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In this paper, a low-voltage, high performance charge pump circuit, suitable for implementation in
standard CMOS technologies is proposed. Its pumping operation is based on cascading several cross-
connected NMOS voltage doubler stages. For very low-voltage applications (1.2 V, 0.9 V), where the
performance of the NMOS transistors is limited due to body effect, two improved versions of the charge
pump with cascaded voltage doublers (charge pump with CVD) are also proposed. The first utilises
PMOS transistors (charge pump with CVD-PMOS) in parallel to the cross-connected NMOS
transistors, while the second improves the pumping gain by boosting the clock amplitude (charge pump
with CVD-BCLK). Simulations at 50 MHz have shown that a five-stages charge pump with CVD can
achieve a 1.5–8.4 V voltage conversion. For the same stage number and frequency, an output voltage of
4 and 7.3 V can be generated from 0.9 V, by using the charge pump with CVD-PMOS and the charge
pump with CVD-BCLK, respectively.
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INTRODUCTION

Charge pump circuits are mostly used in applications

where voltages higher than the nominal power supply

voltage are needed. High voltages are necessary for the

programming of nonvolatile memories, for biasing the

PMOS well in order to reduce the leakage currents and for

driving electrostatic actuators and the analogue switches

in switched-capacitor systems. The charge pump circuit

reported by Dickson has been widely used, for generating

high voltages [1,2]. The specific circuit makes use of

capacitors interconnected with diodes and coupled in

parallel by two non-overlapping clocks. The diodes of the

Dickson circuit can be replaced by NMOS transistors as

shown in Fig. 1, resulting in a more efficient

implementation [1,3,4]. However, the resulting circuit

performance is limited due to the threshold voltage drop of

the NMOS devices and the reverse charge-sharing

phenomenon. Moreover, for high output generated

voltages, the increase in the threshold voltage due to the

body effect, can significantly reduce the pumping gain.

In order to overcome the above-mentioned problems,

the charge pump of Fig. 2(NCP-2), reported in Ref. [5],

utilises the charge transfer switches (MSi transistors).

Each of the MSi transistors is controlled by the pass

transistors MNi and MPi as clearly depicted in Fig. 2. In

that way the charge transfer switches can be turned off

completely when required, preventing the reverse charge

flow. Also, they can be turned on more effectively by the

high voltage generated in the next stage.

More advanced schemes have been applied to increase

the voltage gain, such as floating PMOS with bootstrapped

gates [6], PMOS transistors with controllable substrate [7]

and four phase clocking [8]. The proposed charge pump

circuit with CVD can generate higher output voltage when

compared with the Dickson charge pump using NMOS

devices and the NCP-2, without employing any of the

above mentioned complicated circuit techniques. More-

over, for very low-voltage operation, two improved

versions of the charge pump circuit with CVD are also

proposed, suitable for operation even under a power

supply voltage of 0.9 V.

The rest of the paper is organised as follows: the second

section describes the charge pump with cascaded voltage

doublers. In the third section, the improved charge pumps

for low voltage applications are proposed. Finally in
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the fourth section, the proposed charge pumps are

compared with the Dickson and the NCP-2 charge pump.

CHARGE PUMP WITH CASCADED VOLTAGE
DOUBLERS

The proposed charge pump with cascaded voltage

doublers (charge pump with CVD) is presented in Fig. 3

[9]. It utilises the cross-connected NMOS voltage doubler

[10], as a pumping stage. The cascade operation ensures

that the high voltage generated by each stage is fed in the

next stage. For a power supply voltage and clock

amplitude equal to VDD, the output voltage from each

stage is higher than the voltage generated from its previous

stage, by the voltage value VDD. (This is the ideal voltage

value if we ignore the influence of the body effect and the

parasitic elements). As a result, for a n-stage charge pump

with CVD, the generated high output voltage will be

equal to:

Vout ¼ VDD þ n VDD ¼ ðn þ 1ÞVDD ð1Þ

The charge transfer from one stage to the next is

accomplished by using a pair of PMOS transistors as serial

switches (MPi transistors). To ensure that during the

operation of the charge pump, the well of the PMOS

switches is always in the higher voltage between source

and drain, we adopt the principle of bulk switching, using

the MSi PMOS transistors [11]. Each of the MSi

transistors is dedicated to bias the well of one of the

MPi transistor, in the highest voltage between source and

drain. Two-phase overlapping clocking is used to drive the

pumping capacitors of each pumping stage. Better results

can be obtained with the use of a non-overlapping

clocking scheme.

IMPROVED CHARGE PUMPS WITH CASCADED

VOLTAGE DOUBLERS

For low-voltage operations and large number of pumping

stages, the cross-connected NMOS transistors present

limited driving capability due to body effect, resulting in

reduced output voltage. To overcome this limitation, we

propose a second version of the charge pump with CVD,

using PMOS transistors in parallel with the cross-

connected NMOS (charge pump CVD-PMOS) [9].

These PMOS transistors (MEi transistors) are inserted

only in the stages, where the NMOS transistors exhibit

limited performance due to body effect. Each of the

PMOS transistors is controlled by a pair of NMOS and

PMOS transistors (MCi transistors), according to the

scheme shown in Fig. 4, using the Vn, Vn pulses of

the current stage and the Vn 2 1; Vn 2 1 pulses of the

previous stage. In this way the PMOS are completely

turned on and turned off, avoiding the charge-sharing

phenomenon from one stage to its previous. The substrates

of the PMOS are all connected to the common node Vsub,

to ensure that they are always tied in the higher voltage

between source and drain.

Figure 5 shows the Vn, Vn; Vn 2 1 and Vn 2 1 pulses,

used for the control of the transistors MEi. In the case of

stage n 2 1; both Vn 2 1 and Vn 2 1 pulses vary between

the voltage levels ðn 2 1ÞVDD and nVDD, while in the

next stage pulses Vn and Vn exhibit a voltage variation

between the voltage levels nVDD and ðn þ 1ÞVDD:
Consequently, during period A transistor MC1 is on,

driving the gate of transistor ME1 with a voltage ðn þ 1Þ

VDD; while transistor MC2 is off. As a result, transistor

FIGURE 1 The Dickson charge pump circuit with NMOS.

FIGURE 2 The NCP-2 charge pump circuit.
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ME1 is completely off. In the next time period B,

transistor MC1 is off while transistor MC2 is on.

Transistor ME1 is also on, since its gate is charged to a

voltage value ðn 2 1ÞVDD: In this way transistor ME1

assists the NMOS transistor M1, whose conductivity is

reduced due to the body effect. Unlike M1, transistor ME1

does not suffer from body effect since its substrate is

always connected to ðn þ 1ÞVDD: Similarly, transistor

ME2 is on during period A, conducting in parallel with

transistor M2, while during period B transistor ME2 is off.

For very low-voltage applications, the pumping gain of

the charge pump with CVD can be further increased by

boosting the clock amplitude. The proposed charge pump

with CVD and boosted clock (charge pump with CVD-

BCLK) is shown in Fig. 6, along with the circuitry used for

the clock boosting. All the pumping capacitors C1–Cn are

driven by the boosted clock pulses BCLK and BCLK:
A cross-connected NMOS pair is applied for boosting the

clock pulses. The high voltage Vpp for biasing

the substrate of the PMOS transistors MB3 and MB5

can be obtained from the first stage output of the charge

pump circuit.

SIMULATION RESULTS

The simulations were performed with the HSPICE

simulator, using a standard 0.35 um CMOS technology.

The threshold voltages of the NMOS and PMOS devices

are 0.52 and 20.65 V, respectively. All the simulations

were carried out at 50 MHz.

In a double-well technology, the NMOS transistors are

shared the same p-substrate, which is connected to GND.

As a result, the highest value of the charge pump output

voltage is limited by the gate oxide breakdown voltage

(BVox) and the breakdown voltage between the n þ/p-

substrate (BVnþ2s) (Fig. 7). For the specific tech-

nology typical values of the above voltages are

FIGURE 3 The proposed charge pump with the cascade voltage doublers (charge pump with CVD).

FIGURE 4 One stage of the proposed charge pump with the cascade voltage doublers and PMOS transistors (charge pump with CVD-PMOS).
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FIGURE 5 Pulses controlling transistors MCi in the charge pump with CVD-PMOS.

FIGURE 6 (a) The proposed charge pump with the cascade voltage doublers and the boosted clock circuitry (charge pump with CVD-BCLK). (b)
Clock and boosted clock pulses.
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BVox ¼ BVnþ2s ¼ 9:5 V: Also since the n-well of the

PMOS transistors is tied in the highest voltage between

source and drain, the pn junction formed by the n-well/

p-substrate is inversely biased. However, the breakdown

voltage between N-well/p-substrate is very high

ðBVw2s ¼ 30 VÞ to cause any reliability problem.

The proposed charge pump with CVD along with the

two improved versions, are compared with the MOS

Dickson and the NCP-2 charge pump. For the charge

pump with CVD-PMOS, the additional PMOS transistors

are inserted only in the fourth and fifth stage, where the

NMOS transistors present significantly reduced driving

capability. The pumping capacitor values in all the charge

pumps are 3pF. Figures 8–11 present the output voltage

for different numbers of pumping capacitors and power

supply voltages. The output current loading is 1.5 uA in all

cases. From these figures it is obvious that the charge

pump with CVD presents higher voltage gain when

compared with the two other circuits, for all the power

supply voltages and for any number of pumping

capacitors.

Figures 10 and 11 indicate that for very low power

supplies (1.2 and 0.9 V) the charge pump with CVD-

PMOS and the charge pump with CVD-BCLK result in

significant increase of the pumping gain, while the

performance of the rest charge pump circuits is limited for

large number of pumping stages. More specifically, the

charge pump with CVD-PMOS can achieve a 0.9–4 V

voltage generation, while for the same power supply the

FIGURE 7 Cross section of the PMOS and NMOS transistor.

FIGURE 8 Simulated output voltages against the number of the
pumping capacitors for VDD ¼ 2 V:

FIGURE 9 Simulated output voltages against the number of the
pumping capacitors for VDD ¼ 1:5 V:

FIGURE 10 Simulated output voltages against the number of the
pumping capacitors for VDD ¼ 1:2 V:

FIGURE 11 Simulated output voltages against the number of the
pumping capacitors for VDD ¼ 0:9 V:

CHARGE PUMP CIRCUITS 481



output voltage of the charge pump with CVD-BCLK can

reach 7.3 V.

Figures 12–15 show the output voltage for different

values of output current. All the charge pumps are using

eight pumping capacitors. For the same output current the

proposed charge pump circuits can generate much higher

output voltages compared with the Dickson and the

NCP-2 charge pump. Also the superiority of the charge

pump with CVD-PMOS and with CVD-BCLK is obvious

even for large output currents.

CONCLUSION

A low-voltage, high performance charge pump circuit is

presented. Each pumping stage consists of an improved

version of the voltage doubler, with the cross-connected

NMOS transistors. The resulting charge pump with

cascaded voltage doublers (charge pump with CVD),

outperforms the Dickson and the NCP-2 charge pump with

the same number of pumping capacitors. For very

low-voltage operation, two additional versions are

proposed to overcome the limited, due to body effect,

behaviour of the cross-connected NMOS transistors. In the

first scheme PMOS transistors are inserted in parallel with

the cross-connected NMOS transistors, to enhance their

conductivity (charge pump with CVD-PMOS). The

second version utilises a clock boosting circuit to increase

the clock amplitude for driving the pumping capacitors.

Simulations at 50 MHz have shown that the charge pump

with CVD can achieve a 2–9.4 V and a 1.5–8.4 V voltage

conversion. Also by using the charge pump with CVD-

PMOS and the charge pump with CVD-BCLK an output

voltage of 4 and 7.3 V can be generated from 0.9 V,

respectively.

FIGURE 12 Simulated output voltages against the output current for
VDD ¼ 2 V:

FIGURE 13 Simulated output voltages against the output current for
VDD ¼ 1:5 V:

FIGURE 14 Simulated output voltages against the output current for
VDD ¼ 1:2 V:

FIGURE 15 Simulated output voltages against the output current for
VDD ¼ 0.9 V.

Y. MOISIADIS et al.482



References

[1] Dickson, J.F. (June 1976) “On-chip high voltage generation in
MNOS integrated circuits using an improved voltage multiplier
technique”, IEEE J. Solid State Circuits SC-11(3), 374–378.

[2] Tanzawa, T. and Tanaka, T. (August 1997) “A dynamic analysis of
the Dickson charge pump circuit”, IEEE J. Solid State Circuits
32(8), 1231–1240.

[3] Oto, D., et al. (October 1983) “High-voltage regulation and process
considerations for high-density 5 V-only EEPROM”, IEEE J. Solid
State Circuits sc-18, 532–538.

[4] Witters, J.S., Groeseneken, G. and Maes, H.E. (October 1989)
“Analysis and modeling of on-chip high-voltage generator circuits
for use in EEPROM circuits”, IEEE J. Solid State Circuits 24(5),
1372–1380.

[5] Wu, J.T. and Chang, K.L. (April 1998) “MOS charge pumps for low-
voltage operation”, IEEE J. Solid State Circuits 33(4), 592–597.

[6] Witters, J.S., Groeseneken, G. and Maes, H.E. (1993) “Analysis and
design of a charge pump circuit for high output current
applications”, European Solid State Circuits Conference ESSCIRC,
pp. 118–121.

[7] Shin, J., Chung, I.-Y., Park, Y.J. and Min, H.S. (August 2000) “A
new charge pump without degradation in threshold voltage due to
body effect”, IEEE J. Solid State Circuits 35(8), 1227–1230.

[8] Chen, J.C. (1996) “A 2.7 V only 8Mbx16 NOR flash memory”,
IEEE Symposium on VLSI Circuits, Digest of Technical Papers,
pp. 172–173.

[9] Moisiadis, Y., Bouras, I. and Arapoyianni, A. (2000) “A CMOS
charge pump for low voltage operation”, IEEE International
Symposium on Circuits and Systems ISCAS’2000, (Geneva,
Switzerland).

[10] Nakagome, Y. (April 1991) “An experimental 1.5 V 64Mb Dram”,
IEEE J. Solid State Circuits 26, 465–472.

[11] Favrat, P., Deval, P. and Declerq, M.J. (March 1998) “A high-
efficiency CMOS voltage doubler”, IEEE J. Solid State Circuits
33(3), 410–416.

Moisiadis Yiannis. Mr Moisiadis received the B.S. degree

in physics from the University of Thessaloniki, Greece, in

1995 and the M.Sc. in Electronics and Radioelectricity in

2000 from the University of Athens, Greece. He is now

working toward his Ph.D. thesis on low voltage and low

power CMOS circuits. His research interests include low

power and low voltage CMOS circuits, VLSI design,

memory peripherals and RF architectures.

Ilias Bouras. Dr Bouras received his B.Sc. in Physics

(1986), M.Sc. in Telecommunications (1988) and Ph.D in

Microelectronics (1998) from the Univ. of Athens. He

worked as a researcher in the field of IC design at the

Institute of Microelectronics “NCSR Demokritos”,

Athens, Greece and as Technical Director in ISD SA,

Athens, Greece. From July 2000, he is the COO of HELIC

SA, Athens, Greece. He was involved in the design of low

voltage, low power basic cells and blocks (charge pumps,

clock drivers, level converters) in deep sub-micron

processes, flash memory cells and peripherals, proprietary

bus interfaces, VLSI parallel architectures for DSPs, low

switching noise current-mode logic families, as well as the

characterization of new gate dielectrics for deep sub-

micron processes. His current interests are mainly in the

area of multi-Gbps CMOS optoelectronics circuits.

Dr Bouras has authored several technical papers in

refereed international journals and conferences and he has

been awarded one European patent.

Angela Arapoyanni. Prof. Arapoyanni received the B.S.

degree in physics from the University of Athens, Greece,

in 1973, the M.S. in Electronics and Radioelectricity and

in Electronical Automatism in 1975 and 1976, respect-

ively, and the Ph.D. degree in physics in 1983 from the

same University. She was assistant at the Laboratory of

Electronical Physics, University of Athens, from 1974 to

1983, Lecturer at the Department of Physics, Division of

Applied Physics, University of Athens, from 1983 to 1988

and Assistant Professor in Optoelectronics at the same

Department from 1988. She is currently an Assistant

Professor in the Department of Informatics, University of

Athens. Since 1979, participates to the Optoelectronics

Research Group of the University of Athens. Since 1985,

teaches Microelectronics to the students of Physics and

later to the students of Informatics.

CHARGE PUMP CIRCUITS 483



International Journal of

Aerospace
Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2010

Robotics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Active and Passive  
Electronic Components

Control Science
and Engineering

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 International Journal of

 Rotating
Machinery

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 Journal ofEngineering
Volume 2014

Submit your manuscripts at
http://www.hindawi.com

VLSI Design

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Shock and Vibration

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi Publishing Corporation 
http://www.hindawi.com

Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Sensors
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Modelling & 
Simulation 
in Engineering
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Navigation and 
 Observation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Distributed
Sensor Networks

International Journal of


