
Research Archive

Citation for published version:
Minglin Ma, Xinglong Cai, Yichuang Sun, and Nike George, ‘A 
robust high-efficiency cross-coupled charge pump circuit without 
blocking transistors’, Analog Integrated Circuits and Signal 
Processing, Vol. 95 (3): 395-401, June 2018.

DOI:
https://doi.org/10.1007/s10470-018-1149-x

Document Version: 
This is the Accepted Manuscript version.
The version in the University of Hertfordshire Research Archive 
may differ from the final published version.  

Copyright and Reuse: 
© 2018 Springer Science+Business Media, LLC, part of Springer 
Nature.

Content in the UH Research Archive is made available for personal 
research, educational, and non-commercial purposes only. Unless 
otherwise stated, all content is protected by copyright, and in the 
absence of an open license, permissions for further re-use should 
be sought from the publisher, the author, or other copyright 
holder. 

Enquiries
If you believe this document infringes copyright, please contact Research & 
Scholarly Communications at rsc@herts.ac.uk

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by University of Hertfordshire Research Archive

https://core.ac.uk/display/287581301?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1007/s10470-018-1149-x
mailto:rsc@herts.ac.uk


 

1 

 

Abstract—A fully integrated cross-coupled charge pump circuit 

with a new clock scheme has been presented in this paper. The new 

clock scheme ensures that all NMOS pre-charge transistors are 

turned off when the voltages of main clock signals are high. 

Notably, all PMOS transfer transistors will be turned off when the 

voltages of the main clock signals are low. As a result, the charge 

pump eliminates all of the reversion power loss and reduces the 

ripple voltage. The proposed charge pump has a better 

performance even in scenarios where the main clock signals are 

mismatched. The proposed charge pump circuit was simulated 

using Spectre in the TSMC 0.18 µm CMOS process. The 

simulation results show that the proposed charge pump circuit has 

a high voltage conversion efficiency and low ripple voltage. 

 
Index Terms— Cross-coupled charge pump; Reversion power 

loss; Ripple voltage 

I. INTRODUCTION 

HARGE pump circuits have been often used to convert 

a DC input voltage to a DC output voltage, they can 

generate a voltage larger than the supply voltage or lower than 

the ground of the chip. Consequently, charge pumps can 

provide tens or hundreds of mA current for subsequent signal 

processing blocks. However, to supply a stable and higher DC 

voltage to all the embedded Intellectual Properties (IPs) has 

become an important challenge. The advantages of charge 

pump circuits are low cost, low EMI (Electro-Magnetic 

Interference), and small size. For these reasons, the design 

issues are always focused on high pump-efficiency, high 

power-efficiency, higher output power, and low output ripple 

voltage.  

In 1976, J. F. Dickson proposed a Dickson charge pump with 

diode-connected NMOS transistors instead of diodes. This kind 

of charge pump can be easily implemented in a standard CMOS 

process [1]. However, due to the body effect, the high NMOS 

transistor threshold voltage reduces the boost efficiency. 

Accordingly, J. T. Wu and K. L. Chang proposed dynamic 

charge transfer switches (CTS) instead of diode-connected 

NMOS transistors, making sure the NMOS transistors are fully 

opened to eliminate the threshold voltage [2]. However, in 

multi-stage charge pump circuits, diode-connected CMOS 

transistors still exist in the final output stage. This leads to a 

certain threshold loss problem, while the substrate effect still 

exists. Cross-coupled voltage doublers are widely used, due to 

its less voltage drop between the drain terminal and the source 

terminal of each switch. The main disadvantage of Cross-

coupled voltage doublers is that they have three kinds of 

reversion loss: the reversion loss from the output to the flying 

capacitors, the reversion loss from the flying capacitors to the 

input, and the reversion loss from the output to the input [3]. 

Many other technologies, like the Break-Before-Make 

mechanism, the first-level gate-control mechanism, new gate 

control strategies, transfer blocking technique and modified 

pre-charge scheme, are proposed to eliminate the reversion loss 

in the conventional cross-coupled voltage doublers [4-10]. 

However, some of these technologies need extra level shifters 

or blocking transistors, some of them have lower pumping 

efficiency or higher power consumption, most of them do not 

analyze the situation with mismatched main clock signals. 

In this work, a new gate cross-coupled charge pump circuit 

with a new clock scheme has been proposed to eliminate the 

reverse current and improve the voltage conversion efficiency. 

After an overview of conventional CMOS charge pumps in 

Section II, the proposed charge pump is described in Section 

III. Section IV presents comparison and discussion to evaluate 

the performance of the proposed charge pump. Conclusions are 

presented in Section V. 

II. SOLUTION OF TRADITIONAL CHARGE PUMP  

In [1], dealing with research theme of charge pump circuits, 

the Dickson charge pump is shown in Fig.1. It is based on a 

MOS diode connection chain. In this charge pump, flying 

capacitors are switched by double non-overlapping clocks and 

the output voltage, pumped stage by stage, is higher than the 

input DC voltage. However, the threshold-drop exists in each 

diode-connected CMOS transistor. This is a serious problem for 

voltage conversion in every stage. The output voltage of the 

Dickson charge pump can be expressed as: 

  𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛 + 𝑁 [(
𝐶

𝐶+𝐶𝑠
) 𝑉𝑖𝑛 − 𝑉𝑡ℎ −

 𝐼𝑜𝑢𝑡

𝑓(𝐶+𝐶𝑠)
] − 𝑉𝑡ℎ              (1) 

Where 𝑉𝑡ℎ  is the supply voltage of systems, 𝑉𝑜𝑢𝑡 is the output 

voltage which is pumped from the input voltage. 𝑉𝑡ℎ  is the 

threshold voltage of NMOS transistors, C is the flying capacitor, 

𝐶𝑠 is the stray capacitance, and N is the number of stages. From 

this equation, we know the threshold-drop will exist at every 

stage, even in the output stage, this problem will reduce the 

pump-efficiency seriously. 
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Fig. 1.  Schematic of Dickson charge pump. 

To solve the threshold loss problem of the Dickson charge 

pump, cross-coupled charge pumps have been proposed to 

reduce the output voltage ripple. However, the presence of 

reverse charge seriously affects the efficiency of voltage 

conversion.  

Traditional cross-coupled charge pump circuit is shown in 

Fig.2 (a). It consists of a pre-charge circuit with a pair of cross-
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coupled NMOS pre-charge transistors ( 𝑀𝑛1  and  𝑀𝑛2 ), two 

flying capacitors (C1 and C2), and two serial cross-coupled 

PMOS transfer transistors (𝑀𝑝1  and  𝑀𝑝2 ) acting as charge-

transfer devices to generate a higher output voltage (𝑉𝑜𝑢𝑡).  

During the clock transitions shown in Fig.2 (b), when the 

voltage of 𝑐𝑙𝑘1 goes low, and the voltage of 𝑐𝑙𝑘2 is not high 

enough to turn off the transfer transistor (𝑀𝑝1), there will be a 

reverse current called output loss. Similarly, when the voltage 

of clk2 goes low, and the voltage of clk1 is not high enough to 

turn off the transfer transistor (𝑀𝑝2), there will also be a reverse 

current called output loss. The output loss is a current from the 

output node to the flying capacitors.  

When the voltage of clk1 goes high, and the voltage of clk2 is 

not low enough to turn off the pre-charge transistor (𝑀𝑛1), there 

will be a reverse current called pumping loss. Similarly, when 

the voltage of clk2 goes high, and the voltage of clk1 is not low 

enough to turn off the pre-charge transistor (𝑀𝑛2), there will 

also be a reverse current called pumping loss. The pumping loss 

is a current from the flying capacitors to the input node.  

When the transistors 𝑀𝑝1 , and 𝑀𝑛1  or 𝑀𝑝2 , and 𝑀𝑛2  are 

turned on at the same time, there will be a reverse current called 

short-circuit loss. The short-circuit loss is a current from the 

output node to the input node.  

This means that the cross-coupled charge pump can solve the 

threshold voltage problem in [3]. However, the disadvantage of 

reversion current seriously reduces the voltage conversion 

efficiency.  
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Fig. 2.  (a) Conventional cross-coupled charge pump. (b) The overlapped 

intervals existing at clock transitions. 

These reversion charges can be reduced or eliminated using 

several techniques [4-10], however, only transfer blocking 

technique works when the main clock signals are mismatched, 

and a further improvement can be made to increase the transfer 

efficiency of those circuits with transfer blocking technique. In 

this paper, an improved cross-coupled charge pump and its 

control scheme are proposed to increase the transfer efficiency 

without reversion current.   

The charge pump with transfer blocking transistors is shown 

in Fig. 3. The main components are in the dotted box. It contains 

a pre-charge circuit with a pair of cross-coupled NMOS pre-

charge transistors (𝑀𝑛1 and 𝑀𝑛2), two flying capacitors (C1 and 

C2) and two serial cross-coupled PMOS transfer transistors 

(𝑀𝑝1 and 𝑀𝑝2) acting as charge-transfer devices to generate a 

higher output voltage (𝑉𝑜𝑢𝑡).  

Compared to the conventional cross-coupled charge pump, 

two switches and a TCO signal (a local boosted control signal) 

have been added to block the reverse current from the output 

node to the flying capacitors. The TCO is enabled before the 

start of main clock transition time and disabled after the end of 

the transition time. Therefore, we can make sure that the voltage 

of TCO is high enough to turn off the switches from the start to 

the end of main clock transitions. This means no output loss 

exists.  

The auxiliary NMOS transistors (𝑀𝑠𝑛1 ,  𝑀𝑠𝑛2 ), capacitors 

(𝐶𝑠𝑛1, 𝐶𝑠𝑛2) and a control signal generator have been added to 

generate a control signal to eliminate the reverse current from 

the flying capacitors to the input node. The voltage of the 

generated control signal for NMOS pre-charge transistor 𝑀𝑛1 

is low when the voltage of leading clk1 or lagging 𝑐𝑙𝑘1 is high. 

Therefore, we can make sure the gate voltage of 𝑀𝑛1  is low 

enough to turn off 𝑀𝑛1 from the rising edge to the falling edge 

of clk1. Similarly, the voltage of the generated control signal for 

NMOS pre-charge transistor 𝑀𝑛2 is low when the voltage of 

leading clk2 or lagging clk2 is high. Therefore, we can make sure 

the gate voltage of 𝑀𝑛2 is low enough to turn off 𝑀𝑛2 from the 

rising edge to the falling edge of clk2. This means no pumping 

loss exists. The short-circuit loss also does not occur since 

transistor pair 
𝑀𝑛1

 𝑀𝑝1
 or 

𝑀𝑛2

𝑀𝑝2
 cannot be turned on simultaneously. 

Actually, the switches (𝑆1,2) in this circuit are two PMOS 

transistors. Obviously, the conduction loss, caused by non-zero 

ON resistance of switches as a result of the voltage drop across 

the drain-source terminals of transistors, will decrease the 

transfer efficiency.  
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Fig. 3.  Charge pump with transfer blocking transistors.  

III. PROPOSED CHARGE PUMP CIRCUIT  

The proposed charge pump has been shown in Fig. 4. 

Compared with the charge pump with transfer blocking 

transistors, we eliminate those switches and add auxiliary 

transistors (𝑀𝑠𝑝1,𝑀𝑠𝑝2)   and capacitors (𝐶𝑠𝑝1,𝐶𝑠𝑝2).   
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Fig. 4.  The proposed charge pump. 

All clock signals are generated from a pair of differential 

input clock signals (𝑐𝑙𝑘𝑖𝑛1  and 𝑐𝑙𝑘𝑖𝑛2 ). The structure of the 

control signal generator for the proposed charge pump is shown 

in Fig. 5. Main clocks (𝑐𝑙𝑘1,2) are the buffered version of input 

clocks ( 𝑐𝑙𝑘𝑖𝑛1  and  𝑐𝑙𝑘𝑖𝑛2 ). Other signals are generated by 

monitoring the relative timing of rising and falling edges of 

input clocks and the buffered version of input clocks. 
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Fig. 5.  Control circuits.  

The relationship between 𝑐𝑙𝑘𝑛1,2 and 𝑐𝑙𝑘1,2 is shown in Fig. 

6 (a). From Fig. 6 (a), we can see that the voltage of clkn1 will 

be low when the voltage of 𝑐𝑙𝑘𝑖𝑛1 or lagging clk1 is high, and 

the voltage of clkn2 will be low when the voltage of 𝑐𝑙𝑘𝑖𝑛2
 or 

lagging clk2 is high. Therefore, during the transition time, the 

voltage of 𝑐𝑙𝑘𝑛1 or 𝑐𝑙𝑘𝑛2 will be low to make sure main NMOS 

transistors (𝑀𝑛1 or 𝑀𝑛2), in the dotted box of Fig. 4, will be 

turned off. This means the pumping loss will be eliminated.  
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Fig. 6.  The matched situation (a) The relationship between 𝑐𝑙𝑘𝑛1,2 and 𝑐𝑙𝑘1,2.   
(b) The relationship between 𝑐𝑙𝑘𝑝1,2 and 𝑐𝑙𝑘1,2. 

The relationship between 𝑐𝑙𝑘𝑝1,2  and 𝑐𝑙𝑘1,2 is shown in Fig. 

6(b). From Fig. 6 (b), we can see that 𝑐𝑙𝑘𝑝1 will be high when 

the voltage of 𝑐𝑙𝑘𝑖𝑛1 or lagging 𝑐𝑙𝑘1 is low, and 𝑐𝑙𝑘𝑝2will be 

high when the voltage of 𝑐𝑙𝑘𝑖𝑛2  or lagging clk2 is low. 

Therefore, during the transition time, 𝑐𝑙𝑘𝑝1
 or 𝑐𝑙𝑘𝑝2  will be 

high to make sure main PMOS transistors (𝑀𝑝1 or 𝑀𝑝2), in the 

dotted box of Fig. 4, will be turned off. This means the output 

loss will be eliminated.  

When the main clock signals are mismatched, the 

relationship between all clock signals has been shown in Fig. 7. 

We will see that we can still eliminate all reversion current 

regardless of the mismatched main clock signals.  

From Fig. 7 (a), we can see that the voltage of 𝑐𝑙𝑘𝑛1,2 is low 

to turn off the NMOS transistors, when the voltage of 𝑐𝑙𝑘1,2 is 

high in the time duration of 𝑡1,2  so the pumping loss is 

eliminated. Similarly, from Fig. 7 (b), we can see that, in the 

time duration of   𝑡3,4 , the voltage of 𝑐𝑙𝑘1,2  is low and the 

voltage of 𝑐𝑙𝑘𝑝1,2  is high to turn off the PMOS transistors. 

Therefore the output loss is eliminated.  

NMOS transistors are turned on only when the voltage of clk1 

is low and the voltage of 𝑐𝑙𝑘𝑛1 is high. PMOS transistors are 

turned on only when the voltage of 𝑐𝑙𝑘1 is high and the voltage 

of 𝑐𝑙𝑘𝑝1  is low. Therefore, NMOS transistors and PMOS 

transistors will never be turned on at the same time to make sure 

the short circuit loss has been eliminated. 
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Fig. 7.  The mismatched situation (a) The relationship between 𝑐𝑙𝑘𝑛1,2 and 

𝑐𝑙𝑘1,2.  (b) The relationship between 𝑐𝑙𝑘𝑝1,2 and 𝑐𝑙𝑘1,2. 

The single-stage charge pump can be cascaded to obtain a 

higher output voltage. As a result, a single-stage charge pump 

without load can provide an output voltage of 2 𝑉𝑖𝑛. Multiple 

single-stage cross-coupled circuits can be cascaded to obtain a 

high output voltage, ideally, an n-stage gate-cross-coupled 

circuit can get an output voltage of (𝑛 +  1)𝑉𝑖𝑛.   

In [3], a multi-stage gate-coupled charge pump circuit is 

proposed. Considering the reversion loss and the substrate 

effect, the output voltage is lower than the ideal voltage, and the 

power conversion efficiency is very low. With the increase of 

the stage, the source voltage of NMOS transistors is increasing 

and the substrate effect seriously affects the efficiency of the 

charge pump.  

In this work, all bodies of NMOS transistors have been 

connected to the input point and all bodies of PMOS transistors 

have been connected to the output point to eliminate potential 

substrate effects. The proposed n-stage charge pump, based on 

n proposed single-stage charge pumps, is shown in Fig. 8.  

 

Stage 

1

Stage 
2

Stage 
n

Vin

CL RL

Vout

Fig. 8.  Illustration of the proposed n-stage charge pump. 

IV. SIMULATION RESULTS  

The proposed charge pump was simulated in 0.18µm CMOS 

technology. In the proposed design, both of the flying 

capacitors and the output capacitor are 30 pF. The auxiliary 

capacitors are 2 pF. Simulation results of the circuit were 

compared. In order to ensure a fair comparison of the proposed 

design to other designs, all of the flying capacitors, output 

capacitors and the transferring switches in these designs are 

chosen with the same specifications. Fig. 9 shows us the voltage 

conversion ratio versus supply voltage. The simulated voltage 

conversion ratio of the charge pumps in [8] is 1.96–1.98 and 

proposed charge pump reaches around 1.964–1.992. These 

results show that the proposed charge pump provides up to 

0.6% improvement over the charge pump in [8].  

 

Fig. 9.  Voltage conversion ratio versus supply voltage. 

 
Fig. 10.  Output ripple voltage comparison. 

 

Fig. 11.  Output voltage versus output current. 

In Fig. 10, the new charge pump is compared with the circuits 
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in [1-3] and [8] with a load current of 20 µA. The ripple voltage 

of the new charge pump is significantly smaller than that of the 

conventional cross-coupled charge. 

To evaluate the performance in terms of driving capability, 

output voltages of charge pumps with various loading currents 

at 2 V supply are compared in Fig. 11. For the loading current 

of 0–0.8 mA, the output voltage of the proposed charge pump 

drops from 3.93 to 1.35 V, which is almost as good as the charge 

pump in [8]. 

V. CONCLUSIONS  

This paper has presented a new charge pump circuit with a 

new control method. The proposed structure eliminates all 

reversion power losses without blocking transistors. The 

simulation results show that we can get a robust higher output 

voltage and a low ripple voltage compared with some published 

results. What’s more, this design does not require any extra 

level shifter circuit and both of gate-to-source/drain voltages 

and drain-to-source voltages do not exceed the nominal supply. 
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Abstract—A fully integrated cross-coupled charge pump circuit with a new clock scheme has been presented in this paper. The new 
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all PMOS transfer transistors will be turned off when the voltages of the main clock signals are low. As a result, the charge pump 

eliminates all of the reversion power loss and reduces the ripple voltage. The proposed charge pump has a better performance even 

in scenarios where the main clock signals are mismatched. The proposed charge pump circuit was simulated using Spectre in the 

TSMC 0.18 µm CMOS process. The simulation results show that the proposed charge pump circuit has a high voltage conversion 

efficiency and low ripple voltage. 
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