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Abstract: - This paper presents a modified Cockcroft-Walton charge pump designed for driving capacitive or low
current resistive loads. The proposed modification by using switched capacitors technique shows great improvement in
output voltage levels that it achieves, and in number of capacitors needed for reaching a certain voltage level. Also, it
requires no additional clocking scheme besides the present single phase AC signal. The proposed Switched CockcroftWalton (SCW) charge pump was simulated and compared with the CW charge pump.
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Fig.1 shows the circuit schematics of the 4-stage
Cockcroft-Walton (CW) charge pump. The circuit
consists of diode connected MOSFETs and pumping
capacitors. The body of each MOSFET is connected to
the ground (not shown in Fig.1). This is very simple
design since it doesn’t requires any additional clock
signals or DC voltage levels. Drawback of this charge
pump is the gain loss due to threshold voltage drop and
by the body effects of the stage MOSFETs, as in (1).

Introduction

Charge pumps are on-chip circuits used for generating
voltage levels higher than voltage available from power
supply [1]. One of the areas where they are commonly
used, are the RFID circuits. More specific, the passive
RFID circuits, which do not have power supply of their
own, but they use the RF signal generated from the
reader as power source [2]. The power transmitted to the
RFID tag in that manner, depending on the certain
conditions such as reader-tag distance, sometimes is not
sufficient to be used for powering of the circuit. This is
the main reason for usage of indirectly powered circuits.
The idea is that the tag „waits“, while the charge pump is
charging [3], [4]. When the voltage stored in pumps
capacitors reaches predefined value, the control circuit
discharges the capacitors allowing the tag to perform its
function, usually sending the serial number. When used
in indirectly powered circuits the charge pump sees only
capacitive load which consists of output capacitor and
capacitors in each stage of the charge pump. This opens
a necessity to design charge pumps which are suitable to
operate under capacitive load.
Another important aspect of the passive circuits and
on-chip integrated circuits in general, is that they are to
occupy the smallest area possible. Since the capacitors,
with respect to the transistors, occupy the majority of the
chip surface, their number is significant factor in scaling
down the circuit size.

k

Vout = ∑ (V AC − VTni ) + (V AC − VTnout )

where VTni is a threshold voltage of ith and VTnout of the
output MOSFET and k is the number of identical preoutput stages.
A more recent approach to charge pump
development is usage of the switched capacitors circuits
and heap charge pumps [5]-[7]. Both approaches are
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Fig.1 A 4-stage Cockcroft-Walton (CW) charge pump
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Fig.3 Switched CW charge pump unit

rather similar, and are based on charge pump design
incorporating only capacitors and switches instead of
diodes or diode connected MOSFETs. Those designs
require up to four non-interleaving clock signals in order
to operate switches, which must be able to completely
turn off and on in order to ensure the proper charge
pump operation [8], [9].
In this paper we propose a version of switched
Cockcroft-Walton (SCW) charge pump for driving
capacitive loads. The design is fairly simple. The charge
pump requires only the AC signal , with Vm greater than
VTn, which can be sine or square wave, as opposed to
majority of reported charge pumps which require DC
voltage and/or special clocking schemes [10]-[17]. No
DC voltage is needed for this charge pump, what makes
this charge pump suitable for usage in RFID tags, where
only the RF signal is available for DC voltage
generation.
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2 Switched CW Charge Pump
In the switched CW charge pump two regular pumping
stages are merged into one major pumping unit which,
when modeled with diodes and switches, consists of 2
capacitors, 2 diodes and 2 switches, as shown on Fig.2.
There are two operational states for this charge pump. In
first, while switch S1 is closed and S2 opened, the
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Fig.2 Switched CW charge pump unit modeled with
diodes and switches
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VC 2 = VC1 + VAC − VTnM 2 − VTnM 3

charge pump charges as ordinary CW charge pump. In
second state, when switch S1 is opened and S2 closed,
the charge unit capacitors C1 and C2 are through switch
S2 connected serially and the voltage passed to the next
pumping unit is significantly higher.
The full charge pumping unit schematics is shown in
Fig.3. Due to better clarity of the schematics, the
connections between ground and the body of each
MOSFET are not shown. M1 and M2 are diode
connected MOSFETs which with capacitors C1 and C2
form a regular CW charge pump. MOSFETs M3 and M4
are used as switches S1 and S2, respectively. Two
additional MOSFETs M5 and M6, are added to ensure
that M4 (switch S2) can be completely turned on and off.
In fact, M5 and M6 form an inverter driving stage for
MOSFET M4, where the active load resistor M5 is made
of a long MOSFET, keeping the power consumption
minimal.

where VC2 is capacitor C2 voltage, VAC is supply voltage,
and the VTnM2 and VTnM3 are the threshold voltages of
diode connected MOSFET M2 and switch M3,
respectively.

Vnext _ stage = VC1 + VC 2 − VTnM 4

Vnext _ stage = 2 ⋅ V prev _ stage + VAC

2.1 Charging phases

,(5)

Since every pumping unit added to the charge pump
raises the output voltage much faster than the regular
CW charge pump the body effects of later MOSFET's
are more expressed. The following equation gives the
mathematical formulation [18] for threshold voltage VTn
when body effect is present.

As mentioned before, the presented charge pump has
two operational phases. The regular Cockcroft-Walton
charging phase and switched charging phase. When M6
is turned on, the gate of the M4 is connected to the
ground, thus M4 is turned off. When M6 is turned off,
the voltage level of capacitor C1 is through M5 brought
to the gate of the M4, hence turning it on.
This way, when AC signal is positive, the M3 and
M6 are turned on, and the M4 is turned off. This is first
operational state in which the charge pump charges as
regular CW charge pump. When AC drops to its
negative value, the MOSFETs M3 and M6 are turned
off, M4 is turned on, and charge pump is in the second
operational phase where the heaped voltage (serially
connected) from capacitors C1 and C2 is passed on the
output of the pumping unit.

VTn = VTn 0 + ∆VTn

,(6)

where the VTn0 is the threshold voltage of MOSFET with
no body effect present, and ∆VTn is the threshold
variation given as a function of source-body voltage Vsb,
as shown in (7).

∆VTn = γ  2 Φ p + Vsb − 2 Φ p 



,(7)

where the γ and Φp are further explained in (8) and (9),
respectively.

2.2 Mathematical formulation
The SCW charge unit has two charging phases.
Mathematical formulation for obtaining the voltage
which is tranferred to the next stage must be calculated
with respect to both phases. The equations bellow are
giving the maximal voltage values which describe the
stationary conditions for fully charged pump.

2ε s qN a

γ =

C ox

Φp = −

,(2)

where VC1 is capacitor C1 voltage, Vprev_stage is heaped
voltage from previous SCW unit, and VTnM1 is threshold
voltage for diode connected MOSFET M1.
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,(4)

where Vnext_stage is heaped voltage from capacitors C1 and
C2 which is transferred to the next stage, basically SCW
unit's output voltage, and VTnM4 is threshold voltage for
switch M4.
The final expression for SCW unit's output voltage is
given by (5).

− 2 ⋅ VTnM 1 − VTnM 2 − VTnM 3 − VTnM 4

VC1 = V prev _ stage − VTnM 1

,(3)

KT  N a 

ln
q  ni 

,(8)

,(9)

By cascading the SCW charge pump units a SCW charge
pump with any even number of stages can be made, as
shown in Fig.3. The output voltage of such an
arrangement can be calculated using equations (2)-(9).
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3 Simulation

3.1 Output characteristics

Simulation of the switched CW charge pump is done
with Multisim 2001® software, using 0.35µm n-well
CMOS level 49 SPICE models [19].
In the comparison between CW and SCW charge
pump, the number of pumping stages is one of the
parameters. Basically, the number of stages is equal to
the number of capacitors in the charge pump, without the
output stage. The SCW charge pump consists of charge
pump units which are two pumping stages merged
together. This is the reason why only the charge pumps
with even number of stages were simulated.
By increasing the number of pumping stages, the
voltage increases accordingly. For exclusively capacitive
load, with no parallel resistive load applied to the output
capacitor, comparison between output voltages of the
SCW and CW charge pump, for a different number of
pumping stages, and different values of the pumping
capacitors, is given in Fig.4. The typical capacitance
values for pumping capacitors in related papers [1]-[17]
vary from 1pF up to 30 nF.

The output characteristics Vout vs. Iout of the SCW and
CW charge pump are compared. The both charge pumps
are 8-stage charge pumps with 10 pF, 100 pF, 1 nF, and
10 nF capacitors, and the frequency of the AC supply is
set to the 1 MHz sine wave. Amplitude of the AC supply
voltage is set to 3.5 V. Results of the comparison are
given in Fig.5.
The SCW charge pump is designed to work under
capacitive or low current load. For that reason the output
currents in Fig.5 are given in logarithmic scale, which
gives better overview of the low current region.
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Fig.5 Output voltages of the 8-stage SCW and CW charge
pump under different output currents, logarithmic scale,
VAC=3.5V
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The significant factor in charge pumps which are used in
indirectly powered circuits is the charging time. The
charging times of the SCW charge pump presented in
this paper and CW charge pump are compared, and the
result are given in Table 1. Note that the charging time
values in Table 1 are time values needed for a certain
charge pump to reach the 90% of its maximal output
voltage which is much higher for SCW charge pump.
For better comparison between charge pumps Table 2
shows output voltage values for SCW and CW charge
pump for charging time in which CW reaches 90% of its
maximal output voltage value. The results in Table 2
show us that the SCW charge pump has improved
performance also when the charging time is taken into
consideration.

10

Fig.4 Output voltage comparison for SCW and CW charge
pump for a different number of pumping stages, and different
values of the pumping capacitors, VAC=3.5V.

For SCW with 10 pF pumping capacitors can be seen the
output voltage drop for 8-stage charge pump caused by
power consumption of the additional MOSFETs added
to the charge pump units. This same voltage drop can be
observed for SCW pump with 100pF capacitors, but in
smaller scale. This voltage drop is directy coused by
consumption of the inverter drive stage, where during
CW charging phase, the first capacitor in SCW unit is
discharging through active load resistor in inverter. That
output voltage drop problem can be solved by using
larger pumping capacitors or using higher frequency for
AC supply voltage source.
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TABLE 1
CHARGING TIME FOR 90% OF MAXIMAL OUTPUT VOLTAGE [µS]
10pF
100pF
1nF
CW
SCW
CW
SCW
CW
SCW
7.2
11
9.3
19
31
82
19
36
27
55
98
268
42
90
52
150
177
465
72
138
99
408
260
1000

CW
320
840
1300
2000

10nF

SCW
1200
2400
3500
7500
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TABLE 2
OUTPUT VOLTAGES FOR SCW AND CW CHARGE PUMP FOR CHARGING TIME IN WHICH CW REACHES 90% OF ITS MAXIMAL
OUTPUT VOLTAGE VALUE, VAC=3.5V
Number of
10pF
100pF
1nF
10nF
CW
SCW
CW
SCW
CW
SCW
CW
SCW
stages n
2
9.4
7.7
9.7
7.4
9.3
7.5
9.4
8.1
4
15.5
16.3
15.7
16.8
15.8
18.7
15.7
18.8
6
21.8
24.7
22
25.9
22
33.6
21.6
34
8
28.3
30
28.9
35.7
28
46
27.8
52
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Fig.7 Pumping capacitors voltages in the charging process for
8-stage SCW charge pump with 1nF pumping capacitors,
VAC=3.5V.

Fig.6 Output voltages in the charging process for 8-stage
SCW and CW charge pump with 1nF pumping capacitors,
VAC=3.5V.

unit. The following pair of the curves represent the
capacitors from the next SCW unit It can be seen that
there is a significant jump in voltage value that commes
from switched operational mode presented in this charge
pump.

The charging processes for 8-stage SCW and CW charge
pumps with 1nF pumping capacitors are given by Fig.6.
Both charge pumps have approximately the same
charging time (CW slightly better) until the CW reaches
70% of its maximal output voltage. After that the CW
pump slows down charging toward its lower output
voltage, and SCW continues charging much quicker.

3.4 Node voltage waveforms
Node are representing the higher potential points of each
capacitor in a charge pump. Since the low potential point
of each capacitor changes with AC supply signal phases,
for a CW charge pump, and also durring switched
charging phase in SCW charge pump. Node voltage
waveforms are a good way, beside the capacitor
voltages, to observe the charging proces. The difference
is that node voltage give us insight to voltage oscillations
between charge pump stages.

3.3 Capacitors voltage levels
With respect to the CW, the SCW charge pump's
capacitors are charging with larger steps between SCW
units. This can be observed in Fig.7, where the charging
process for capacitors in a 8-stage SCW pump is
presented. Each two curves that are placed close to each
other are from two capacitors that are forming one SCW
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Fig.9 shows the Ugs voltage for switch S1. Numbers in
labels in the chart legend represent the SCW unit for
which the Ugs voltage of switch S1 is given. When
closed switch S1 enables the CW charging phase. It is
important that this switch can be fully turned off in order
to eliminate the possibility of charge leakage through
this switch when the pump is in switched charging
phase. This is accomplished by using the AC signal for
switching between charging phases.
When the switch S1 is „on“, the positive half-periode
of the AC signal is brought to the it's gate. When the
switch must go in „off“ state, the voltage from this unit's
first capacitor is through S2 brought to it's source so the
Ugs voltage goes deep in the negative reagion. This
effect is more expressed an later stages, where also more
charge on single capacitor is present.
Fig.10 shows the waveforms for the Ugs voltage of
the switch S2. This switch is connected to the rest of the
circuit in two ways, depending on the charging phase. In
CW charging phase the switch has gate connected to the
ground through the inverter driving stage. While in
switched charging phase, it's gate is through active
resistor M5 connected to it's drain. Due to high
resistivity of M5, and very small consumption of the
inverter driving stage, switch S2 basically becomes a
diode connected MOSFET with Ugd=0. This is essential
because in the switched charging phase it's source is
disconnected from the AC supply (switch S1 is „off“),
making it a „floating“ node in circuit. A diode connected
MOSFET is the one solution that worked in this case,
since the restriction was not to use any additional control
signals.
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Fig.8 Node voltages for 8-stage SCW charge pump with 1nF
pumping capacitors, VAC=3.5V.

The charge pump node voltages are given by Fig.8.
Every second waveform corresponds to a certain
charging phase. The sine waveforms are corresponding
to the ordinary CW charging, and the almost square
waveforms with significant amplitude boosts are
corresponding to the switched charging phase, where the
heaped voltage from both capacitors in a SCW unit is
charging the following stage.

3.5 Overstress voltage conditions
Due to switched operational mode used in this charge
pump, the main MOSFET switches, diode connected
MOSFETs and inverter circuit are to experience
overstress voltage. Voltage waveforms on charge
pump’s switches are crucial for proper operation of the
circuit. Following figures are showing the voltage
waveforms on switches S1 and S2, Diode connected
MOSFETs D1 and D2, and inverter circuits,
respectively.
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Fig.9 Switch S1 Ugs voltages for 8-stage SCW charge pump
with 1nF pumping capacitors, VAC=3.5V.

Fig.10 Switch S2 Ugs voltages for 8-stage SCW charge pump
with 1nF pumping capacitors, VAC=3.5V.
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Fig.13 Uds voltages for diode-connected MOSFET’s of the
8-stage SCW charge pump with 1nF pumping capacitors,
VAC=3.5V.

Fig.11 Uds voltages for switches S1 and S2 of the 8-stage
SCW charge pump with 1nF pumping capacitors, VAC=3.5V.

Fig.11 shows the Uds voltages for switches S1 and S2.
The waveforms for both switches are given in the same
figure in order to shown two charging phases present in
our pump. There are 8 traces in the Fig.11, each
representing a switch in a 8-stage SCW charge pump
arrangement. All S1 and S2 switches from charge pumps
units are simutaniously opening and closing, thus fliping
between charging phases. The later stages in this
arrangement expirience more overstress voltage accross
drain-source region, so that has to be taken into account
when choosing the desired number of stages, and must
be in concordance with MOSFET specifications.
The Ugd voltage waveform for switch S2 is given in
Fig.12. Switch S2, as mentioned before, becomes a
diode connected MOSFET in switched charging phase.
That can be observed in this figure. When S2 is diode
connected the Ugd voltage should drop to 0V. The traces
in figure are showing that this is the case for later stages,
where the good charge transfer is required, while in the
first stages Ugd voltage has peak value of 0,7V.

Fig.13 shows the Uds voltage waveforms for diodeconnected MOSFET's which are forming the CW part of
the presented charge pump. Also, as by the Uds voltages
on switches S1 and S2, there are significant voltage level
jumps with each SCW unit, and overstress voltage is
expected for later stages of the charge pump.
Fig.14 shows the Uds voltage waveforms for the
active load resistor in the inverter driving stage. Time
intervals when voltage drops to 0V, are the switched
charging phases, and the time intervals when there is
voltage present on resistor, are the CW charging phase.
Active resistor must be a long MOSFET, because in CW
charging phase, the voltage across resistor is through it
directly connected to the ground. And with long
MOSFET the power consumption and charge loss of the
inverter driving stage is kept minimal. As before, with
more stages added the voltage across resistor raises.
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Fig.14 Uds voltages for active load resistor in inverter driving
stage of the 8-stage SCW charge pump with 1nF pumping
capacitors, VAC=3.5V.

Fig.12 Ugd voltages for switch S2 of the 8-stage SCW charge
pump with 1nF pumping capacitors, VAC=3.5V.
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1023

the switched charging phase S2 in under maximal Usb
voltage, resulting in maximal body effect for a switch.
The positive side is that in the same time, switch S2 has
the same body effect condition, making the charge
leakage through even less possible, with respect to
conditions explained in Fig.9. Also, in CW charging
phase, switch S2 is under no influence of body effect,
allowing easier CW charging phase.
Fig.17 shows the Usb voltages for diode connected
MOSFET's forming a standard CW charge pump. The
body effects on those MOSFET's are more expressed
with each following stage. This is the effect which
cannot be avoided with common CW charge pump
structure. The only difference to a regular CW charge
pump is that in SCW charge pump body effect becomes
more expressed faster, then in CW charge pump. But
that is in concordance with improved performance of
SCW pump which supplies higher output voltages with
less stages used.

3.6 Body effect conditions
The body effect is the reason for the rise of the threshold
voltage due to source-body voltage Usb. And that leads
to lower output voltage. Presented charge pump uses nwell MOS structure, which gives the worst case scenario
for body effect. The following Figures are showing the
Usb voltage waveforms on MOSFETs in the 8-stage
SCW charge pump.
The circuit is designed in such manner that switches
S1 and S2 have connected sources. For that reason, the
S1 and S2 Usb voltages, in the same SCW unit, are
equal. This poses a problem for switch S2, because in
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Fig.17 Usb voltages for diode connected MOSFET’s of the
8-stage SCW charge pump with 1nF pumping capacitors,
VAC=3.5V.

Fig.15 Uds voltages for switch in inverter driving stage of the
8-stage SCW charge pump with 1nF pumping capacitors,
VAC=3.5V.
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Fig.16 Usb voltages for switches S1 and S2 of the 8-stage
SCW charge pump with 1nF pumping capacitors, VAC=3.5V.
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1020

Fig.18 Usb voltages for active load resistor in inverter driving
stage of the 8-stage SCW charge pump with 1nF pumping
capacitors, VAC=3.5V.
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Fig.18 shows the source-body voltage waveforms for
active resistor used in inverter driving stage for each unit
in the 8-stage SCW charge pump. Resistor is diode
connected, and it's dimensions are providing a low
consumption for this part of the circuit. For that reason,
the body effect is not a crucial parameter for it to
function properly. However, during the switched
charging phase, there is body effect present, while
durring CW charging phase there is no body effect on
active resistor. These same voltage waveforms are
present on switches S1 and S2.
MOSFET switch (M6 in Fig.3.) in inverter driving
stage is the only element in this circuit with source
always connected to the ground, thus with no body effect
present during both operational phases.

4 Conclusion
The design we showed offers great save in number
of capacitors needed for desired output voltage. It uses
simple design with no additional control signals and
clocking schemes needed. The AC power supply which
is present in a regular Cockcroft-Walton charge pump is
now used to its full extend by using it as control signal
for operating two charging phases presented in Switched
Cockcroft-Walton (SCW) charge pump. Not only that
this way we have reduced the complexity of circuit to
minimum, but also we have made sure that our control
signals (positive and negative half-period of sine wave)
are non-overlapping signals. Also, we have used n-well
MOS structure, which is the worst we could use, in
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match the 8-stage SCW charge pump characteristics the
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MOSFET specifications must match. Drawback of the
SCW charge pump is that it cannot cope with CW
charge pump when higher currents are needed, what is
expected since it is designed for driving capacitive loads.
And the best results of SCW charge pump are expected
in driving low current circuits, preferably capacitive
loads, and indirectly powered circuits.
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