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Improving Characteristics of Integrated Switched-Capacitor
DC-DC Converter by CMOS Technology

Sui Xiaohong, Chen Zhiming, Zhao Minling, Yu Ningmei and Wang Lizhi

(Department of Electronic Engineering. Xi‘an University of Technology. Xi‘an 710048, China)

Abstract: An integrated 3. 3V/1. 2V SC DC-DC converter operating under 10MHz with a fixed duty radio of 0.5 is
presented. To improve the output current of the converter, CMOS technology is adopted to fabricate the switching
devices, and mutually compensatory cireuitry technology is also employed to double the output current further—
more. The simulation results using Hspice simulation software. show that the output currents of a single unit circuit
and two unit circuits connected in a mutually compensatory manner of the improved converter is about 12. SmA and
26mA, respectively. The power conversion efficiency of the mutually compensatory circuit can amount to 73%,
while its output voltage ripple is less than 1.5% . The converter is fabricated in standard Rohm 0.35um CMOS
technology in Tokyo University of Japan. The test result indicates that the output current of 9. 8mA can be ob-

tained from a single unit circuit of the improved converter.

Key words: DC-DC converter; CMOS technology: monolithic integration

PACC: 7420; 0660E

CLC number: TN401 Document code: A

1 Introduction

As a big progress has been made on downscal-
ing the feature dimension of CMOS technology, the
system on a package (SOP) technology has attract-
ed much attentions and interests of electrical and
electronic engineers who are concerned with the in—
creasing demands for compact and portable elec—
tronic equipments. The size and weight reduction
on various electronic devices leads to gradual trend
towards research on integrated switch-mode DC-
DC converters using inductors, transformers or ca—
pacitors as energy-storage elements''™ . Inductors
and transformers being inductive elements are hard
to be made on a die, so the integrated switched-ca-
pacitor (SC) DC-DC converter is a promising can—
didate for the power supplies with high density of

power in SOP. What’s more, diodes and large ca-
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pacitors usually exist in the existing SC DC-DC
converters, which make it difficult to realize the
manufacture of these converters in the mature
CMOS technology process.

T herefore, an approach is discussed in this pa-
per to enhance the output current of the integrated
SC DC-DC converters by employing CMOS tech-
nology and mutually compensatory circuit struc—
ture. Considering that the typical standard 1/0
voltage is 3.3V or 3.0V and the core voltage of
some CPU and memories is 1.3V or 1.2V when
ICs are scaled to the deep sub micron dimen-
sions'™™, a 3.3V/1.2V SC DCDC converter has
been chosen as a demonstrative sample in this
work.

In our earlier work, a monolithically integrated
12V/5V SC DC-DC converter with 10M Hz opera-
tion frequency and duty radio of 0.5 was fabricat-

ed'™, in which NMOS and PMOS were used as the
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switches. The simulation result of its output cur-
rent was only about ImA since NMOS and PMOS
had a larger on-state resistance.

In this work, CMOS
NMOS and PMOS are used and the main circuit of

the SC DC-DC converter is improved by combina-

switches instead of

tion of two mutually compensatory unit circuits in
parallel. It has been shown by simulation results
that the output current of the new converter can be
increased by at least one order of magnitude al-
though the duty ratio and the operation frequency

are still 0. 5 and 10M Hz, respectively.

2 Circuit operation and simulation
analyses

The unit circuit of the demonstrative SC DC—
DC converter is schematically shown in Fig. 1

where some impnrtant cnmpnnem parameters are
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Fig. 1 Unit circuit of the SC DC-DC converter

In Fig. 1, P1 and P2 represent the controlling
pulses of these five switches illustrated in this fig—
ure, and the on or off state of these switches corre-
sponds to the high or low voltage level, respective—
ly.

The output current (/o) of the demonstrative

conversion circuit can be defined as'’’
- "'lrl.'
T = AfC év - V- im) (1=—e 35)
(1 + e )

(1)

where Vs is the value of the input voltage Vin. Vi is
the output voltage, Va is the voltage drop across
each of the switches S3.S4, and S5 in on-state,
which have the same value, r is the equivalent re-
sistance of the circuit, f is the operation frequency
and C equals to a half of the capacitance of Ci or
C2, which have the same value in this circuit. Ac—
cording to the theory of resistance modulation
(RM)"

quivalent resistance r when f and C are all fixed at

!, I can be enhanced by decreasing the e-

a constant. As the on-state resistance of CMOS
switches is usually small and less affected by the
voltage between the source and the drain, using
CMOS as switches S1 and S2 in the converter must
result in a remarkable improvement of its output
characteristics.

[n comparison, Figure 2 describes the plots of
the simulation results of the output current versus

time for different types of switching devices adopt-

ed in Fig. 2.
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Fig. 2 Plots of the output current versus time for
the SC DC-DC converters using different switching

devices

In Fig. 2, curve a represents the lou perfor-
mance of the improved converter using CMOS
switching devices as S1 and S2, while curve b repre-
sents the lou characteristics of the circuit taking
PMOS and NMOS switches as SI and S2, respec—
tively.

[t can be seen from Fig. 2 that /o of the con-
verter using CMOS switches is about 12.5mA,
which is almost one order higher than that of the
converter using PMOS and NMOS switches.

In addition to adopting CMOS switches. the
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conversion circuit structure can be improved by
combining the two unit circuits in a parallel mutu-
ally compensatory manner to boost up the output
current more efficiently, as shown in Fig. 3. Advan-
tages of the mutually compensatory conversion cir—
cuit can be understood in the following. In the unit
circuit shown in Fig. 1, Cv is only charged in half of
a period, while in the new mutually compensatory
circuit shown in Fig. 3, C. can be charged in a full

period. Consequently, the output current can be en—

hanced.
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Fig. 3 Mutually compensatory circuit structure of

the SC DCDC converter

As depicted in Fig. 1, controlling pulses P1
and P2 also command these switches in Fig. 3 by
means of its high or low voltage level.

From Fig. 3, it can be seen that the mutually
compensatory circuit is composed of two absolutely
same unit circuits. However, the two units operate
always in different states, which are controlled by
P1 and P2 applied to the gates of the switching de-
vices. For example, when P1 is in high voltage level
while P2 in the opposite state, SIA, S5A, S2B,
S3B, and S4B are switched on, and S2A, S3A,S4A,
S1B and S5B are switched off. In this state, Cis and
C2 are charged in series by Vi, while Cix and C2a
are discharged in parallel through Ci.. Similarly,
when Pl and P2 are in different voltage levels,
S1A, S5A,S2B, S3B, and S4B are switched off and
S1IB, S3B, S2A,S3A., and S4A are switched on. Cor-

respondingly, Cix and Cax are charged in series by
Via, while Cis and C are discharged in parallel
through Ci. It means that Cv can be charged contin-
uously in the whole operation states, thus the out-
put current can be improved furthermore.

The output characteristics of the demonstra—
tive SC DC-DC converter with mutually compen-
satory circuit structure are simulated for its opera—
tion at room temperature. T he plots of the output
voltage and the output current versus time are si-

multaneously shown in Fig. 4.
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Fig. 4 Plots of Vow and Jow versus time for the

mutually compensatory circuit structure

T he simulation results indicate that the output
current of the SC DC-DC converter with mutually
compensatory ecircuit structure can reach up to
about 26mA and the maximum ripple is only 1. 5%

when the output voltage is stable.

3 Experimental results

The demonstrative DC-DC converter was fab-
ricated in a standard Rohm 0. 35um CM OS technol-
ogy with p-substrate n-well 3-metal 2—-polysilicon
process in Tokyo University of Japan. The convert-
er delivered about a 1.2V output from a 3.3V in-
put at a IOM Hz switching frequency. As far as the
converter switched by NMOS and PM OS switching
devices is concerned, by using an Ampere meter,
the output current amounts to 1.3mA and the
characteristic of the Vou of 1. 13V are similar to
that of a single unit circuit of the converter using

CMOS switches.
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For a single unit circuit of the converter using
CMOS switching devices, the test result of the Vou
of 1.16V is displayed in Fig. 5 with the lou of

9.8mA also tested by an Ampere meter.
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Fig. 5 Experimental result of Vou of a single unit

circuit of the converter using CMOS switching de-

vices as S1 and S2

By analyzing the experimental results, it can
be concluded that the use of CMOS switches can
effectively raise the /. of a single unit circuit to
9. 8mA, which is almost in accordance with the

simulation result signified by curve a in Fig. 2.

4 Conclusion

An integrated SC DC-DC converter has been
described, designed, analyzed, and tested. Using
CMOS instead of NMOS and PMOS switching de-
vices, the converter demonstrated more suitable
characteristics indicating that the . of a single
unit circuit can come up to 9. 8mA with the Vou of
1. 16V. Also the simulation results show that dou-
ble Ion can be obtained by designing the mutually

compensatory conversion circuit with a power con-

version efficiency of 73% and an output voltage
ripple under 1.5%. In general, as for the demon-
strative 3.3V/1.2V SC DC-DC converter. the im—
provements presented in this paper directly result

in the advancement of the output current.

The authors would like to ac-

Acknowledgment
knowledge Professor Tadashi Shibada and his
group at Tokyo University for their kind help in

this work.

References

[ 1] Hara N.Oota I, Ueno F. Mathematical analysis of 1/2 step-
down switched-capacitor DCDC converter with low ripple.
Elsevier Phisica B, 1997, 239: 181

[ 2] Stratakos A J. Brodersen R W. A low-voltage CM O3S DC-DC
converter for a portable batterv-operated system. In: Proc
IEEE PESC, 1994: 619

[ 3] Geng Li, Chen Zhiming. Liu Jian. Design of a hybrid mono-
lithic integrated switched capacitor DCDC step-up convert—
er. In: Proc IPEM C, 2000, 1: 263

[ 4] Hiraki M. Ito T. Fujiwara A, et al. A 63-uW standby power
microcontroller with on—chip hybrid regulator scheme. IEEE ]
of Solid=State Circuits, 2002, 37( 5) : 605

[ 5] Wul]T,Chang Y H.Chang K L. 1.2V CMOS switched-ca-
pacitor circuits. In: Proe IEEE International Solid-State Cir—
cuits Conference, 1996: 388

[ 6] Geng Li. Chen Zhiming. Liu Xianfeng. A monolithically inte—
grated 12V/5V switched capacitor DC-DC converter. Chinese
Journal of Semiconductors, 2000, 21( 6) : 529

| 7] Geng Li. Monolithically integrated switched capacitor DCDC
converters. Thesis for Doctor Degree, Xican University of
Technology, 2001 BKAT. 9 55 42 )T 2 L 45 DCDC AE B 3%
PG 3 TR A6 3, 2001



12 34 Sui Xiaohong et al.: Improving Characteristics of Integrated Switched-Capacitor -+ 1243

F CMOS TZHEEMFRXBEAR DCDC THEZAIFHE

Wil WRAW BEGS RGN Ek

(PGB TR TR R, V% 710048)

FE: AT —Fh LA O B A5 MR SO T A iRk 3.3V /1. 2V JFOCHLEE DC-DC AR e g, g ik ol 45
SRR s S LE 4R 50 2 1OM Hz H10.5. b T 4w 28 00 88 10 4 o v i, SR CM OS2 el el i op 18 1 G281 A0
CACHE 11 LR TR L S50 A Hispice HLB6 07 SRR A0 20 01 015 20 45 L2 W a2 i 25 10 S0 S 50 vl i R0 AR TR o i
WA A B 12, SmA R 26m A, HG & 1 Dh A F 3 2l 73% , it i e 80 /N T 1. 5% . B4 35 45 H
A KGR I BRE Rohm 0.35um CM OS T 248 B3R, MREF I Wor, A CMOS TF G 28 2t oo it
(4t Ll 9. 8mA.

XH2F: DCDC BHds:; CMOS T &; sk
PACC: 7420; 0660F
FESHES: TN40I ERARIRED: A IEHES: 0253-4177(2003) 12-1239-05

#[H SRR R BB I H (ki 50177027)
Mimesr 4o, 1979 4E 47k, W0 E, AR S T S5 28 DC-DC AR H i (52
BRI 53, 1945 4 AR, B, LA SO, Mg S ob i b e T BT
2003-05-09 ¢ F], 2003-06-26 5 K ©2003 HhH I s





