overall efficiency at a given power

density, we must minimize the total loss, which is set by the combination of the previously

discussed loss components:

Ploss = (Pbot−cap +Pdriver)+(PRout +Pswitch)

= (N fsCbot∆V 2 +4N fs(CSW +Cbu f f er)V 2
dd)

+(
N

∑
i=1

1
4 fsC f ly,i

I2
out,i +

1
2

N

∑
i=1

4

∑
j=1

I2
out,iRSW,i j

+(5N −2)I2
ONRON)

(14)
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2.3 Power Efficiency

With previous analysis, it can be found that the power loss is related to the component

property, the parasitic effect and the CLK switching frequency. Once the components,

devices and setup are chosen, the total power loss would approximately keep as a constant.

The general expression of the power efficiency is shown below as Eq.(15):

e f f =
Pout

Pin +Ploss
(15)

In this topology, the input power Pin is equal to the output power Pout in theory. After

reconfiguring the converter system, the input power Pin and the output power Pout would

be increased by the same factor, which is dependent on VCR; but the power loss Ploss

doesn’t change too much as long as fs is not changed. That indicates the power loss

would have relatively lower impairment to Eq.(15), which means the power efficiency

can be improved through the reconfiguration method in this design.
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3 Circuit Implementation and Analysis

3.1 2:1 SC Converter

3.1.1 Concept of the 2:1 SC Converter

In this subsection, the 2 : 1 switched-capacitor power converter unit is depicted in

Fig.13 which consists of a flying capacitor C f ly and four power switches with ON-state

resistances Ron. The output consists of a decoupling capacitor Cload in parallel with the

load resistor Rload [13]. Typically, the switched-capacitor dc-dc converter operates in 2

phases with 50% duty cycle (Could be slightly less than 50%, but the duty cycle of 2

phases should keep the same), and the flying capacitor is switched between the charging

phase 1 and the discharging phase 2 [1].

Figure 13: One 2:1 converter cell.

During the charging phase 1 shown as the red line in Fig.13, the flying capacitor is in

series between the input Vin1 and the output Vout (switches S1 and S4 are ON). The charge

from the input goes through C f ly to charges this capacitor up to VC = (Vin −Vout) and

flows to the output [13].
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Vin1 =VC +Vout (16)

During the discharging phase 2 shown as the blue line in Fig.13, the flying capacitor

is in series between another input Vin2 the output Vout (switches S2 and S3 are ON). The

charge stored on C f ly in the previous phase is now transferred to the output. The Vout

becomes the sum of the input Vin2 and capacitor voltage VC .

Vout =VC +Vin2 (17)

By combining Eq.(16) and Eq.(17), the output voltage Vout in steady state can be ob-

tained as below:

Vout =
1
2
(Vin1 +Vin2) (18)

Since the 2 inputs of converter cell do not maintain the polarity during operations in

this topology, transmission gates with NMOS and PMOS switches, as shown in Fig.13,

are employed in this design to handle the different voltage polarities across the switches.

3.1.2 The Average Model

Figure 14: Average Model

The equivalent circuit of an Switched-capacitor converter can be expressed by a cas-

cade connection of an ideal fixed-conversion-ratio stage with an internal resistance Rout

as shown in Fig.14. In Eq.(19), the fixed-conversion-ratio M is determined by the circuit
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configuration. It is equal to the input and output voltage ratio Vout /Vin at no load condition.

The Rout , namely the output impedance, directly reflects the efficiency of the converter,

incorporates both the conduction loss and the charge sharing loss, then determines the

characteristics of the SC converter [10], [14]. Therefore, it is important to obtain the

output impedance Rout analytically.

Vout = MVin −RoutIload (19)

3.1.3 Analysis of Output Impedance

As the switching frequency fs changes, the 2:1 converter will work in 2 asymptotic

operating regions: the fast switching limit (FSL) and the slow switching limit (SSL) [15],

[16]. By evaluating the dissipated power loss of these two operating regions when pro-

viding Iload ̸= 0, the equivalent output impedance Rout can be found. So it’s important to

analyse the charge distribution during the whole operation firstly.

Figure 15: (a) Charge Flow of Phase 1, (b) Charge Flow of Phase 2.

Due to the same phase time, the charge flowing to the output in phase 1 and phase 2

will be the same, which is equal to 0.5qout . The charge flowing through flying capacitor

C f ly and the load capacitor Cload is q1 and q2 respectively. In the charging phase 1 plotted

in Fig.15(a), the input Vin1 charges these two capacitors and also contributes some charge
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to the output. So the relationship is shown as Eq.(20).

qin = q1 =
1
2

qout +q2 (20)

Note that, in steady state, the charge flowing through each of the capacitors must be

of equal magnitude but opposite in both clock phase. That means in discharging phase

2 shown in Fig.15(b), both of these two capacitors in this topology C f ly and Cload will

contribute charge to the output. The relationship becomes as Eq.(21).

1
2

qin = q1 +q2 (21)

In this way the charge stored and released in the flying capcitor can be easily obtained

as Eq.(22).

q1 =
1
2

qout = qin (22)

Firstly considering the fast switching limit (FSL), which means the system is working

in a very high switching frequency fs which will make the phase time much smaller than

the time constant τ of this topology. In this mode, the flying capacitors only have a little

time to be charged and discharged which means the capacitors voltage can be modeled as

constant, so does the current. The circuit energy loss is related only to the conduction loss

when the charge flows through the ON-state resistance of the power switches [15].

φ1 = φ2 =
1
2

T =
1
2

1
fs
≪ τ (23)

τ = Re f fCe f f

= (R1 +R4)C f ly

or = (R2 +R3)C f ly

(24)

The energy consumption of each equivalent resistor can be represented as Eq.(25). In

this topology, during two switching phases the charge flows through these 4 ON-resistance

of 4 power switches is the same which is equal to q1 = 0.5qout , the total energy loss ET,FSL
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caused by the conduction loss is calculated as the sum of each resistor energy as Eq.( 26).

EFSL = I2
i RiTi = Ri

q2
i

Ti
(25)

ET,FSL =
n

∑
i=1

EFSL

=
4

∑
i=1

Ri
q2

i
Ti

=
q2

out
2T

(R1 +R2 +R3 +R4)

(26)

PRSW =
ET,FSL

T

=
q2

out
2T 2 (R1 +R2 +R3 +R4)

=
1
2
(R1 +R2 +R3 +R4)I2

out

= RFSLI2
out

(27)

The time period Ti is equal to half cycle and the relationship between charge and current

is qi = IiTi, then the equivalent output resistance of FSL mode can be obtained. If the ON-

state resistance of each power switch is the same which is equal to Ron, the expression

RFSL can be simplified further more as Eq.(28) and it’s obvious that it is independent of

switching frequency fs and flying capacitor C f ly.

RFSL = 1/2(R1 +R2 +R3 +R4) = 2Ron (28)

The slow switching limit (SSL) is just the opposite situation with fast switching limit

(FSL). In this mode, the phase time is much larger than time constant so that the capacitor

could have enough time to be charged and discharged. In steady state, the current flowing

through the capacitor will become to zero, the energy loss when charging and discharging

a capacitor is not related to ON-state resistance of the power switch Ron any more [15].

Assuming charging a capacitor from a initial voltage V0 to V1, the voltage expression of

the capacitor VC can be defined as Eq.( 29).

VC(t) =V0 +(V1 −V0)(1− e

−t
RESRC ) (29)
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I(t) =C
dVC(t)

dt
= (V1 −V0)

1
RESR

e

−t
RESRC (30)

Figure 16: Equivalent series resistance of the capacitor.

Practical capacitor used in electric circuits is not ideal component with only capac-

itance. However, they can be treated to a very good approximation, as being an ideal

capacitor in series with a resistance and this resistance is defined as the equivalent se-

ries resistance RESR [17]. The power loss Pcap during charging and discharging period

happens due to the conduction loss of the equivalent series resistance RESR which can be

calculated as Eq.(31) [18], [19].

PCap = I2(t)R = (V1 −V0)
2 1

RESR
e

−2t
RESRC (31)

ECap =
∫

∞

0
Pdt =

1
2

C(V1 −V0)
2 =

1
2

C∆V 2 (32)

As we explained before, the charge flowing through the capacitor in two phases will

be same magnitude but opposite direction. And the charge flowing through the capacitor

qi results in the voltage change of the capacitor ∆V as qi = Ci∆V . If substituting the

relationship equation between qi and ∆V to the expression of EC f ly , the energy loss during

a half-cycle EC f ly,φ can be simplified as Eq.(33).

ECap,φ =
q2

i
2Ci

(33)

At this time, the energy loss of each capacitor during 2 phases can be expressed as

Eq.(34). Because there is only one flying capacitor in this 2:1 converter topology, so the

total energy loss ET,SSL can be calculated as Eq.(35).
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ESSL = ECap,φ1 +ECap,φ2 =
q2

i
Ci

(34)

ET,SSL =
n

∑
i=1

ESSL =
1

∑
i=1

q2
i

Ci
=

q2
out

4C f ly
(35)

PC f ly =
ET,SSL

T
=

1
4 fsC f ly

I2
out = RSSLI2

out (36)

By using the same method, the equivalent output impedance of SSL mode can be calcu-

lated as RSSL in Eq.(37), which depends on the switching frequency fs and fly capacitance

C f ly, but is independent of ON-state switch resistance Ron.

RSSL =
1

4 fsC f ly
(37)

Figure 17: Output Impedance vs Switching Frequency fs.

The equivalent output impedance Rout can be plotted against the switching frequency fs

which is shown in Fig.17. By making RSSL = RFSL, the corner frequency fc can be found

in Eq.(38) which reveals the relationship between the switch frequency fs and output

impedance Rout . To make the output impedance minimized, the switching frequency in

FSL region is always preferred.
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fc =
1

8C f lyRon
(38)

Because the wire resistance can be minimized through an optimal layout, so the main

design parameter in the 2 : 1 SC converter is the ON-state resistance Ron of the power

switches. The ON-state resistance Ron and the switching frequency fs can be chosen as

a trade-off between power density and power transfer efficiency. The ON-state resistance

Ron is inversely proportional to transistor area, thereby influencing the power density. And

the gate-source and drain-source capacitance Cgs, Cds (which are proportional to transistor

area) and switching frequency fs are related to switching losses, thereby influencing the

power efficiency [13].



Chapter 3 CIRCUIT IMPLEMENTATION AND ANALYSIS 39

3.2 Total System Analysis

The original binary recursive SC converter is based on multi-stage 2:1 converter cas-

caded. Each flying capacitor Ci in the 2:1 converter cell has at least one input node con-

nected to VDD or VSS. So each converter will load half of its output charge qC = 0.5qout on

the input from previous converter cell and the power supply VDD or VSS. For an N-stage

cascaded recursive converter, each converter stage is loaded with a output charge qout,i that

is divided by a binary weight of the total output charge qout which is qout,i = qout/(2N−i)

[4]. By using the same analysis method from previous section, the SSL mode RSSL and the

FSL mode RFSL of a N stage RSC system could be summarized as Eq.(39) and Eq.(40),

respectively.

Figure 18: Charge distribution of the original recursive SC

RSSL =
N

∑
i=1

4

∑
j=1

(
1

2N−i+1 )
2 1

fsCi
(39)

RFSL =
N

∑
i=1

4

∑
j=1

1
2
(

1
2N−i )

2Ri, j (40)
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In the N=4 original RSC system, the RSSL,ori and RFSL,ori can be calculated as Eq.(41)

and Eq.(42) below:

RSSL,ori =
1
4

1
fsC4

+
1
16

1
fsC3

+
1

64
1

fsC2
+

1
256

1
fsC1

=
85

256
1

fsC
(41)

RFSL,ori =
1

64
2R1 +

1
16

2R2 +
1
4

2R3 +
1
1

2R4 = 2.65625Ron (42)

It is worth noting that for the original binary RSC converter system, as long as the

number of recursion depth N is determined, the charge distribution of each stage will be

fixed as Fig.18. That means, no matter how the voltage conversion ratio changes, the

equivalent output impedance will theoretically keep the same which is presented in Table.

2.

Figure 19: Charge distribution of this reconfigurable recursive SC at VCR=1/2

While for the proposed design in this paper, by reconfiguring the circuit structure un-
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der some specific VCRs, the originally fixed charge distribution is now changed. Fig.19

shows the new charge distribution at VCR=1/2 when recursion depth N=4. Through the

identical equivalent impedance analysis method, the RSSL,2:1 and RFSL,2:1 of the reconfig-

ured circuit can be calculated, as Eq.(43) and Eq.(44) shown in Table. 2.

RSSL,2:1 =
1

64
1

fsC4
+

1
64

1
fsC3

+
1

64
1

fsC2
+

1
64

1
fsC1

=
16

256
1

fsC
(43)

RFSL,2:1 =
1

16
2R1 +

1
16

2R2 +
1

16
2R3 +

1
16

2R4 = 0.5Ron (44)

Figure 20: Charge distribution of this reconfigurable recursive SC at VCR=1/4 or 3/4

Fig.20 presents the charge distribution at VCR=1/4 or 3/4 when recursion depth N=4.

By using the same analysis method, the RSSL,4:1/3 and RFSL,4:1/3 of the reconfigured circuit

can be calculated, as Eq.(45) and Eq.(46).
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RSSL,4:1/3 =
1
64

1
fsC1

+
1

16
1

fsC2
+

1
64

1
fsC3

+
1

16
1

fsC4
=

40
256

1
fsC

(45)

RFSL,4:1/3 =
1

16
2R1 +

1
4

2R2 +
1
16

2R3 +
1
4

2R4 = 1.25Ron (46)

Table 2: Rout of total system

VCR RSSL RFSL MEnhance

Original Recursive 1∼15
16

85
256 fsC

2.65625Ron none

Proposed Design

1
2

16
256 fsC

0.5Ron 5.3125

1
4 or 3

4
40

256 fsC
1.25Ron 2.125

others 85
256 fsC

2.65625Ron 1

Where MEnhance is the enhancement factor, which refers to the ratio of the equivalent

output resistance between the original RSC system and this reconfigurable one. MEnhance

directly reflects the enhancement of the load drive capacity under these 3 VCRs. The-

oretically, for VCR=1/2, the load drive capacity is improved to 5.3125×, whereas for

VCR=1/4 or 3/4, a 2.125× increment is realized.
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3.3 Logic Control Blocks

Figure 21: Logic control diagram

The logic control blocks include the Converter Mode Control, the Circuit Recon-

figuration Control and the Output Switch Control blocks, as shown in Fig.21. The out-

put control signals of these three blocks are generated from the 4-bit global input signal

{aL4,aL3,aL2,aL1}. This 4-bit global input gives the desired VCR for the proposed sys-

tem. The three logic control blocks translate this 4-bit VCR signal into different configu-

ration signals to determine what the actual VCR should be for each 2:1 converter cell, the

parallel-series connections and which converter cells are connected to the global output

Vout , respectively.

Table 3 shows the signal translation of each logic control block for different voltage

conversion ratios. In this 15-VCR 4-stage converter architecture, under 3 specific VCRs

(draws in red) this proposed system can be dynamically reconfigured to improve the per-

formance.
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Table 3: digital control block logic

Voltage Global Converter Circuit Output

Conversion Input Mode Reconfiguration Switch

Ratio(VCR) Signal Signal Signal Signal

1/16 0001 0001 111 000

1/8 0010 0010 111 000

3/16 0011 0011 111 000

1/4 0100 0101 101 010

5/16 0101 0101 111 000

3/8 0110 0110 111 000

7/16 0111 0111 111 000

1/2 1000 1111 000 111

9/16 1001 1111 000 111

5/8 1010 1111 000 111

11/16 1011 1111 000 111

3/4 1100 1111 101 010

13/16 1101 1111 000 111

7/8 1110 1111 000 111

15/16 1111 1111 000 111

The simulated waveform of the global 4-bit input signals, some key control signals

and the output voltage are shown in Fig.22. At the first time period, the global input

signal is {aL4,aL3,aL2,aL1} = 4′b1010 (VCR=10/16, Vout = 1.25V), the output switch-

ing signal is {SWout3,SWout2,SWout1} = 3′b000, meaning only the 4-th 2:1 converter is

connected to the global output and all the converter cells are connected in series. Then

the global input signal {aL4,aL3,aL2,aL1} turns to 4′b0100 (VCR=1/4, Vout = 0.5V),

{SWout3,SWout2,SWout1} switches into 3′b010 indicating that the system is split into two

sub-modules (each submodule has a 2-cascaded converter) and the output of the 2-nd and
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Figure 22: Output voltage waveform

4-th converter cells V2 and V4 are connected to the global output. Finally the converter

mode control signal {a4,a3,a2,a1} will be equal to 4′b0101 to make sure the two new sub-

modules could realize VCR=1/4. The load-driving capacity will be therefore enhanced

by 2.125× theoretically. The system should now operate as the reconfiguration shown in

Fig.10 (b).

Then, {aL4,aL3,aL2,aL1} becomes 4′b1000 (VCR=1/2, Vout = 1V). The converter

mode control block will create a new input control signal {a4,a3,a2,a1}= 4′b1111 so that

each individual converter achieves the VCR=1/2. And {SWout3,SWout2,SWout1} changes

into 3′b111 which means all reconfiguration switches are used now. As a result, the pro-

posed design makes full use of each 2:1 converters to increase the load-driving capacity

by 5.3125×. This is the case shown in Fig.10 (a).
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3.4 CLK Control Block

Fig.23 presents the CLK control block which includes a pulse signal generator, CLK

selector (MUX) and a non-overlapping CLK generator.

Figure 23: CLK control block.

3.4.1 CLK Generator

The pulse signal generator contains a ring oscillator and a D flip-flop. After the ring

oscillator generates a sine-wave with a suitable frequency fs, the D flip-flop will shape it

into a square wave with a duty cycle of 50%. Also, the D flip-flop only consumes very

little energy which is good for energy efficiency. In addition to the internal CLK formed

by pulse generator, this block also has an external CLK. These two CLKs can be selected

by a 1-bit CLK Enable signal at the MUX.
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3.4.2 Non-overlapping CLK Generation Circuit

In normal switched-capacitor power converter, the system has to work in two 180°

shifted CLK phases. Due to the delay of the device or the parasitic effect, these 2 CLK

phases might have a time period overlapped which results in the conduction of all power

switches. In this case, a low impedance path from the power supply to the ground will be

created and massive energy will be lost.

The non-overlapping clock generation circuit presented in Fig. 23 can handle this prob-

lem effectively. In the non-overlapping circuit, the selected CLK will be translated into

a pair of interleaved signals φ and φ′ with sufficient dead-time to control the operation of

the entire system. This can avoid simultaneous conduction of power transistors during

switching transitions, removing the shoot-through current of power transistors and the

short circuit power loss in the converter.

3.4.3 Gate Driver

Figure 24: Gate Driver
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Typically, the control signals generated from non-overlapping CLK generation cir-

cuit cannot drive large power switches in an efficient manner. Hence, the gate driver

depicted in Fig. 24 are necessary for each power switches in the system. The gate driver

consists of several tapered buffers, which are used to exponentially increase the load-

driving capability of the control signal so that it can drive the gates of the large power

switches. The tapering factor for each buffering inverter is given by the equation below:

f = n

√
sizepower

sizeunit
(47)

Where, n is the number of driver stages, sizepower is the size of power device and the

sizeunit is the size of the first stage unit.
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4 Measurement Results

4.1 Environment Setup

Figure 25: Measurement room

All measurements of this chip were carried out in the measurement room LB.690 in the

building of the Faculty of Electrical Engineering, Mathematics and Computer Science at

Delft University of Technology. Because this design is a fully on-chip integrated circuit

design, there is no need for any external electrical components to participate. All the

instruments used in the measurement consist of a pulse signal generator, a DC voltage

source, a oscilloscope and a resistor box.

The pulse signal generator could generate a sine wave signal with a frequency of 1 MHz

and a duty cycle of 50%, which is used to control the power switches inside the converter

cells to perform interleaved-phase operation. The DC voltage source is responsible for

generating two supply voltage rails, which are input voltage Vin =VDD = 2V, and ground

voltage VSS = 0V. An oscilloscope is used to observe the voltage and current of each

node. Finally, the resistor box can be assumed to be a load of the circuit, which can

achieve a very wide resistance range, from 0.1Ω to 100MΩ, with a resolution of 0.1Ω.
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4.2 Chip package

Figure 26: chip photograph

Fig.26 shows the entire chip of this tape-out. This chip has been already packaged

and cut. The overall area is about 2.56cm2 (1.6cm× 1.6cm) and the chip contains 210

pins in total. The reason for why there are hundreds of pins is that there are 5 designs

integrated on the same chip in this tape out.

Figure 27: Chip layout
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Fig.27 shows the layout of this chip. The entire layout area is around 25mm2 (5mm×
5mm), and the largest design NO.5 is this design. This design has 21 pads, including 2

power supply pads, 5 output voltage observation pads, 6 digital control signal input pads

and 8 capacitor top and bottom plate voltage signal observation pads. In the chip socket

shown in Fig.28, the corresponding pins region is within the red square on the right side

of the figure. (More package information will be given in appendix (A.2).)

Figure 28: Chip pins
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4.3 Chip die graph

Figure 29: Chip Micrograph

The Fig.29 shows the micrograph of the design circuit. The proposed system has

been fabricated in a 180-nm BCD process, occupying 5.7mm2 active chip area (1.9mm×
3mm). The proposed system has been made fully on-chip integrated, and On-chip MIM

capacitors are used for flying capacitors which are 4nF in total (1nF in each converter

cell). The maximum load-driving current is 0.71mA and the power density of this con-

verter system under a peak efficiency of 93.1% is 105.3µA/mm2.

4.4 Efficiency vs output voltage Vout

The Fig.30 illustrates the efficiency versus output voltage. Since the figures for the

proposed design and conventional design are the same for the VCRs not needing recon-

figuration, this figure only focuses on the reconfigurable VCRs, which are 1/4, 1/2 and

3/4. In VCR=1/4 region, when the output voltage is 0.48V, the load current of proposed

work and the conventional RSC are 0.1mA and 0.04mA, respectively. Then, in VCR=1/2

region, when the output voltage becomes to 0.97V, the load current of these two design
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Figure 30: Efficiency vs Vout

becomes to 0.4mA and 0.06mA, respectively. While for VCR=3/4, the load current

changes into 0.25mA and 0.12mA for these two circuit when output voltage turns into

1.44V. From the curve, it can be easily found that when the output voltage is the same,

the load current of the this work is much larger than that of the conventional RSC under

these 3 VCRs, because the idle converter cells are fully used through reconfiguration in

this work. Besides, for these three VCRs, the power conversion efficiency of the proposed

design has been comprehensively improved over the entire output voltage range. This is

because the input and output power has been significantly improved while the energy loss

of the entire system remains unchanged; as a result, the impact of non-ideal energy loss

on efficiency becomes smaller in this case.

4.5 Efficiency and Vout vs load current Iout

The E f f iciency− Iout and Vout-Iout figures under VCR = 1/4, 1/2 and 3/4 are plotted in

the Fig.31, 32 and 33, respectively. Here we define the valid output should be larger than

95% of desired output voltage. In Fig.31, VCR = 1/4, when the efficiency reaches peak

value and output voltage is drawn down to 0.475V near 95% of preferred output voltage
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Figure 31: Efficiency and Vout vs Iout at VCR=1/4

(0.5V), the load current of proposed and conventional RSC converters are 123µA and

55µA, respectively. It can be seen that the load-driving capacity becomes almost 2.236×
larger with the proposed design in this case. Furthermore, the peak efficiency of proposed

work is 66%, much higher than 44% of the conventional RSC.

Figure 32: Efficiency and Vout vs Iout at VCR=3/4

The VCR = 3/4 has the similar condition like previous VCR, which is shown in the

Fig.32. When the efficiency reaches peak value and output voltage drops to 1.425V
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near 95% of preferred output voltage (1.5V), the maximum load current is 335µA and

154µA for this work and the conventional RSC. In this case, the measured load-driving

enhancement becomes to 2.175×. The peak power efficiency is also improved a lot, from

86% of the conventional RSC to current 91.4%.

Figure 33: Efficiency and Vout vs Iout at VCR=1/2

The Fig.33 gives the results when VCR=1/2. When the efficiency achieves the peak

value, the proposed work can attain 93.1% peak efficiency under Iout = 600µA and the

original RSC can only have 72.62% peak efficiency under Iout = 104µA. In addition,

when output voltage deteriorates to 950mV (95% of preferred output voltage, 1V), the

load current of the proposed work is 710µA, which is larger than 104µA when using the

original RSC. It can be seen that the load-driving capacity under VCR = 1/2 is improved

by around 6.826× thanks to the 4 converter cells reconfigured to be connected in parallel.

4.6 Output impedance

According to the average model Eq.(19), the load-driving capacity can be reflected by

the equivalent output impedance Rout of the entire circuit. Based on the measurement

results of Vout vs Iout in the previous paragraph, the equivalent output impedance under

these 3 VCRs can be calculated and shown in Table 4. For the conventional RSC circuit,
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Table 4: Measurement of overall output impedance Rout

VCR
Conventional Proposed Theoretical Measured

RSC RSC Factor Factor

Rout

2:1 485Ω 71.05Ω 5.3125 6.826

4:1 451Ω 201.7Ω 2.125 2.236

4:3 486Ω 223.45Ω 2.125 2.175

the output impedance of VCR=1/2, 1/4 and 3/4 is 485Ω, 451Ω and 486Ω, respectively.

While in the proposed design, the output impedance becomes much more smaller of these

3 VCRs, Which is 71.05Ω, 201.7Ω and 223.45Ω now. The factor, referring to the ratio

of the equivalent output impedance between conventional and proposed RSC converter,

indicates the enhancement of the load-driving capacity. It can be found that for VCR=1/4

and 3/4, the measured factors 2.236 and 2.175 are slightly larger than the theoretical fac-

tor 2.125, but they are still close. While for VCR=1/2, the measured factor 6.826 is much

larger than 5.3125. The reasons for these variation are explained as: First, in the total

equivalent output impedance analysis, the ON-resistance of all switches used for recon-

figuration function must also be taken into account and will dramatically influence the

overall impedance. In addition, in the layout design, the wire resistance and the parasitic

capacitor introduced between different metal layers will also have a great impact on the

final equivalent output impedance.

4.7 State of the art comparison

Table 5 gives the comparison of key performance between this work and conventional

designs. One improvement of the proposed design is dynamically reconfigurable connec-

tion of all 2:1 converter cells according to the desired VCR; while the conventional RSC

designs were fixed topology using four 2:1 converter cells in series, which results in lower

load-driving capacity and unused on-chip area.
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In addition, in all fully on-chip integrated designs, proposed work realized a peak effi-

ciency of 93.1%, which is among the highest, second only to 95% of [11]. At the same

time, compared with the design [4], which is also based on the recursive SC topology, the

peak efficiency gets improved by around 8%. Further more, compared to high efficiency

design [11], this work has a larger load-driving capacity of 0.71mA than 0.49mA of [11],

showing higher power density.

Table 5: State of the art comparison

Design This Work 2019 [20] 2018 [21] 2016 [11] 2015 [22] 2014 [4] 2013 [3]

Technology 180 nm 250 nm 130 nm 180 nm 250 nm 250 nm 180 nm

Topology
Reconfigurable Asymmetrical

Fixed Rational
Gear Train+

Recursive
Successive-

Recursive Shunt Charge Feedback approximation

Number of Ratios 15 187 3 79 24 15 117

Circuit Dynamical
Yes No No No No No No

Configuration

Maximum Converter
4 1 1 1 1 1 1

Reuse Times

Input Voltage 2 V 3.3 V 1.2 - 2.3 V 2 V 2.5 - 5 V 2.5 V 3.4 - 4.3 V

Output Voltage 0.12 - 1.8 V 0.4 - 2.8V 0.9 V 0.13 - 1.87 V 0.2 - 2 V 0.1 - 2.18 V 0.9 - 1.5 V

Max. Load Current 0.71 mA 10 mA 0.49 mA N/A 60 mA 2 mA 0.3 mA

Capacitor Type
MIM MIM MOS MIM SMD MIM MIM+MOS

On-Chip On-Chip On-Chip On-Chip Off-Chip On-Chip On-Chip

Peak Efficiency
93.1% 87% 80.4% 95% 95.5% 85% 72%

(ηpeak)

Power Density @ ηpeak
105.3 1120.4 3550 71.4

2881.8
430.6 5.9

(µA/mm2) (Off-chip caps)

Chip Area (mm2) 5.7 7.14 0.138 3.36 3.47 4.645 1.69
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5 Conclusion

5.1 Summary of Main Contributions

This paper proposes a dynamically reconfigurable recursive switched-capacitor DC-

DC converter with adaptive load ability enhancement. The presented topology can make

full use of each 2:1 converter of a multi-VCR system by dynamically reconfiguring the

connection of all the 2:1 converter cells. The reconfigurable VCR number can be deter-

mined as (2int(N/2)−1) for N cascaded recursive converter system. Through this method,

the load-driving capacity under specific VCRs can be significantly enhanced; in addition,

the power transfer efficiency can also be further improved.

A fully-integrated dynamically reconfigurable 4-stage recursive SC converter was de-

signed and fabricated in a 180-nm BCD process to experimentally validate the enhanced

load-driving ability and power efficiency. The measurement results show that the max-

imum load-driving current is around 0.71mA and the power density of this converter

system under a peak efficiency of 93.1% is 105.3µA/mm2. In addition, the proposed

circuit has an energy efficiency greater than 80% over a wide output range. Most im-

portantly, the load-driving capacity under some VCRs is significantly increased by up to

6.826× compared to the conventional RSC topology.

5.2 Future Work

5.2.1 Parameter Sizing

In this proposed circuit architecture, 4 converter cells are designed to be the same in

order to verify the idea of multiplying the load drive capacity by times. For the specific

VCRs that can be dynamically reconfigured, the energy efficiency and the load-driving

capacity are good enough. But for other VCRs, from Eq.(41) and Eq.(42), the output

impedance is too large and will dramatically limit their peak efficiency and load-driving

capacity. To optimize this, each 2:1 converter cell needs to be designed individually,

optimizing the ratio between the capacitance of all flying capacitors and the ON-resistance

(conductance) of all power switches, rather than using the same parameters.
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RSSL =
1

256
1

fsC1
+

1
64

1
fsC2

+
1

16
1

fsC3
+

1
4

1
fsC4

(48)

RFSL = 2(
1

64
R1 +

1
16

R2 +
1
4

R3 +
1
1

R4)

= 2(
1

64
1

G1
+

1
16

1
G2

+
1
4

1
G3

+
1
1

1
G4

)
(49)

The RSSL and RFSL of the recursive SC converter are Eq.(48) and Eq.(49), respectively.

If the total capacitance Ctot and total conductance Gtot are fixed here, by using Lagrange

multiplier, the best capacitance solution for the minimal SSL mode impedance RSSL can

be obtained as Eq.(50):

Ci =
2i−1

2N −1
Ctot (50)

Where N is the cascaded stage number and i is the order of 2:1 converter cell.

Then, the best conductance of power switch in each stage for the minimal FSL mode

impedance RFSL can also be determined as Eq.(51) shown below. (The detailed calcula-

tion is given in (A.1) in appendix.)

Gi =
2i−1

2N −1
Gtot (51)

5.2.2 Hybrid SC

There are some other methods to further improve the loss mechanism. An inductor

can be introduced between the SC stage and the load capacitor. This method uses LC

resonance to achieve lossless energy transfer through resonant operation ,thereby reducing

the charge sharing loss. In Fig.34, it can be found that in FSL mode, the Rout of hybrid

and RSC converter are almost the same, but hybrid SC converter requires much lower

switching frequency. This will result in smaller gate-driving loss in the control circuit

therefore higher energy efficiency can be realized.

However, the frequency of the LC resonant oscillation cannot be accurately predicted,

so an additional current zero-crossing detection circuit will be required. And this ap-

proach cannot achieve fully on-chip integration.
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Figure 34: hybrid SC

5.2.3 Soft Charging Technique

Another strategy to optimize the intrinsic loss is to use multi-phase soft charging tech-

nique to reduce the voltage step between flying capacitor and the load capacitor by split-

ting the entire flying cap into multiple capacitors, thereby reducing charge sharing loss.

This method can significantly reduce the loss, but cannot reduce it as well as the previous

way. It can be realized fully on-chip but requires additional power switches and flying

capacitors, resulting in system complexity and more driving loss. Different techniques

can be selected according to specific needs.
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M. Kossel, M. Brändli, P. Buchmann, and P. A. Francese, “A 4.6w/mm2 power

density 86% efficiency on-chip switched capacitor dc-dc converter in 32 nm soi

cmos,” in 2013 Twenty-Eighth Annual IEEE Applied Power Electronics Conference

and Exposition (APEC), 2013, pp. 692–699.

[14] M. Makowski and D. Maksimovic, “Performance limits of switched-capacitor dc-dc

converters,” in Proceedings of PESC ’95 - Power Electronics Specialist Conference,

vol. 2, 1995, pp. 1215–1221 vol.2.

[15] M. D. Seeman and S. R. Sanders, “Analysis and optimization of switched-capacitor

dc–dc converters,” IEEE Transactions on Power Electronics, vol. 23, no. 2, pp. 841–

851, 2008.

[16] S. R. Sanders, E. Alon, H.-P. Le, M. D. Seeman, M. John, and V. W. Ng, “The road

to fully integrated dc–dc conversion via the switched-capacitor approach,” IEEE

Transactions on Power Electronics, vol. 28, no. 9, pp. 4146–4155, 2013.



BIBLIOGRAPHY 63

[17] J. Kimball, P. Krein, and K. Cahill, “Modeling of capacitor impedance in switching

converters,” IEEE Power Electronics Letters, vol. 3, no. 4, pp. 136–140, 2005.

[18] W.-H. Ki, F. Su, and C.-Y. Tsui, “Charge redistribution loss consideration in opti-

mal charge pump design,” in 2005 IEEE International Symposium on Circuits and

Systems (ISCAS), 2005, pp. 1895–1898 Vol. 2.

[19] A. M. Mohey, S. A. Ibrahim, I. M. Hafez, and H. Kim, “Design optimization for

low-power reconfigurable switched-capacitor dc-dc voltage converter,” IEEE Trans-

actions on Circuits and Systems I: Regular Papers, vol. 66, no. 10, pp. 4079–4092,

2019.

[20] Y.-T. Lin, Y.-J. Lai, H.-W. Chen, W.-H. Yang, Y.-S. Ma, K.-H. Chen, Y.-H. Lin, S.-R.

Lin, and T.-Y. Tsai, “A fully integrated asymmetrical shunt switched-capacitor dc–dc

converter with fast optimum ratio searching scheme for load transient enhancement,”

IEEE Transactions on Power Electronics, vol. 34, no. 9, pp. 9146–9157, 2019.

[21] R. Madeira, J. P. Oliveira, and N. Paulino, “A 130 nm cmos power management

unit with a multi-ratio core sc dc–dc converter for a supercapacitor power supply,”

IEEE Transactions on Circuits and Systems II: Express Briefs, vol. 65, no. 10, pp.

1445–1449, 2018.

[22] L. G. Salem and P. P. Mercier, “A battery-connected 24-ratio switched capacitor

pmic achieving 95.5%-efficiency,” in 2015 Symposium on VLSI Circuits (VLSI Cir-

cuits), 2015, pp. C340–C341.



64 APPENDICES

A Appendix

A.1 Parameter Sizing

Using Lagrange multiplier to get minimal value Lmin of L = 1
256

1
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+ 1
64

1
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1
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+ 1
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1
C4

:
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(54)



C4 = 8C1

C3 = 4C1

C2 = 2C1

C1 =C1

(55)



C4 =
8
15Ctot

C3 =
4
15Ctot

C2 =
2
15Ctot

C1 =
1
15Ctot

(56)

So the ratio of capacitance can be found as below; the derivation of conductance is the

same.

Ci =
2i−1

2N −1
Ctot (57)
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A.2 Chip information

A.2.1 Chip front side

Figure 35: Chip front side
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A.2.2 Chip pins table

Figure 36: Chip pins table

A.3 List of publications

Q Lu, S Li, S Du, “A dynamically reconfigurable recursive switched-capacitor dc-dc con-

verter with adaptive load ability enhancement,” IEEE Transactions on Circuits and Sys-

tems I: Regular Papers, 2022. (Under review)
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