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Abstract— A new charge pump circuit has been proposed to 
suppress the return-back leakage current without suffering 
the gate-oxide overstress problem in low-voltage CMOS 
process. A test chip has been implemented in a 65-nm CMOS 
process to verify the proposed charge pump circuit with four 
pumping stages. The measured output voltage is around 8.8 
V with 1.8-V supply voltage, which is better than the 
conventional charge pump circuit with the same pumping 
stages. By reducing the return-back leakage current and 
without suffering gate-oxide reliability problem, the new 
proposed charge pump circuit is suitable for the applications 
in low-voltage CMOS IC products. 
 

I. INTRODUCTION 
Charge pump circuits can generate the voltage higher 

than the normal power supply voltage (VDD) or lower 
than the ground voltage (GND) in a chip, which were 
usually used to write or erase data in the nonvolatile 
memory. Moreover, charge pump circuits are also used in 
power management blocks and the driver ICs for 
liquid-crystal-display (LCD) panels [1].  

Fig. 1 shows the earlier Cockcroft-Walton voltage 
multiplier [2], which can generate steady potential nearly 
800,000 volts to power the particle accelerator, performing 
the first artificial nuclear disintegration in the history. This 
circuit is composed of capacitors, diodes, and clocks 
(CLK and CLKB) to form the voltage multiplier. However, 
the Cockcroft-Walton voltage multiplier becomes 
inefficient, when integrated into the chip, due to its large 
stray capacitance and high output impedance.  

In order to overcome the limitation for integrating into a 
chip, the Dickson charge pump circuit was proposed to 
create a new voltage multiplier, as shown in Fig. 2 [3]. 
The diode-connected NMOS is utilized to transfer charge 
from input to output in each stage. When the CLK is low 
(CLKB is high), m1, m3, and m5 are turned on (m2 and 
m4 kept off), the charge is transferred from VDD to node1, 
the charge in node 2 is transferred to node 3, and the 
charge in node 4 is transferred to Vout. On the other hand, 
when the CLK is high (CLKB is low), m2 and m4 are 
turned on (m1 and m3 kept off), the charge is transferred 
from node 1 to node 2, and charge in node 3 is transferred 
to node 4. Therefore, the output voltage of Dickson charge 
pump circuit is, 
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where Vti denotes the threshold voltage of the 
diode-connected NMOS in the i-th stage, and N is the 

 
Fig. 1. Cockcroft-Walton voltage multiplier [2]. 

 
Fig. 2. Dickson charge pump circuit [3]. 

stage number. When each node is pumped higher, the 
threshold voltage in each NMOS becomes larger due to 
the body effect. Therefore, the efficiency of this circuit 
will be decreased as the stage increases. Finally, it suffers 
overstress voltage across the gate oxide of devices when 
stage nodes are pumping higher. To avoid the gate-oxide 
overstress problem, the high-voltage device with thick 
gate oxide was needed for implementing such Dickson 
charge pump circuit. However, the thick gate-oxide 
NMOS often has a high threshold voltage which somehow 
degraded the pumping efficiency.  

Due to the fact that the CMOS technology is 
continuously scaled down, some modified charge pump 
circuits [4]-[8] based on Dickson charge pump circuit 
were invented to eliminate the body effect, to overcome 
the threshold drop, and to improve the efficiency. However, 
those charge pump circuits suffer the gate oxide reliability 
problem. In [9], to prevent gate-oxide overstress, it utilizes 
PMOS devices with threshold voltage of lower 
temperature sensitivity and adequate body bias to 
implement the charge pump circuit in a low-voltage 
CMOS process. However, increased parasitic capacitance 
due to more devices connected to the pumping nodes 
degrades the speed of this charge pump circuit. Recently, a 
voltage doubler designed with four-phase clock at 1GHz 
was verified in a 32-nm logic process [10]. 
 

II. CHARGE PUMP CIRCUIT WITHOUT GATE OXIDE 
RELIABILITY ISSUE 

Fig. 3 shows the charge pump circuit of the prior art [11] 
designed with low-voltage devices but without suffering 
the gate-oxide overstress. CLK and CLKB are 
out-of-phase with the amplitude of VDD. This circuit uses 
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Fig. 3. The charge pump circuit reported in the prior art [10] to solve the 
gate-oxide reliability issue in low-voltage CMOS process. 

two branches to avoid the gate-oxide reliability problem, 
where the voltage difference between the drain/source and 
the gate in each MOSFET is not over VDD. This circuit 
has no threshold drop through using switches to transfer 
charge from input to output. However, in this charge pump 
circuit, the return-back leakage current during the 
transition of clocks will cause some degradation on the 
output voltage (Vout). For example, when CLK is from 
low to high (CLKB is from high to low), the voltage of 
node 4 becomes 5VDD from 4VDD, the voltage of node 8 
becomes 4VDD from 5VDD, and the voltage of node A 
still holds in 4VDD. Hence, it is expected that mp8 in Fig. 
3 has to be turned off and simultaneously mn8 and mp7 in 
Fig. 3 have to be turned on. Actually, mp8 could not be 
turned off immediately while mn8 and mp7 have been 
turned on already. Thus, mp8, mn8, and mp7 would 
provide a leakage path such that the charge at the output 
will return back through mp8, mn8, and mp7 to node 7. 
Similarly, if mp4 is already turned on and mn4 as well as 
mp3 could not be turned off immediately, it also provided 
a leakage path from output to node 3. 
 

III. NEW PROPOSED CHARGE PUMP CIRCUIT  
In this work, the new charge pump circuit is proposed to 

suppress the return-back leakage current in the prior-art 
circuit during clock transitions. Therefore, the pumping 
efficiency of the new design can be further improved for 
implementation in the low-voltage CMOS processes.  

Fig. 4(a) shows the new proposed charge pump circuit 
with the corresponding clock waveforms (CLKA, CLKB, 
CLKC, and CLKD) shown in Fig. 4(b). In the schematic 
diagram, C is the main pumping capacitor, and Cs is the 
auxiliary pumping capacitor with a small capacitance. 
Each stage also contains Branch A and Branch B, which 
have identical structures but are turned on alternately to 
pump output voltage to high. By using the clock signals 
(CLKA to CLKD) as depicted in Fig. 4 (b) to create four 
operation periods, PMOS (mc1, mc2, mc3, mc4, md1, 
md2, md3, and md4) of small dimensions and the 
auxiliary Cs capacitors control the main charge transfer 
devices (mp1, mp2, mp3, mp4, mp5, mp6, mp7, and mp8) 
turning off properly.  Thus, return-back leakage current 
during the clock transitions can be avoided. More details 
about circuit operation in the four separate periods are 
introduced in the following: 
A. During the Period T_1 

During the period T_1, CLKA, CLKB, CLKC, and 
CLKD are high, low, high, and high to low, respectively. 
At this moment, the voltage difference V15 (V37) 
between node 1 and node 5 (node 3 and node 7) is -VDD; 
hence, mn1 and mc1 (mn3 and mc3) are turned on to 

 
(a) 

 
(b) 

Fig. 4. (a) New proposed charge pump circuit and (b) the corresponding 
clock waveforms to create four-periods circuit operation (T_1, T_2, T_3 
and T_4). 

transfer charge from input node of VDD to node 1 (node 2 
to node 3) and transfer charge from node 5 (node 7) to 
node c1 (c3). At the same moment, mp5 and mn6 (mp7 
and mn8) are turned on to transfer charge from node 5 to 
node 6 (node 7 to node 8). Simultaneously, mn5 (mn7) is 
kept off to cut off the leakage path from node 5 back to 
input node of VDD (node 7 back to node 6), and mp1 and 
mn2 (mp3 and mn4) are kept off to cut off the leakage 
path from node 2 back to node 1 (node 4 back to node 3).  

Hence, for the output stage, mp4 and mn8 are turned on 
(mn4 and mp8 are kept off), and the pumping voltage will 
be transferred from node 4 to the output.  
B. During the Period T_2 and T_4 

During the period T_2 and T_4, CLKA, CLKB, CLKC, 
and CLKD are low, low, high, and high, respectively. At 
this period, the main charge transfer devices ( mn1, mn2, 
mn3, mn4, mn5, mn6, mn7, and mn8) are turned off 
because all the voltage difference from gate to source of 
charge transfer devices are zero. In the meantime, the 
PMOS (mc1, mc2, mc3, mc4, md1, md2, md3, and md4) 
of small device sizes are turned on to raise the node c1/d1, 
c2/d2, c3/d3, and c4/d4 to the voltage level of 2VDD, 
3VDD, 4VDD, and 5VDD, respectively. Therefore, the 
gate voltages of all charge transfer PMOS devices (mp1, 
mp2, mp3, mp4, mp5, mp6, mp7, and mp8) are higher 
than their corresponding source voltages to keep 
themselves off.  
C. During the Period T_3 

During the period T_3, CLKA, CLKB, CLKC, and 
CLKD are low, high, high to low, and high, respectively. 
At this moment, the voltage difference V15 (V37) 
between node 1 and node 5 (node 3 and node 7) is VDD. 
Hence, mn5 and md1 (mn7 and md3) are turned on to 
transfer charge from the input node of VDD (node 6) to 
node 5 (node 7), and transfer charge from node 1 (node 3) 
to node d1 (d3). At the same moment, mp1 and mn2 (mp3 
and mn4) are turned on to transfer charge from node 1 to 
node 2 (node 3 to node 4). Simultaneously, mn1 (mn3) is 
kept off to cut off the leakage path from node 1 back to the 
input node of VDD (node 3 back to node 2), and mp5 and 
mn6 (mp7 and mn8) are kept off to cut off the leakage 
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Fig. 5. The simulated voltage waveforms at the nodes 1 to 8 and the 
output voltage (Vout) in the new proposed charge pump circuit with 
VDD of 1.8 V.  

path from node 6 back to node 5 (node 8 back to node 7). 
Hence, for the last output stage, mp8 and mn4 are turned 
on (mn8 and mp4 are kept off), and the pumping voltage 
will be transferred from node 8 to the output.  
 

IV. SIMULATED RESULTS 
A 65-nm CMOS process model with 2.5-V devices is 

used to verify the performances of new proposed charge 
pump circuit (this work) and the prior-art circuit of Fig. 3. 
Fig. 5 shows the simulated voltage waveforms of each 
node to confirm the new proposed charge pump circuit 
without suffering gate-oxide overstress. The value of the 
output ripple can be calculated by 

            100×=
out

pp

V
V

(%)Ripple ,        (2) 

where Vout is the output voltage and VPP is the 
peak-to-peak ripple voltage in the output voltage 
waveforms. The relative simulated results in different 
inputs (VDD) are shown in Fig. 6. From this figure, the 
new design is verified to have smaller output ripples than 
that of the prior art. To have fair comparison, the new 
proposed charge pump circuit and the prior-art circuit of 
Fig. 3 are designed with same condition which contains 
2-pF pumping capacitor, 10-MHz clock frequency, 20-pF 
output loading capacitor, and same sizes of charge transfer 
devices. Additionally, the auxiliary capacitor (Cs) in the 
new proposed charge pump circuit is designed with 25 fF. 

Fig. 7 shows the method to estimate the return-back 
leakage current from the observed simulated waveforms. 
For the PMOS, the return-back leakage current is positive. 
Two cases are depicted in this figure for clock signals with 
1-ns and 12-ns rise/fall time. The quantity of the leakage 
charge in one transition can be approximately calculated, 
with its peak current value (H) and the major duration (W) 
when leakage is generated, by using the formula of 
triangle area. Finally, the estimated return charge is the 
sum of all leakage currents (all the triangles) during the 
same period. For the NMOS with negative return-back 
leakage current, the same method can still be applied. The 
estimated results of the simulated return charge are shown 
in Fig. 8 under the clock signals with different rise/fall 
time. From this estimation of simulated results, the new 
proposed charge pump circuit has much smaller leakage 
current than that in the prior-art circuit of Fig. 3. 

 

V. EXPERIMENTAL RESULTS 
A test chip has been fabricated in a 65-nm CMOS  

 
Fig. 6. The simulated output ripples of this work and the prior-art circuit 
under different inputs (VDD). 

 
Fig. 7. The method used to estimate the return charge of PMOS by 
approximately calculating the quantity as the triangle area during the 
clock transitions in the charge pump circuit. 

 
Fig. 8. The estimated return charge of the charge pump circuits under the 
clock signals with different rise/fall time (f=10 MHz and VDD=1.8 V). 

process to verify the new proposed charge pump circuit 
and the prior-art circuit (Fig. 3). To avoid the body effect 
and the gate-oxide stress from gate to bulk of each device, 
the bulk of the device in the new proposed charge pump 
circuit can be connected to its corresponding source if the 
deep n-well layer is provided in the selected CMOS 
process. The chip photograph of the fabricated circuits is 
shown in Fig. 9. The ideal value of output voltage 
contributed by four-stage charge pump circuit with 1.8-V 
supply voltage is 9 V. The measured output voltages of 
this work and the prior-art circuit with different loading 
resistances (Rout) at the output node are shown in Fig. 10. 
With the main pumping capacitor (C) of 2 pF and the 
auxiliary capacitor (Cs) of 25 fF, the measured output 
voltage of the new proposed charge pump circuit is around 
8.8 V and that of the prior art is around 7.9 V, when no 
loading resistance (Rout) is added to the output (Vout). 
When the Rout of different resistances is added to the 
output node of the fabricated charge pump circuits, the 
output voltage (Vout) will be degraded due to the limited 
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Fig. 9. Chip photographs of (a) the prior-art circuit, and (b) the new 
proposed charge pump circuit, fabricated in a 65-nm CMOS process. 

 
Fig. 10. The measured output voltages of the new proposed charge pump 
circuit and the prior-art circuit (f=10 MHz, VDD=1.8 V, and rise/fall time 
of ~2 ns) with different loading resistances (Rout) at the output node. 

 

Fig. 11. The measured output of the new proposed charge pump circuit 
and the prior-art circuit with the 20-pF capacitor loading and ~2 ns 
rise/fall time in different the supply voltage (VDD). 

 
Fig. 12. The output voltages of the charge pump circuits with different 
rise/fall times in the clock signals (f=10 MHz, VDD=1.8 V). 

charges generated from the pumping capacitors at each 
clock cycle. The measured output voltages of the prior-art 
circuit and this work under the different input (VDD) 
without resistor loading are shown in Fig. 11. In this figure, 
the output values of these circuits are degraded when the 
input VDD is decreased. Fig. 12 shows the simulated and 

measured output voltages of this work and prior art under 
different rise/fall times. The hollow dots are the measured 
result and others are the simulated results. The simulated 
and measured output voltages of the new proposed charge 
pump circuit are both higher than that of the prior-art 
circuit with the same device dimensions and capacitors. 
Thus, the new proposed charge pump circuit has been 
successfully proved to suppress the return-back leakage 
current during the clock transitions. 
 

VI. CONCLUSION 
A new charge pump circuit in low-voltage CMOS 

process has been proposed and verified in silicon. By 
inserting a short turn-off period into the circuit operation 
of charge pump circuit, the return-back leakage path 
during the clock transitions can be successfully suppressed 
in the new proposed charge pump circuit. Hence, the new 
proposed charge pump circuit has better efficiency than 
that of the prior designs and also without suffering the 
gate-oxide reliability problem. The proposed charge pump 
circuit is very suitable for applications in low-voltage 
CMOS integrated circuits to efficiently generate the higher 
voltage. 
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