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 Background: The switched capacitor (SC) DC-DC converter has been widely used as a 

building block of portable electric devices, because the SC DC-DC converter can be 

designed without magnetic components. However, the SC DC-DC converter is difficult 

to achieve a high step-up gain and flexible conversion ratios, because the conversion 

ratio of the SC DC-DC converter is predetermined by the number of capacitors. 
Objective: In this paper, we propose a capacitive loop-connected topology to achieve a 

high step-up gain and flexible conversion ratios. Unlike the conventional series-

connected converter, the proposed loop-connected converter consisting of 
positive/negative DC-DC converters provides the output voltage expressed as a 

combination of multiplication and subtraction. Furthermore, by equalizing the electric 

charge in parasitic capacitors, the proposed converter can reduce parasitic losses. 
Results: Concerning the simple example of the proposed converter, simulation program 

with integrated circuit emphasis (SPICE) simulations, theoretical analysis, and 

experiments were performed to clarify characteristics. The SPICE simulations showed 
the following results: (1) by combining positive converter blocks and negative 

converter blocks, the proposed converter can achieve a larger number of DC-DC 

voltage ratios than the conventional series-connected converter; (2) more than 5% of 
the power efficiency was improved by the proposed power saving technique when the 

output load was 10kΩ and the stray parasitic capacitance was 0.5pF; and (3) In the 

experimental circuit built with commercially available ICs, the measured output was 
about 93.7% of the ideal output voltage when the output load was 100kΩ. Conclusion: 

In this paper, we proposed a loop-connected topology of a switched capacitor converter. 

The conclusion of this research is as follows: (1) by combining positive converter 
blocks and negative converter blocks, the proposed converter can achieve a larger 

number of DC-DC voltage ratios than the conventional series-connected converter; (2) 

the proposed power saving technique can improve power efficiency effectively in the 
case of a small output current; and (3) the validity of the proposed circuit topology was 

confirmed by experiments. 
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INTRODUCTION 

 

 The switched capacitor (SC) DC-DC converter (Allasasmeh et al. (2010), Beck et al. (2011), Chang et al. 

(2011), Chang et al. (2011), Chen et al. (2011), Doms et al. (2009), Eguchi et al. (2012), Eguchi et al. (2004), 

Eguchi et al. (2004), Eguchi et al. (2011), Huang et al. (2012), Hwang et al. (2009), Ishida et al. (2009), Kim et 

al. (2009), and Terada et al. (2006)) has been widely used as a building block of portable electric devices, 

because the SC DC-DC converter can be designed without magnetic components. For example, Doms et al. 

(2009) designed a capacitive power management circuit by using a charge pump, Kim et al. (2009) realized 

white light emitting diode (WLED) backlights using a negative charge pump, and Ishida et al. proposed non-

volatile memories using a positive/negative charge pump (Ishida et al. (2009)). Among others, an energy 

harvesting system utilizing SC DC-DC converters (Chen et al. (2011) and Eguchi et al. (2012)) attracts many 

researchers’ attention in recent years. Energy harvesting is the process by which energy is delivered from 

external sources such as thermal energy, kinetic energy, and so on, where ambient energy is converted into 

electrical energy by energy harvesting devices. In the design of energy harvesting systems, the converter with a 

large number of conversion ratios and a high step-up gain is required, because electric energy produced by the 

energy harvesting device is small. However, the SC DC-DC converter has the drawback that conversion ratio 
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cannot be changed linearly, because the conversion ratio of the SC DC-DC converter is predetermined by the 

number of capacitors. 

 To overcome above-mentioned problem, several types of efficient topologies which can achieve a large 

number of conversion ratios and/or a high step-up gain have been proposed in previous studies. For example, 

Beck et al. (2011) proposed a capacitive transposed series-parallel topology to realize fine tuning capabilities. 

The configuration of this converter is based on parallel branches of series capacitors in the charging state and 

series elements of parallel capacitors in the discharging state. The conventional converter (Beck et al. (2011)) is 

suitable for fine tuning in the DC-DC voltage ratios. However, Beck’s converter is difficult to achieve high step-

up gain in a small number of capacitors. Terada et al. (2006) and Eguchi et al. (2004) proposed cascade-

connected SC DC-DC converters, and Chang et al. (2011) and Eguchi et al. (2004 and 2011) proposed series-

connected SC DC-DC converters. By cascading SC DC-DC converters, the cascade-connected converter 

provides the sum of the output voltage of each converter. However, Terada’s converter (Terada et al. (2006)) 

needs a complicated multiphase timing circuit. On the other hand, by connecting SC DC-DC converters in series, 

the series-connected converter (Chang et al. (2011) and Eguchi et al. (2004)) provides integral multiples of the 

input or integral divisions of the input. Unlike the cascade-connected converter, Chang’s converter (Chang et al. 

(2011)) can be controlled by two-phase clock pulses. Nevertheless, there is still room for improvement in circuit 

topologies.  

 In this paper, we propose a capacitive loop-connected topology to realize a high step-up gain and flexible 

conversion ratios. Unlike conventional series-connected converters (Chang et al. (2011) and Eguchi et al. 

(2004)), the proposed converter consists of series-connected converters providing a positive output and series-

connected converters providing a negative output. The proposed converter generates the sum of the output 

voltages of these series-connected converters to an output load. Therefore, the proposed converter can achieve a 

larger number of DC-DC voltage ratios than the conventional series-connected converter (Chang et al. (2011) 

and Eguchi et al. (2004)).  

 In the design of the proposed loop-connected converter, the charge reusing technique (Allasasmeh et al. 

(2010)) is applied to reduce parasitic power losses, because improving power efficiency is one of the most 

important issues in the integrated circuit (IC) design of SC DC-DC converters. The power efficiency of the SC 

DC-DC converter consisting of discrete components is mainly limited by capacitor charging and discharging 

losses and resistive conduction losses. However, the energy loss due to stray parasitic capacitances cannot be 

ignored in the IC design. In previous studies, Allasasmeh et al. (2010) applied a charge reusing technique for a 

charge pump, a heap converter, and a Fibonacci converter. However, the charge reusing technique has not been 

applied for negative DC-DC converters in previous studies (Hwang et al. (2009), Allasasmeh et al. (2010), and 

Huang et al. (2012)). In the design of the proposed converter, the charge reusing technique is applied for not 

only the positive converter block but also the negative converter block. 

 To confirm the validity of the proposed converter, simulation program with integrated circuit emphasis 

(SPICE) simulations, theoretical analysis, and experiments are performed. 

 

Circuit structure: 

Conventional Converter: 

 Figure 1 shows the conventional series-connected converter (Chang et al. (2011) and Eguchi et al. (2004)). 

Since the converter block of Figure 1 (b) is a series-parallel type converter proposed by Ueno et al, the 

conversion ration i (i=1, …, R) of the i-th converter block is m or 1/m (m=1, …, N). The series-parallel type 

converter of Figure 1 (b) consists of 3N+1 switches and N capacitors. Table 1 shows the timing of clock pulses 

for Figure 1 (b). As Table 1 shows, the MOS switch is driven by non-overlapped two-phase pulses. By 

connecting series-parallel type converters, the conventional converter provides the following output voltage: 

 

.

1
inV

R

k
kout

V 


                                                                                                                                        (1) 

 

 As (1) shows, the series-connected topology of the conventional converter provides integral multiples of the 

input or integral divisions of the input. Concretely, the output voltage of the conventional converter is 

Vout={(1/4)Vin, (1/2)Vin, Vin, 2Vin, 4Vin} when the parameters R and N are two (i.e. k ={1/2, 1, 2}). Although the 

conventional topology can achieve a high step-up gain, there is still room for improvement. 
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(a) 

 
(b) 

 

Fig. 1: Conventional converter using series-parallel converters, (a) Block diagram and (b) Converter block. 

 
Table 1: Timing of clock pulses for the series-parallel converter. 

Conversion Mode State On Off 

Up T1 
iS

, 1gS
,…, gNS

, 1iS
,…, iNS

 oS
, 1gS

, iNS
, 1cS

,…, 1cNS
 

T2 
oS

, 1gS
, iNS

, 1cS
,…, 1cNS

 iS
, 1gS

,…, gNS
, 1iS

,…, iNS
 

Down T1 
iS

, iNS
, 1gS

, 1cS
,…, 1cNS

 oS
, 1gS

,…, gNS
, 1iS

,…, iNS
 

T2 
oS

, 1gS
,…, gNS

, 1iS
,…, iNS

 iS
, iNS

, 1gS
, 1cS

,…, 1cNS
 

 

Proposed Converter: 

 Figure 2 shows the proposed loop-connected converter. As Figure 2 (a) shows, the proposed converter 

consists of converter block-Ui (i=1, …, P) and converter block-Lj (j=1, …, Q), where i (i=1, …, P) and j (j=1, 

…, Q) are conversion ratios. The circuit structure of these converter blocks is shown in Figure 2 (b) and (c). By 

combining these blocks, the proposed loop- connected converter is synthesized. Table 2 shows the timing of 

clock pulses for the positive converter block. By controlling MOS switches as shown in Table 2, m times or 1/m 

times conversion (m=1, …, N) is achieved by the positive converter block. On the other hand, Table 3 shows the 

timing of clock pulses for the negative converter block. By controlling MOS switches as shown in Table 3, -m 

times or -1/m times conversion is achieved by the negative converter block. As Tables 2 and 3 show, the switch 

Se is turned on at State-T2 and T4 to equalize the electric charge stored in stray parasitic capacitances Ct and Cb. 

By equalizing the electric charge stored in Ct and Cb, parasitic energy loss caused by Ct and Cb is reduced. The 

output voltage of the proposed converter is expressed as 

 

,
11

in

Q

j

j

P

i

iout VV













 




                                                                                                                     (2) 

 

 where the parameters i and i are conversion ratios. As (1) and (2) show, the proposed converter can 

achieve higher step-up gain and more flexible conversion ratios, because the output voltage of (2) is equal to 

that of (1) in the case that i =0 and P=1. Concretely, the output voltage of the proposed converter is 

Vout={  (1/4)Vin,  (1/2)Vin,  Vin,  (3/2)Vin,  2Vin,  (5/2)Vin,  3Vin,  4Vin} when the parameters N and 

P+Q are two (i.e. i =i ={-2, -1, -1/2, 1/2, 1, 2}). 

 

 
(a) 
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                                       (b)                                                                                          (c) 

 

Fig. 2: Proposed loop-connected converter, (a) Block diagram, (b) Positive converter, and (c) Negative  

converter. 

 

Theoretical Analysis: 

 To estimate characteristics of the proposed loop-connected converter, theoretical analysis is performed 

concerning maximum efficiency and a maximum output voltage. The theoretical analysis is performed under the 

conditions: 1) Parasitic elements are negligibly small; 2) MOS switch is modeled by an ideal switch with on-

resistance Ron; and 3) Time constant is much larger than the period of clock pulse T. 

 

Positive Converter Block: 

 Figure 3 shows the instantaneous equivalent circuits of the positive converter block, where Ron is an on-

resistance of the MOS switch. In steady state, the differential value of the electric charge in capacitor Cn (n=1, 

…, 2N) satisfies 

 

,0
4

1


i

n

Ti
q                                                                                                                                                           (3) 

 
Table 2: Timing of clock pulses for the positive converter block. 

Mode State On Off 

Up T1 
LiS

, 1LgS
,…, 1LgNS

, 1LiS
,…, 1LiNS

, RoS
, 1RcS

,…, 1RcNS
 

Other switches 

T3 
RiS

, 1RgS
,…, 1RgNS

, 1RiS
,…, 1RiNS

, LoS
, 1LcS

,…, 1LcNS
 

Other switches 

T2 , T4 
eS

 
Other switches 

Down T1 
LiS

, 1LcS
,…, 1LcNS

, RoS
, 1RgS

,…, 1RgNS
, 1RiS

,…, 1RiNS
, 

Other switches 

T3 
RiS

, 1RcS
,…, 1RcNS

, LoS
, 1LgS

,…, 1LgNS
, 1LiS

,…, 1LiNS
, 

Other switches 

T2 , T4 
eS

 
Other switches 

 

Table 3: Timing of clock pulses for the negative converter block. 

Mode State On Off 

Up T1 
LiS

, 1LpS
,…,

LpNS
, 1LiS

,…, LiNS
, RoS

, 1RcS
,…, 1RcNS

, 1RnS
, RoNS

 
Other switches 

T3 
RiS

, 1RpS
,…,

RpNS
, 1RiS

,…, RiNS
, LoS

, 1LcS
,…, 1LcNS

, 1LnS
, LoNS

 
Other switches 

T2 , T4 
eS

 
Other switches 

Down T1 
LiS

, 1LiS
, 1LcS

,…, 1LcNS
, 

LpNS
, 1RnS

,…, RnNS
, 1RoS

,…, RoNS
, RoS

 
Other switches 

T3 
RiS

, 1RiS
, 1RcS

,…, 1RcNS
, 

RpNS
, 1LnS

,…, LnNS
, 1LoS

,…, LoNS
, LoS

 
Other switches 

T2 , T4 
eS

 
Other switches 
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(a)                                                                (b) 

                  
(c)                                                                                                (d) 

 

Fig. 3: Instantaneous equivalent circuits of the positive converter block in the case of step-up conversion. 

 

 where        ,
4

1





i

iTT  ,
2

21
31 TTT 







 


     and      TTT  42
. 

 

 In (3), ΔqTi
n
 denotes the electric charge of the n-th capacitor in the case of State-Ti and δ is the parameter to 

determine the interval of T2 and T4. In the case of the step-up mode, the differential values of the electric charge 

in terminal Vi and terminal Vo, ΔqTi,Vi and ΔqTi,Vo, are obtained by the following equations: 

 

State-T1:           



N

k

k

TVT qq
i

1

, 11

             and       N

T

N

TVT qqq
o

21

, 111
                                       (4) 

State-T2:           0,, 22


oi VTVT qq      and       0
2
 n

Tq                                                                        (5) 

State-T3:            



N

Nl

l

TVT qq
i

2

1

, 33

         and     N

TTVT qqq
o 333

1

,                                               (6) 

State-T4:            0,, 44


oi VTVT qq     and     0
4
 n

Tq                                                                          (7) 

 

 Using (3) - (7), the average input current and the average output current can be expressed as  

 

T

q
q

T
I i

ii

V

i

VTi











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

4

1

,

1  ,        and        ,
1 4

1

,
T

q
q

T
I o

oi

V

i

VTo











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

                                               (8) 

 

 where ΔqVi and ΔqVo are the electric charges in terminal Vi and terminal Vo, respectively. Substituting (3)-

(7) into (8), we have the relation between the average input current and the average output current as follows: 

 

,oi INI      where       1

1
2 TV qNq

i
 ,   and   .2 1

1TV qq
o

                                                            (9) 

 

 Next, let us consider the consumed energy in one period. In Figure 3, the consumed energy can be 

expressed as 
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,
4

1





i

TT i
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1
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1

1

2
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T
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T
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N

k

k

T
on

T q
T

R
q

T

R
q

T

R
W 





  21

1

2

11
11


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
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
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N
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on
N

k
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T

NR
q

T
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12 21

2
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on q

DT

RNNN
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  

 

,
13 TT WW     and    ,0

42
 TT WW  

 

 because the converter block has bilateral symmetry. Therefore, we have the consumed energy as follows: 

 

  
 

  .
21

12 2
2

oV
on

T q
T

RNNN
W 







                                                                                                (11) 

 

 Here, in the general equivalent circuit of SC power converters (Eguchi et al. (2011) and (2012)), WT can be 

defined as 

 

,:

2

TR
T

q
W SC

V

T
o 








 
                                                                                                                                    (12) 

 

 where RSC is called the SC resistance. Therefore, from (11) and (12), the SC resistance in the case of the 

step-up conversion can be obtained as 

 

 
.

21

232




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RNN
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 By combining (9) and (13), we have the equivalent circuit in the case of the step-up conversion as follows: 
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 because it is known that the general equivalent circuit of SC power converters can be expressed by the 

Kettenmatrix (Eguchi et al. (2011) and (2012)). 

 On the other hand, the equivalent circuit in the case of the step-down conversion can be obtained by the 

same method. In the case of the step-down conversion, the equivalent circuit can be expressed by the following 

determinant: 

 

,
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where              
 

.
21

23
2

2






N

RNN
R on

SC
                                                                                                            (16) 

 

Negative Converter Block:  

 The equivalent circuit of the negative converter block can be analyzed in the same way. To save space, the 

theoretical analysis for the negative converter is omitted. The equivalent circuit of the negative converter can be 

obtained as follows: 
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.
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Fig. 4: Equivalent circuit of the proposed converter. 

 

Loop-Connected Converter: 

 From (13) - (20), the equivalent circuit of the proposed loop-connected converter can be expressed by 

Figure 4. In Figure 4, RscUi is the SC resistance of the i-th upper converter block, and RscLj is the SC resistance of 

the j-th lower converter block. From Figure 4, we have the power efficiency and the output voltage as follows: 

 

     
   




















P

i

Q

i

scL

Q

ij

jscU

P

ij

jL

L

ii
RRR

R

1 1 1

2

1

2

max




                                                                (21) 

 

and       ,
11

max in

Q

k

k

P

k

k VV

























 



                                                                                               (22) 

 

where           Piif
P

ij

j 


11
1

2
       and         .11

1

2
Qiif

Q

ij

j 


   

 

Simulation: 

 Concerning the proposed converter synthesized with a positive converter block and a negative converter 

block, SPICE simulations are performed under conditions that Vin = 3.7V, Ron = 10Ω, T = 100ns, C = 500pF, 

Ct=Cb=γC, and N=2. Figure 5 shows the simulated results of the positive converter block as a function of the 

output load RL. In  Figure 5, more than 5% of the power efficiency is improved when the output load is 10kΩ 

and the stray parasitic capacitance is 0.5pF. Figure 6 shows the simulated results of the negative converter block. 

In Figure 6, more than 8% of the power efficiency is improved by the power saving technique. Furthermore, as 

Figure 5 and 6 show, we can estimate the maximum power efficiency by the theoretical equations, because the 

theoretical result almost agrees with the SPICE simulated result when the parasitic capacitance is zero. Figure 7 

shows the simulated results of the proposed loop-connected converter. Figure 7 (a) and (b) show the simulated 

power efficiency and the output voltage, respectively. As Figure 7 shows, the proposed converter can achieve 

not only a high step-up gain but also a larger number of DC-DC voltage ratios by combining positive converter 

blocks and negative converter blocks.  
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(a)                                                              (b) 

 

Fig. 5: Simulated power efficiency of the positive converter block, (a) 2 times step-up conversion and (b) 1/2  

times step-down conversion. 

 

                  
                                               (a)                                                                            (b)    

 

Fig. 6: Simulated power efficiency of the negative converter block, (a) -2 times step-up conversion and (b) -1/2  

times step-down conversion. 

 

Experiment: 

 To confirm the validity of circuit design, experiments were performed regarding to the proposed loop-

connected converter synthesized with a positive converter block and a negative converter block. The 

experimental circuit was built with commercially available ICs AQV212 and TD62004APG on a bread board, 

where Vin = 3.7V, C1 = C2 = C3 = C4 = 1μF, RL = 100kΩ, and T = 1ms. In the experiment, we focused on the 

verification of the circuit topology, because the experimental circuit was built with commercially available ICs 

on a bread board. Figure 8 shows the measured output voltage of the converter blocks, where the 2 times and -2 

times conversion are performed. In Figure 8 (a), the measured output voltage is 7.3V, where the ideal output 

voltage is 7.4V. On the other hand, the measured output voltage is -7.12V in Figure 8 (b), where the ideal output 

voltage is -7.4V. Figure 9 show the measured output voltage of the proposed loop-connected converter, where 

the ideal output voltage is 14.8V. From Figures 8 and 9, the validity of the proposed topology can be confirmed. 

The evaluation of circuit characteristics were not performed in this experiment, because the parasitic resistance 

of the bread board is very large unlike an IC chip. The IC implementation of the proposed converter is left to a 

future study. 
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(a)                                                                      (b) 

 

Fig. 7: Simulated results of the loop-connected converter, (a) Power efficiency and (b) Output voltage. 

 

               
                                            (a)                                                                                       (b) 

 

Fig. 8: Measured output voltage of converter blocks, (a) 2 times step-up conversion and (b) -2 times step-up  

Conversion.  

 

 
 

Fig. 9: Measured output voltage of the proposed loop-connected converter. 

 

Conclusion: 

 To achieve a high step-up gain and flexible conversion ratios, a capacitive loop-connected topology has 

been proposed in this paper. The validity of the circuit design was confirmed by SPICE simulations, theoretical 

analysis, and experiments. To clarify the characteristics of the proposed converter, SPICE simulations, 

theoretical analysis, and breadboard experiments were performed. 

 The results of the SPICE simulations and theoretical analysis showed the following results: (1) by 

combining positive converter blocks and negative converter blocks, the proposed converter can achieve a larger 

number of DC-DC voltage ratios than the conventional series-connected converter and (2) the power saving 

technique can improve power efficiency effectively in the case of a small output current. Concretely, more than 

5% of the power efficiency was improved in each converter block when the output load was 100kΩ and the 

stray parasitic capacitance was 0.5pF. Furthermore, concerning the experimental circuit built with commercially 

available ICs, the validity of the proposed topology was confirmed by the experiment. 



147                                                                       Daisuke Komatsu et al, 2014 

Journal of Applied Science and Agriculture, 9(11) Special 2014, Pages: 138-147 

REFERENCES 

 

Allasasmeh, Y. and S. Gregori, 2010. Charge reusing in switched-capacitor voltage multipliers with 

reduced dynamic losses, in Proc. IEEE Conf. on MWSCAS, pp: 1169-1172. 

Beck, Y. and S. Singer, 2011. Capacitive transposed series-parallel topology with fine tuning capabilities, 

IEEE Trans. Circuits and Systems I, 58(1): 51-61. 

Chang, Y.H., 2011. Variable-Conversion-Ratio Switched-Capacitor-Voltage- Multiplier/ Divider DC-DC 

Converter, IEEE Trans. Circuits and Systems I, 58(8): 1944-1957. 

Chang, Y.H. and Y.C. Chen, 2011. Multistage multiphase switched-capacitor DC–DC converter with 

variable-phase and PWM control, Int. J. Circ. Theor. Appl., 40(8): 835–857. 

Chen, P.H., K. Ishida, X. Zhang, Y. Okuma, Y. Ryu, M. Takamiya and T. Sakurai 2011. 0.18-V input 

charge pump with forward body bias to startup boost converter for energy harvesting applications, IEICE, 

Electronics, 94(4): 598-604. 

Doms, I., P. Merken, C.V. Hoof and R.P. Mertens, 2009. Capacitive power management circuit for micro-

power thermoelectric generators with a 1.4μA controller, IEEE J. Solid-State Circuits, 44(10): 2824-2833. 

Eguchi, K., F. Ueno and T. Inoue, 2004. Design of a switched-capacitor DC-DC converter with various 

outputs, IEEJ Transactions on Electronics, Information and Systems, 124(4): 

Eguchi, K., F. Ueno, H. Zhu, and T. Tabata, 2004. Design of a cell-network type SC DC-DC converter for 

mobile equipment, in Proc. IEEE Region 10 Conference, TENCON 2004, pp: 37-40. 

Eguchi, K., K. Fujimoto and H. Sasaki, 2012. A hybrid input charge-pump using micropower 

thermoelectric generators, IEEJ Trans. Electrical and Electronic Engineering, 7(4): 415-422. 

Eguchi, K., S. Pongswatd, K. Tirasesth, H. Sasaki, I. Oota, T. Inoue, 2011. A switched-capacitor-based 

serial DC-DC converter using clean energy power supplies, International Journal of Innovative Computing 

Information and Control, 7(6): 3485-3498. 

Huang, M., Y. Zhang and T. Yoshihara, 2012. An efficient dual charge pump circuit using charge sharing 

clock scheme, IEICE Trans. Fundamentals, 95-A(2): 439-446. 

Hwang, H.W., J.H. Chun and K.W. Kwon, 2009. A low power cross-coupled charge pump with charge 

recycling scheme, in Proc. Int. Conf. on Signals, Circuits and Systems, pp: 1-5. 

Ishida, H. and Y. Nihongi, 2009. A charge pump that generates positive and negative high voltages with 

low power-supply voltage and low power consumption for non-volatile memories, in Proc. IEEE ISCAS,  pp: 

988-991. 

Kim, J., 2009. Negative charge pumps achieve inductor-like efficiency for WLED backlights, MAXIM 

Engineering Journal, 64: 13-15 

Terada, S., I. Oota, K. Eguchi and F. Ueno, 2006. Switched-capacitor (SC) DC-DC converter with fine tune 

control outputs, in Proc. the 6th International Caribbean Conference on Devices, Circuits and Systems, pp:  

233–236. 


