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Abstract
Due to the continuous power supply 
reduction, charge pumps circuits are 
widely used in integrated circuits (ICs) 
devoted to several kind of applica-
tions such as smart power, nonvolatile 
memories, switched capacitor circuits, 
operational amplifiers, voltage regula-
tors, SRAMs, LCD drivers, piezoelectric 
actuators, RF antenna switch control-
lers, etc. 

The main focus of this tutorial manu-
script is to provide a deep understanding 
of the charge pumps behavior, to present 
useful models and key parameters and 
to organically and in  details discuss the 
optimized design strategies. Finally, an 
overview of the main different topologies 
is also included. 
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I. Introduction

Charge Pump (CP) is an electronic circuit that 

converts the supply voltage VDD to a DC output 

voltage VOut that is several times higher than VDD 

(i.e., it is a DC-DC converter whose input voltage is lower 

than the output one). Unlike the other traditional DC-DC 

converters, which employ inductors, CPs are only made 

of capacitors and switches (or diodes), thereby allowing 

integration on silicon [1]–[2]. CPs were originally used 

in smart power ICs [3]–[6] and nonvolatile memories 

[7]–[13] and, given the continuous scaling down of ICs 

power supplies, they have also been employed in a vast 

variety of integrated systems such as switched capaci-

tor circuits, operational amplifiers, voltage regulators, 

SRAMs, LCD drivers, piezoelectric actuators, RF  antenna 

switch controllers, etc. [14]–[24].

In this overview, after a brief introduction of the CP 

behavior reported in Section II (which also includes an 

original perspective that makes use of the CP nodes 

voltages), models, design strategies and CP topologies 

are discussed.

The CP parameters and analytical models, which are 

presented in Section III, represent the background to 

the optimized CP design strategies that follow.

In current applications, CPs may be either loaded by 

a simple capacitor (or equivalently the gate of a MOS 

transistor) or by complex electronic circuits. In the last 

case the CP load can be simply modeled by means of an 

equivalent capacitance and an equivalent current gener-

ator whose value is given by the load current. Thus, both 

design strategies considering a current load or a pure 

capacitive load are treated in Section IV and V, respec-

tively. Note that a current generator can also be used to 

model a pure resistive load. Moreover, the discussed de-

sign strategies refer to the main CP topologies evolved 

from the Dickson CP [1] (the first used in an IC), but they 

are not suitable for series-parallel CPs or Fibonacci-like 

CP topologies.

Finally, the main CP topologies are briefly presented 

and critically discussed in Section VI. 

II. Charge Pump Simplified Analysis 

a) One-stage Charge Pump

To show the behavior of an ideal CP, let us consider the 

one-stage topology in Fig. 1, which comprises a single 

pumping capacitance, C, two switches, S1 and S2 (driven 

by two complementary phases), a clock signal whose 

amplitude is equal to the power supply VDD (Fig. 2), and a 

load represented by a current generator IL and a capaci-

tor CL (also referred to as the bulk capacitor). 

During the first half period (0 to T/2), S1 and S2 are 

respectively closed and open and C, being connected to 

Figure 1. Ideal one-stage CP.
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the power supply, is charged to VDD (Fig. 3a), while the 

output node is discharged by the current load, IL, which 

sinks a charge ILT/2. 

In the second half period 1T/2 to T 2 , the switches 

change their state (see Fig. 3b), the clock signal now 

equals VDD, thus part of the charge stored in C  is 

transferred both to the capacitive load, CL, and, for an 

amount of ILT/2, to the current load. Hence, as shown 

in the Appendix, at each cycle the output voltage will 

increase up to the final asymptotic value, equal to 

 VOut 0 Steady State5 2VDD2
IL # T

C
. (1)

Several cycles are needed to approach the asymp-

totic value and, as shown in Fig. 4 where the output 

voltage of a one-stage charge pump is plotted, the step 

increment of the output voltage in each successive clock 

period becomes smaller. Indeed, the output voltage will 

steeply increase in the first part of the transient and will 

slowly tend to its final value.

In conclusion, according to its name, a CP takes 

charges from the power supply via the capacitor C, 

pumps these charges into the output load and, thanks 

to the output capacitor CL, allows to increase the output 

voltage up to an ideal value that, except for the loss due 

to the current load, is twice the power supply.

b) N-Stage Charge Pump

The one-stage CP topology can be generalized by including 

additional cascaded stages as shown in Fig. 5, where a ge-

neric N-stage CP is depicted. Each stage is made of a pump-

ing capacitor C and a switch Si. Moreover, the N-stage CP 

needs a two-phase clock and, to properly connect the out-

put load to the final stage, switch SOut is also required. 

The behavior of the N -stage CP is similar to that of 

a one-stage CP. During the first half clock period, VCk 

is low and only the odd switches are closed. The first 

pumping capacitor is thus charged to VDD and all the 

other pumping capacitors in the odd stages receive 

the charge from the capacitor of the previous stage 

(this happens also for the load 

capacitor if the number of stages 

is even). 

During the subsequent half 

clock period, the signal VCk is equal 

to VDD and only the even switches 

are closed. Now all the capacitors 

in the odd stages give the charge 

to the capacitor in the subsequent 

stage (the load capacitor is main-

tained separated from the CP if the 

number of stages is even, since the 

switch SOut is open).

In summary, in a complete clock period, each CP ca-

pacitor receives an amount of charge from the capaci-

tor at its left side and gives a part of this charge to the 

capacitor at its right side. Thus, in each period there is 

a charge transfer from the power supply to the output 

load. In particular, the amount of charge exchanged in 

each half period between two adjacent capacitors is 

equal to ILT  (which can be assumed constant under a 

constant current load), given that, in the steady state, 

a CP has to provide such an amount of charge in each 

time period. 

Consider for example a two-stage CP with a current 

load, as shown in Fig. 6. During the first half period 

(in the steady state), the first capacitor is connected 

to the power supply, and is recharged by DQ, which 

is the same amount of charge provided by the CP to 

the output (Fig. 6b). In the next half period, when 

the first and the second pumping capacitors are 

Figure 4. Output voltage of the one stage charge pump.
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 connected  together (Fig. 6c) since switch S2 is closed, 

they  exchange the same amount of charge, DQ, and 

the highest node voltage results to be

 V1 0VCk5VDD
5V2 0VCk 50V5V1 0VCk50V1VCk2

IL # T
C
5 2 #VDD2

IL # T
C

.

 (2)

Finally, in the subsequent first half period, when the 

switches S1  and SOut are closed (Fig. 6b), the output volt-

age is

VOut5 V2 0VCk5VDD
5 V2 0VCk50V1 VCk2

IL # T
C

5 3 # VDD2 2
IL # T

C
.

 (3)

Extending the reasoning to an N -stage CP, we get the 

well known output voltage asymptotic value 

 VOut 0 Steady State5 1N1 1 2VDD2 N
IL # T

C
. (4)

It is worth noting that, when switches close, assum-

ing them almost ideal the charge transfer occurs in a 

very short time (ideally zero). Thus, when SOut closes, 

the output voltage suddenly reach its maximum value 

and then, due to the presence of the current load IL, dur-

ing all the time period it slightly decreases. This effect 

results in an output voltage ripple, Vr, which, assuming 

the charge pump capacitor C  much smaller than the 

load capacitor, is equal to 

 Vr 5
IL # T
CL

. (5)

c) Voltages in a Charge Pump Nodes

Since the voltages in the CP nodes are higher than the 

power supply, to evaluate the voltage stress on each CP 

component, it is useful to compute the voltage on each 

CP node and across each switch. At this purpose, let us 

consider the voltage at the generic node j and analyze 

its value at the beginning and at the end of each half pe-

riod. Without loss of generality, we can assume that in 

the first half period the capacitor of the stage j (with the 

clock signal low) is connected with the previous stage 

through the closed switch Sj. Hence, during this half pe-

riod, it receives a charge DQ  from the capacitor in the 

stage 1 j2 1 2 . Representing with DV  the voltage variation 

on the charge pump capacitors due to the charge trans-

fer DQ, the voltage at the beginning of this half period is

 Vi, start2left2sharing5 j 1VDD2DV 2  (6)

and at the end of the half period it is

 Vi, end2left2sharing5 j 1VDD2DV 2 1DV . (7)

During the subsequent half period, when switch Sj is 

open and switch Sj11 is closed, the clock signal driving 

the stage j is high (i.e., there is a charge sharing with 

the capacitor in the stage j1 1 2 , and the voltage at the 

beginning of the half period is 

 Vi, start2right2sharing5 j 1VDD2DV 2 1DV1 VDD (8)

and at the end of the half period it is

 Vi, end2right2sharing5 j 1VDD2DV 2 1 VDD. (9)

Let us consider the switch Sj, which connects ca-

pacitors at nodes j2 1 and j, and evaluate the volt-

age across it, Vj, j215 Vj2 Vj21. This voltage behavior is 

plotted in Fig. 7.

Figure 6. Two-stage CP: (a) topology; (b) first half period; 
(c) second half period.
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At the end of the first half period Sj is closed and 

 consequently the voltage across the switch is zero (point 

2 in Fig. 7). At the beginning of the subsequent half pe-

riod (Sj open) the clock signal changes and the voltages 

at nodes j and j2 1 fall and rise, respectively, by the 

clock amplitude. Hence, the voltage across the switch 

results to be Vj, j215 2VDD (point 3 in Fig. 7). At the end 

of this half period, the capacitor at node j 1 j2 1 2  gives 

(receives) charge DQ. Thus, as seen from point 4 in Fig. 

7, the voltage at node j 1 j2 1 2  reduces (increases) of DV  

and Vj, j215 2VDD2 2DV. Finally, when Sj is closed again 

and the charge transfer between capacitors at nodes 

j2 1 and j begins, the clock signal changes, and the volt-

age across the switch is Vj, j21522DV  (point 1 in Fig. 7).

These voltage values are equal for all the CP switch-

es, and are summarized in Table 1.

It is worth noting that the voltage across the switch-

es depends on the clock amplitude (assumed, as usual, 

equal to the power supply) and on the voltage step, DV, 

which is given by 

 DV5 VDD1
VDD2 VOut

N
. (10)

III. Charge Pump Parameters and Models

The most important design parameters of a CP are the 

number of stages, the silicon area occupation and the 

current consumption. Moreover, in the design of charge 

pumps with purely capacitive load, also the rise time 

and the charge consumption during the rise time are of 

importance. However, it is worth noting that even if the 

clock frequency may appear as a design parameter, it 

is usually set at the value of the clock used inside the 

system where the CP is used.

The number of stages, N, is strictly related to the re-

quired output voltage, VOut, given by (4), which, in the 

case of a pure capacitive load, can be simplified into 

 VOut 0 Steady State5 1N1 1 2 # VDD. (11)

To physically implement a CP, the required total sili-
con area, ATot, may be non negligible. Since this area 

occupation is mainly due to the capacitors, we can ap-

proximate ATot simply with the area required to imple-

ment the capacitors

 ATot5 k # N # C5 k # CTot, (12)

where the parameter k depends on the process used to 

realize the capacitors and CTot  is the sum of the pump-

ing capacitors, N # C. 

Combining relationship (4) with (12), the area of CP 

in the case of a current load is given by

 ATot5 k # N2

1N1 1 2 # VDD2 VOut

 
IL

f
. (13)

Thus, as expected, the CP area increases both in-

creasing the load current and decreasing the CP fre-

quency. Indeed, in both cases, to provide the required 

amount of charge, higher charge pump capacitors are 

needed. Moreover, as will be shown later when the op-

timum number of stages is evaluated, the CP area also 

increases with the increase of output voltage and with 

the reduction of the power supply. In particular, while 

a linear dependence on VOut holds, a dependence 1/VDD
2  

arises regarding the dependence on the power supply. 

The current consumption, IVDD, can be considered as 

constituted by two contributions [25]. A term due to the 

ideal CP behavior, IId, and a term that accounts for the 

parasitic effects, IPar. Thus, we get

 IVDD5 IId1 IPar. (14)

Current IId can be evaluated by considering that the 

amount of charge, DQ, delivered to the load and  provided 

Figure 7. Voltage across switch Sj. 
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by the power supply, is transferred in each period from 

one capacitor to another. Hence, IId results to

 IId5 1N1 1 2 # DQ

T
5 1N1 1 2 # IL. (15)

The same result can be achieved by using the trans-

formation factor of the CP. We amplify the power supply 

of an N1 1 factor and, in an ideal case without energy 

waste (i.e., by transferring all the power taken from the 

power supply into the output load), the current sunk by 

the CP is N1 1 times higher than the load current.

Since, in general, we can neglect the cross conduc-

tion currents that arise when two adjacent switches pro-

vide a conductive path during commutation, current IPar 

is mainly due to the charge and discharge in each time 

period, T, of the total parasitic capacitance, CP, i.e. 

 IPar5 N 
CPVDD

T
5aNCTot fVDD, (16)

where the bottom plate parasitic capacitance, CP, is 

assumed proportional to the pumping capacitance C  

through a factor a. 

Thus, from (15), (16) and using (4) to express the to-

tal pumping capacitance, the current consumption in 

the steady state is given by 

 IVDD5 c 1N1 1 2 1a # N2

1N1 1 2 # VDD2 VOut

# VDD d # IL. (17)

It is worth noting that the current consumption, and 

hence the power consumption, depends neither on the 

clock frequency nor on the total CP capacitance, but it is 

linearly related to the current load, IL. 

The rise time, tr, which is the time required to achieve 

a defined output value VOut 1 tr 2 , is a parameter typically 

useful only for charge pump with purely capacitive load. 

Thus, by adopting the dynamic models of a CP with 

purely capacitive load developed in [26]–[29], the CP 

rise time can be approximated with the relationship 

tr5 T # aN 
CL

C
1 0.3 N1 0.6b # ln c 1N1 1 2VDD2 VOut 10 21N1 1 2VDD2 VOut 1 tr 2 d .

 (18)

Moreover, for N much higher than 1, and normalizing 

the output voltage to the power supply, i.e. 

 vx5
VOut 1 tr 2

VDD

 (19)

 vx05
VOut 10 2

VDD

 (20)

we get 

 tr5 T # N2 # CL1 CEq

CTot

# lnaN1 12 vx0

N1 12 vx

b , (21)

where capacitance CEq is equal to CTot/3. 

As expected, to reach the output steady state volt-

age, 1N1 1 2VDD, (21) anticipates an infinite rise time. 

Moreover, it is apparent that tr is affected by the load 

capacitance and the total CP capacitance, CTot. 

Since from (21) we can write

 VOut 1 tr 2 5 1N112VDD2 31N1 1 2VDD2VOut 102 4 # e
2

tr

N

Cf

1CL1CEq2
,

 (22)

the dynamic behavior of CP with purely capacitive load 

is equivalent to that of a simple RC circuit [27]. More spe-

cifically, the CP model is the RC circuit in Fig. 8 where 

 REq5
N

C # f  (23)

and VOut 11`2  is the output voltage in the steady state, 

given by (11). 

Again, for CP with purely capacitive load, it may be use-

ful to evaluate the charge consumption, which is only de-

livered by the power supply to the CP during its rise time, 

and can be divided into three main contributions 

 QT5QL1QPump1QPar. (24)

The charge QL is the contribution given to the load, 

the charge QPump is required during the transient by the 

pumping capacitors, and the charge QPar is the contri-

bution wasted in the parasitic elements shown in Fig. 9 

(note that the parasitic capacitance at the bottom plate, 

CP, is generally more than one order of magnitude higher 

than that of the other plate). 

Taking into account the equivalent RC circuit in Fig. 8, 

we get

QL 1 tr 21QPump 1 tr 2 5 1N112 # 1CEq1CL 2 # 3VOut 1 tr 22VOut 10 2 4.
 (25)

Figure 8. CP equivalent model.
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During each clock period, the 

charge loss due to parasitic ef-

fects (required to charge and dis-

charge the parasitic capacitances 

on the bottom plate of a pumping 

capacitor) can be modeled by 

NCPVDD, and the contribution dur-

ing the rise time results to

QPar 5 NCPVDD

tr

T
5 aCTotVDD

tr

T
,

 (26)

where the bottom plate parasitic capacitance, CP, is 

assumed proportional to the pumping capacitance C  

through a factor a. 

Substituting each contribution into (24), we get the 

expression of the total charge sunk by the power supply 

up to the rise time

QT 1 tr25 c1N112 1vx2vx021aN2 ln
N112vx0

N112vx

d 1CEq1CL 2 #VDD.

 (27)

IV. Charge Pump with a Current Load: 

Design Strategies

The design parameters involved in the design of a CP with 

a current load are summarized in Table 2. Among the un-

known entries (highlighted in bold characters), two can 

be evaluated by using (13) and (17). We can start the 

CP design by finding parameter Nand we can follow two 

possible strategies minimizing either the area or power 

consumption. Indeed, as shown in Fig. 10 (which exempli-

fies the case in which VDD5 1.35 V, VOut5 5 V, f510 MHz, 

a5 0.1 and IL5 300  mA) area and current consumption 

are minimized for different values of N. 

a) Area Occupation Minimization

To find the optimum N minimizing the silicon area, we must 

set to zero the derivative of (13) with respect to N. On the 

other hand, if we want to maximize the current provided 

to the load, we have to set to zero the derivative of current 

IL evaluated from (4). In both cases, we get

 52N # 3 1N1 1 2 # VDD2 VOut 42 N 2 # VDD6 # IL
f
5 0, (28)

which, solved for N, gives [30]

 NAopt5 2 # aVOut

VDD

2 1b . (29)

After solving (4) for C, one has 

 C5 N # IL # T1N1 1 2 # VDD2 VOut

 (30)

and substituting NAopt  in (30), we find the stage capaci-

tor C. 

b) Current (Power) Consumption Minimization

The optimum N  that minimizes current consumption is 

obtained by setting to zero the derivative of (17) with 

respect to N

 11a 
N # 31N1 2 2 # VDD2 2 # VOut 431N1 1 2 # VDD2 VOut 42 # VDD5 0. (31)

Hence, solving for N, we get [25]

 NIopt5 a11Å a

11a
b # aVOut

VDD

2 1b . (32)

Finally, substituting the optimum value of (32) in (30), 

we get the required value of C  for the optimized design.

c) Design Strategies Comparison 

In order to compare the two considered design strate-

gies, let us start evaluating the increase in area of the 

minimum power consumption design, compared to the 

minimum area design [25]. 

From (30) and using the values NAop  and  NIop, we ob-

tain the CP total capacitance for minimization of area 

and power consumption, respectively

Figure 9. N-stage CP with parasitic effects.

VDD

VCk

Cp = α ⋅ C Cp = α ⋅ C Cp = α ⋅ C Cp = α ⋅ C

VCk VCk

C C C C CL

0 1 2 3 N Out
S1 S2 S3 S4 SOut

VCk

Table 2. 
CP design parameters. 

Parameter Comment

VDD Technology dependent
IVDD Not known a priori
VOut Design constraint
IOut Design constraint
f 5 1/T System dependent
CTot ~ ATot Not known a priori
N Not known a priori
a 5 CP/C Technology dependent



 38  IEEE CIRCUITS AND SYSTEMS MAGAZINE   FIRST  QUARTER 2010 

 CT, Aop5 4aVOut

VDD

2 1b IL # T
VDD

 (33)

 CT, Iop5

a11Å a

11a
b2

Å a

11a

aVOut

VDD

2 1b IL # T
VDD

 (34)

from which the increase of area results to be

 
CT  Iop2 CT  Aop

CT  Aop

5

a11Å a

11a
b2

4Å a

11a

2 1. (35)

Relationship (35), which is plotted in Fig. 11, is a de-

creasing function of a, and it is about equal to 0.4 and 0.2 

(i.e., an area increase equal to 40% and 20%) for a equal 

to 0.1 and 0.2, respectively. For a much lower than 0.1 

(not plotted), the minimum power consumption strat-

egy requires a huge amount of silicon area. 

Let us now evaluate the incurred increase in cur-

rent consumption with the minimum area design. Sub-

stituting (29) or (32) into (17), we find the expression 

of IVDD for the minimum area and minimum current de-

sign strategies

 IVDD, Aop5 c2 111 2a 2 aVOut

VDD

2 1b 1 1 d # IL (36)

 IVDD, Iop5 e 3 111 2a 2 1 2"a1 a2 4 aVOut

VDD

2 1b 1 1 f # IL.
 (37)

The current increase is given by

IVDD ,Aop2 IVDD, Iop

IVDD, Iop

5

c2 1112a2 aVOut

VDD

21b11d
31112a212"a1a2 4 aVOut

VDD

21b11

21.

 (38)

By inspection of Fig. 12 where (38) is plotted, we see 

that the increment in IVDD is a decreasing function of a 

and an increasing function of the ratio VOut/VDD. In par-

ticular, for an ideal one-stage CP, the current consump-

tion increase is, for the optimum area design, not higher 

than 20%. On the other hand, for VOut/VDD higher than 4, 

the current consumption increase is higher than 20%, 

provided that a is lower than 0.15. Similar results that 

take into consideration CP efficiency instead of current 

consumption are found in [25].

Figure 10. Current consumption and area normalized to 
their minimum values versus N. 
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V. Charge Pump with Purely Capacitive Load: 

Design Strategies

The design parameters involved in the design of a CP with 

purely capacitive load are summarized in Table 3 and can 

be obtained from relationships (12), (21) and (27). The 

first parameter to be set is the number of stages. However, 

even if (11) relates N and the steady state output voltage 

in a simple way, it cannot be really used since this value is 

ideally reached after an infinite time. 

Again, as for the case of current load discussed 

above, we can follow different design strategies. Indeed, 

analyzing the plot in Fig. 13, where normalized (to their 

minimum values) QTot and CTot are plotted versus N, 

two different minima appear. Hence, before starting the 

design procedure, we have to clearly identify the main 

design target, in order to use the design approach that 

allows the chosen performance to be optimized. 

a) Area Occupation and Rise Time Minimization 

To establish the optimum number of stages that mini-

mizes the silicon area we must evaluate CTot through (21) 

and set to zero its derivative with respect to N.  Similarly, 

the optimum N  that minimizes the rise time is found by 

directly setting to zero the derivative of (21). In both 

cases we get

22ln
1N1 1 2 2 vx1N1 1 2 2 vx0

1 N c 11N1 1 2 2 vx0

2
11N1 1 2 2 vx

d5 0.

 (39)

The above expression can be simplified using the em-

pirical approximation (very accurate for x ranging from 

0.3 to 1 [28]) 

 ln 1x 2 < 2x22 x2 1

3x
. (40)

And, after some algebraic simplifications, (39) becomes

 
1vx2 vx0 2 34vx1 2vx02 3 1N1 2 2 43 1N1 1 2 2 vx 4 3 1N1 1 2 2 vx0 4 5 0 (41)

from which, the optimum N minimizing both the total 

capacitance and rise time is 

 NAop5
4

3
vx1

2

3
vx02 2 (42)

and, since vx0 is often equal to 1, we get

 NAop5
4

3
1vx2 1 2 . (43)

Once NAop is defined, we can use the rise time con-

straint, given by (21), to evaluate the required total 

pumping capacitance and, hence, the value of C. 

b) Charge Consumption Minimization 

To find the optimum number of stages that minimizes 

charge consumption, we take the derivative of (27) and 

set it to zero

1vx2 vx0 2 1 2aNln
1N1 1 2 2 vx01N1 1 2 2 vx

 

2aN2
vx2 vx03 1N1 1 2 2 vx 4 3 1N1 1 2 2 vx0 4 5 0. (44)

To solve (44), we again approximate the logarithmic 

term. We now use the linear approximation which mini-

mizes the error in the range 0 to 1 [28]

 ln 1x 2 < 2 1x2 1 2 . (45)

Thus (44) becomes

11
4aN1N1 1 2 2 vx0

2
aN2

3 1N1 1 2 2 vx 4 3 1N1 1 2 2 vx0 4 5 0

 (46)

Table 3. 
CP design parameters. 

Parameter Comment

VDD Technology dependent
QTot Not known a priori
VOut(tr) Design constraint
tr Design constraint
f 5 1/T System dependent
CTot ~ ATot Not known a priori
N Not known a priori
a 5 CP/C Technology dependent

Figure 13. QTot and CTot normalized to their minimum val-
ues versus N. 
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or equivalently 

1113a 2N 223vx1vx014a 1vx21222 4N1 1vx21 2 1vx021250.

 (47)

Since vx0 is often equal to 1, the optimum number of 

stages minimizing charge consumption is expressed by

 NQop5
11 4a

11 3a
1vx2 1 2 . (48)

Again, once NQop is calculated, we find the pumping 

capacitor, C, for the required rise time by using relation-

ship (21). 

c) Design Strategies Comparison 

To perform a comparison of the design strategies dis-

cussed before, we evaluate the area overhead caused by 

the minimum power consumption design and the charge 

consumption overhead caused by the minimum silicon 

area design [28]. 

As already stated, the silicon area can be directly de-

rived from the CP total capacitance, hence evaluating 

(21) for each design strategy, we get

 tr, Aop5 T
CL1 CEq

CT, Aop

c4
3
1vx2 1 2 d 2

ln 4 (49)

 tr, Qop5 T
CL1 CEq

CT,  Qop

c11 4a

11 3a
1vx2 1 2 d 2

lna1

a
1 4b , (50)

where CT, Aop and CT, Qop are the pumping total capaci-

tances in the cases of area and charge consumption 

minimization, respectively. Assuming a given rise time to 

be achieved by both design strategies, by equating (49) 

and (50) we can evaluate the increased total CP capaci-

tance for the optimized power consumption design with 

respect to the minimum area design. It results to be

 
CT , Qop2 CT , Aop

CT,  Aop

5 a3

4
 
11 4a

11 3a
b2

lna1

a
1 4b

ln 4
2 1. (51)

Relationship (51) is a decreasing function of a as can 

be seen from its plot in Fig. 14. It is apparent that the area 

increases by 25% to 5% for a ranging from 0.1 to 0.5. 

To compare the charge consumption of the two design 

strategies, we substitute N  from (43) and (48) into rela-

tionship (28) (assuming as usual vx0 equal to 1), we get

QT,  Aop5 c4
3
1vx2 1 221aa4

3
b2 1vx2 1 22ln4 d 1CL1 CEq 2VDD

 (52)

for the area minimization design, and 

QT,  Qop5 c11 4a

11 3a
1vx21221aa11 4a

11 3a
b21vx2122lna1

a
14bd  

 3 1CL1 CEq 2 # VDD. (53)

for the charge consumption minimization design. Hence, 

the increase of the charge consumption incurred by the 

minimum area design is given by

 
QT,  Aop2QT , Qop

QT,  Qop

5

4

3
a11a

4

3
ln 4b

11 4a

11 3a
c11a11 4a

11 3a
 ln a1

a
1 4b d 2 1.

 (54) 

By inspection of Fig. 15 where relationship (54) is 

plotted, we can see that (54) is a decreasing function of 

a and is always lower than 15% for typical a values.

Figure 14. Increase on total CP capacitance (proportional 
to silicon area) of minimum power consumption design 
with respect to the minimum area design. 

0.
5

0.
450.

4
0.

350.
3

0.
250.

2
0.

150.
1

0

0.1

0.05

0.15

0.2

0.25

α

CT Qop – CT Aop

CT Aop

Figure 15. Increase on charge consumption (i.e. power con-
sumption) of minimum area design with respect to mini-
mum consumption design.
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VI. Charge Pump Topologies

In the previous sections we have 

considered CP with ideal switch-

es. However, real CPs differ sub-

stantially for the way switches are 

implemented.

a) The Dickson Charge Pump 

The integrated realization of a 

CP was demonstrated for the 

first time by Dickson in 1976 [1]. 

Like previous CPs adopted in dis-

crete implementations, such as 

the Crockcroft and Walton topol-

ogy proposed in 1932 [31], the 

Dickson CP makes use of diodes 

instead of switches, as illustrat-

ed in Fig. 16. A CP topologically 

similar to the Dickson’s one but 

implemented with MOS diodes, 

as shown in Fig. 17, was also im-

plemented on silicon [2].

The main advantage provided 

by diodes is the absence of the 

switch control signals. The main 

drawback is the reduction of the 

CP output voltage. Indeed, when 

a diode is forward biased (i.e., 

when the corresponding switch must be closed), it 

causes a voltage loss equal to the diode threshold 

voltage, Vg, which reduces the output voltage of a fac-

tor (N1 1 2Vg. 
This reduction is particularly critical under low 

power supplies, and determines also a loss in the CP 

efficiency. For this reason, the Dickson CP is not a 

practical topology for present applications. 

b) The Bootstrap Charge Pump

An attractive and widely adopted implementation of the 

CP switches was presented in [8]–[9] and is called boot-
strap CP. The associated CP topology is shown in Fig. 18, 

and the clock signals are plotted in Fig. 19.

Even if the implementation of a switch is conceptually 

simple (for example through a simple MOS transistor or a 

transmission gate), in a CP the voltage at the switch termi-

nals are higher than the power supply. As a consequence, 

the MOS transistors used to implement the CP switches, 

have to be switched ON by applying suitable gate voltages 

higher than their source terminal voltages. Specifically, 

considering the CP in Fig. 18, the required high gate volt-

ages are obtained for each stage thanks to a bootstrap cir-

cuit, which is realized by adding (for each stage) another 

capacitor and MOS transistor.

To understand the working principle of a boot-

strap CP, let us analyze the generic stage (plus a ca-

pacitor) depicted in Fig. 20. During the half period in 

which there is no charge transfer (i.e., MPASS is open), 

signal FB1 is low and the added transistor MB is closed, 

since the voltage at its gate is higher of a threshold 

voltage (VGS,MB 5 2VDD) than the other two nodes. The 

capacitor CB is then charged up to a voltage equal to 

Vj215 1 j2 1 2VDD2 1 j2 2 2DV, see (38).

Figure 16. Dickson CP.
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Figure 17. CP with MOS diodes.
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Figure 18. Bootstrap CP.
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Figure 19. Bootstrap CP clock (Fi) and control (FBi) signals.
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During the subsequent half period, the clock signals 

F1 and F2 change their value, and, after another small 

time slot (see Fig. 19), FB1 goes high to 2 VDD. Now the 

transistor MB is open while the pass transistor MPASS 

is closed. Indeed, the gate voltage of MPASS is equal to 1 j1 1 2VDD2 1 j2 2 2DV, which is higher than the voltage 

at its source (i.e., the node j) by VDD1 2DV. Besides, dur-

ing this half period, the gate-source of MPASS is sufficient-

ly high to keep this transistor closed (the gate-source 

voltage is always not lower than VDD1DV ).

It is apparent that the ingenious behavior of this 

topology is obtained at the price of a more complex 

clocking and control section (requiring four phases 

and 2VDD amplitude).

c) Double Charge Pumps

The double CP was conceived to reduce the output ripple 

by using the same total CP capacitance, CT. As depicted 

in Fig. 21, each half part, which has a total capacitance 

CT/2, feeds the load in a different half period [32]. Hence, 

the charge DQ pumped at the output is divided into two 

equal parts, each for half period. The output voltage is 

the same as the simple CP, but the ripple is now 

 Vr5
1

2

DQ

CL

5
IL # T
2 # CL

. (55)

Indeed, for this topology, the time interval between 

two charge transfer into CL when the output voltage is 

reduced due to the  current load IL is now only T/2. 

Of course, by properly implementing the switches, a 

double Dickson CP or a double bootstrap CP can be real-

ized. The latter is shown in Fig. 22.

A very interesting double CP 

that only recently is gaining pop-

ularity, was originally proposed 

in [5]–[6], and is shown in Fig. 

23. This topology, often named 

latched CP since it includes a 

latch in each stage, is suitable 

for very high clock frequencies. 

Indeed, unlike the bootstrap CP, 

the latched CP needs only a two-

phase clock.

d) Series-Parallel 

Charge Pumps

Another topology, which reminds 

those originally adopted for dis-

crete implementations [31], is the 

series-parallel CP. It has been sel-

dom used in IC implementations 

[17], since it was considered inef-

ficient for this use. However, only 

recently, an in-depth analysis to 

evaluate its suitability for ICs has 

been carried out [33]–[34]. 

A two stage series-parallel CP 

is shown in Fig. 24. The peculiar-

ity of this CP is the parallel charg-

ing of all the capacitors to the 

power supply, VDD, during the first 

half period (i.e., when switches Pi 

and Pi' are closed and switches Si 
Figure 22. Double bootstrap CP.
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Figure 20. Generic stage (plus a capacitor) of a bootstrap CP.
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Figure 21. Simplified schematic of a double CP.
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are open), and the series connec-

tion of all capacitors in the other 

half period (i.e., when switches Pi 

and Pi' are open and switches Si 

are closed).

The main drawback of this to-

pology is constituted by the par-

asitic capacitances which affect 

the behavior and performance 

more than the other topolo-

gies. Indeed, as demonstrated 

in [35], the reduction of the out-

put voltage with respect to an 

ideal charge pump (i.e., without 

parasitic capacitances) strongly 

increases by increasing the number of stages. More-

over, another critical aspect concerns the switches 

implementation.

e) Charge Pumps with 

Adaptive Number of Stages 

In many IC applications more than one CP with different 

number of stages is required. Thus, when the CPs are 

used in non overlapping time periods, it can be useful to 

implement only one CP that dynamically adapts its num-

ber of stages. Examples of CPs with adaptive stages are 

shown in [36] and [13]. 

More specifically, a solution that switches from a two-

stage to a four-stage topology is  proposed in [36]. In [13], 

the number of stages is dynamically chosen by rearrang-

ing the whole set of capacitors so that the required output 

voltage could be reached by maximizing the CP’s effi-

ciency. Hence, for a defined number of stages, the whole 

CP capacitance (i.e., silicon area used by the CP) always 

remains equal. 

A version of the topology proposed in [13], which 

adapts its number of stages from 1 to 3, is shown in Fig. 

25. Without loss of generality, the topology uses diodes 

as switches, but changes can be simply implemented if 

switches instead of diodes are used.

It is worth noting that, in order to provide adaptabil-

ity, each capacitor is connected through a diode both to 

the power supply (DAi and DDi) and to the output node 

(DCi and DEi). Moreover, there are diodes that connect 

couple of capacitors (DBi and DFi).

To understand the behavior of the CP, let us con-

sider each single case starting from the single-stage 

one. In this configuration, all the capacitors have to 

be connected in parallel to form a single capacitor. In 

other words, this means that all the capacitors have to 

be driven by the same phase signal and all the diodes 

connecting couple of capacitors (DBi and DFi) are al-

ways reverse biased.

In the case in which a two-stage topology is needed, 

the CP in Fig. 25 works like three parallel two-stage to-

pologies. Hence, it can be simply inferred that the set of 

phases F1, F3 and F5 must be complementary to the other 

set F2, F4 and F6. Under this condition, the diodes DFi are 

always reverse biased. Moreover, since at steady state 

V2i . VDD and V2i11 , VOut, the diodes DDi and DEi are also 

reverse biased. 

Figure 23. Latched CP.
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Finally, a three-stage CP can be obtained by configur-

ing the CP like two parallel three-stage CPs. This con-

dition is obtained by driving the input phases F1, F3, F4 

and F6 together, and the input phases F2 and F5 by the 

complementary phase. Thus, the two three-stage CPs 

have the two main paths constituted by internal nodes 

1, 2 and 4 with the set of phases F1, F2 and F4, and internal 

nodes 3, 5 and 6 with the set of phases F3, F5 and F6. It can 

be simply verified that at the steady state the diodes DDi, 

DEi, DC1, DB2 and DA3 are reverse biased. 

The phase arrangement for the three cases are sum-

marized in Table 4.

VI. Appendix

Let us start by considering the CP in Fig. 3 without the 

current load. During the first half period (with S1  closed 

and S2  open) C  is charged up to a voltage VDD, while 

CL holds its charge. In the second half period (with S1  

open and S2  closed) there is a charge redistribution be-

tween C  and CL, and in a generic period j we get

 VOut 1 j 2 5 V2 1 j 2 5 C # 2VDD1 CL
# VOut 1 j2 1 2

C1 CL

. (56)

Assuming that in the initial state VOut 10 2 5 VDD, we get 

 VOut 11 2 5 VDD1
C

C1 CL

VDD (57)

 VOut 12 2 5 VDD1
C

C1 CL

a11
CL

C1 CL

bVDD (58)

after one and two clock periods, respectively. Hence, re-

lationship (56) can be rewritten as [36]–[37] 

 VOut 1 j 2 5 VDD1
C

C1 CL

VDDa
j21

i50

a CL

C1 CL

b i

, (59a)

which, by using the property of power series1, becomes 

 VOut 1 j 2 5 VDD1 c12 a CL

C1 CL

b j dVDD, (60a)

whose limit for j S ` is 2 VDD. 

If the CP has also a current load (as shown in Fig. 3) 

relationship (56) still holds. Indeed, with CL much higher 

than C, the discharge due to IL can be assumed equal in 

both the half periods. However, we have now a different 

initial condition, since (57) is now reduced by a factor 

(ILT)/CL. Thus, (59a) changes into 

 VOut 1 j 2 5 VDD1 a C

C1 CL

VDD2
ILT

CL

baj21

i50

a CL

C1 CL

b i

, (59b)

which is equivalent to 

VOut 1 j 2 5 VDD1 c12 a CL

C1 CL

b j d cVDD2 a 1

CL

1
1

C
b d ILT ,

 (60b)

whose limit for j S ` (with CL much higher than C) is 

relationship (1).

Gaetano Palumbo was born in Catania, 

Italy, in 1964. He received the laurea de-

gree in Electrical Engineering in 1988 

and a Ph.D. degree from the University 

of Catania in 1993. Since 1993 he con-

ducts courses on Electronic Devices, 

Electronics for Digital Systems and ba-

sic Electronics. In 1994 he joined the DEES (Dipartimento 

Elettrico Elettronico e Sistemistico), now DIEES (Diparti-

mento di Ingegneria Elettrica Elettronica e dei Sistemi), 

at the University of Catania as a researcher, subsequen-

tly becoming associate professor in 1998. Since 2000 he 

is a full professor in the same department.

His primary research interest has been analog cir-

cuits with particular emphasis on feedback circuits, 

compensation techniques, current-mode approach, low-

voltage circuits. Then, his research has also embraced 

digital circuits with emphasis on bipolar and MOS 

current-mode digital circuits, adiabatic circuits, and 

high-performance building blocks focused on achiev-

ing optimum speed within the constraint of low power 

operation. In all these fields he is developing some the 

research activities in collaboration with STMicroelec-

tronics of Catania.

He was the co-author of three books “CMOS Current 

Amplifiers” and “Feedback Amplifiers: theory and de-

sign” and “Model and Design of Bipolar and MOS Cur-

rent-Mode Logic (CML, ECL and SCL Digital Circuits)” 

all by Kluwer Academic Publishers, in 1999, 2001 and 

2005, respectively, and a textbook on electronic device 

in 2005. He is the author of 340 scientific papers on re-

ferred international journals (over 140) and in confer-

ences. Moreover he is co-author of several patents.

Since June 1999 to the end of 2001 and since 2004 

to 2005 he served as an Associated Editor of the IEEE 

Transactions on Circuits and Systems part I for the topic 

“Analog Circuits and Filters” and “digital circuits and 

Table 4. 
Clock phases for the CP in Fig. 25.

One-stage CP Two-stage CP Three-stage CP

FX F1, F2, F3, F4, F5, F6 F1, F3, F5, F1, F3, F4, F6,
FN – F2, F4, F6, F2, F5,

1Remember that, for x , 1, one has that a
j21

i50
x5 12 xj/12 x



FIRST  QUARTER 2010    IEEE CIRCUITS AND SYSTEMS MAGAZINE 45 

systems”,  respectively. Since 2006 to 2007 he served as 

an  Associated Editor of the IEEE Transactions on Circuits 

and Systems part II. Since 2008 he is serving as an As-

sociated Editor of the IEEE Transactions on Circuits and 

Systems part I.

In 2005 he was one of the 12 panelists in the scientif-

ic-disciplinare area 09—industrial and information en-

gineering of the CIVR (Committee for Evaluation of Ital-

ian Research), which has the aim to evaluate the Italian 

research in the above area for the period 2001–2003.

In 2003 he received the Darlington Award. Prof. 

Palumbo is an IEEE Fellow.

Domenico Pappalardo was born in 

Catania, Italy, in 1966. He received the 

Laurea degree in electronic engineering 

from the University of Catania in 2000.

Since then he has worked for ST Mi-

croelectronics, Catania, Italy. During this 

time he has worked on the design of non-

volatile memory circuits. He is the author of some scien-

tific papers on referred international journals and confer-

ences. Moreover, he is also author of several patents.

In 2003 he received the Darlington Award for a paper 

published on TCAS-I dealing with charge pump circuits.

References
[1] J. Dickson, “On-chip high-voltage generation MNOS integrated cir-

cuits using an improved voltage multiplier technique,” IEEE J. Solid-

State Circuits, vol. SC-11, no. 3, pp. 374–378, June 1976.

[2] J. Witters, G. Groeseneken, and H. Maes, “Analysis and modeling 

of on-chip high-voltage generator circuits for use in EEPROM circuits,” 

IEEE J. Solid-State Circuits, vol. 24, no. 5, pp. 1372–1380, Oct. 1989.

[3] S. Hobrecht, “An intelligent BiCMOS/DMOS quad 1-A high-side switch,” 

IEEE J. Solid State Circuits, vol. SC-25, no. 6, pp. 1395–1402, Dec. 1990.

[4] S. Wong, et al., “Design of a 60-V 10-A intelligent power switch using stan-

dard cells,” IEEE J. Solid State Circuits, vol. SC-27, no. 3, pp. 429–432, Mar. 1992. 

[5] R. Gariboldi and F. Pulvirenti, “A monolithic quad line driver for industrial 

application,” IEEE J. Solid State Circuits, vol. 29, no. 9, pp. 957–962, Aug. 1994.

[6] R. Gariboldi and F. Pulvirenti, “A 70 mV intelligent high side switch with full 

diagnostics,” IEEE J. Solid State Circuits, vol. 31, no. 7, pp. 915–923, July 1996.

[7] T. Iinbo, et al., “A 5-V-only 16-Mb fl ash memory with sector erase 

mode,” IEEE J. Solid State Circuits, vol. 27, no. 11, pp. 1547–1553, Nov. 1992. 

[8] A. Umezawa, et al., “A 5-V-only operation 0.6-µm fl ash EEPROM with 

row decoder scheme in triple-well structure,” IEEE J. Solid State Circuits, 

vol. 27, no. 11, pp. 1540–1545, Nov. 1992. 

[9] S. Atsumi, et al., “A 16-Mb fl ash EEPROM with a new self-data-refresh 

scheme for a sector erase operation,” IEEE J. Solid State Circuits, vol. 29, 

no. 4, pp. 461–468, Apr. 1994. 

[10] P. Cappelletti, C. Golla, P. Olivo, and E. Zanoni, Flash Memories. Nor-

well, MA: Kluwer, 1999.

[11] M. Zhang, N. Llaser, and F. Devos, “Multi-value voltage-to-voltage con-

verter using a multi-stage symmetrical charge pump for on-chip eeprom pro-

gramming,” Analog Integr. Circuits Signal Process., vol. 27, pp. 83–93, 2001. 

[12] T. Ishii, et al., “A 126.6-mm2 AND-type 512-Mb fl ash memory with 1.8-V pow-

er supply,” IEEE J. Solid-State Circuits, vol. 36, no. 11, pp. 1707–1711, Nov. 2001. 

[13] G. Palumbo, D. Pappalardo, and M. Gaibotti, “Charge pump with 

adaptive stages for non-volatile memories,” IEE Proc. Circuits, Devices 

Syst., vol. 153, no. 2, pp. 136–142, Apr. 2006.

[14] R. Castello and L. Tomasini, “1.5-V high-performance SC fi lters in 

BiCMOS technology,” IEEE J. Solid-State Circuits, vol. 26, no. 7, pp. 930–

936, July 1991.

[15] T. Duisters and E. Dijkmans, “A 90-dB THD rail-to-rail input opamp 

using a new local charge pump in CMOS,” IEEE J. Solid State Circuits, vol. 

33, no. 7, pp. 947–955, July 1998.

[16] G. den Besten and B. Nauta, “Embedded 5 V-to-3.3 V voltage regula-

tor for supplying digital IC’s in 3.3 V CMOS technology,” IEEE J. Solid 

State Circuits, vol. 33, no. 7, pp. 956–962, July 1998.

[17] H. Morimura and N. Shibata, “A step-down boosted-wordline 

scheme for 1-V battery-operated fast SRAM’s,” IEEE J. Solid State Cir-

cuits, vol. 33, no. 8, pp. 1220–1227, Aug. 1998.

[18] A. Novo, A. Gerosa, and A. Neviani, “A sub-micron CMOS program-

mable CP for implantable pacemaker,” Analog Integr. Circuits Signal Pro-

cess., vol. 27, pp. 211–217, 2001. 

[19] K.-S. Min and J.-Y. Chung, “A fast pump-down VBB generator for 

sub-1.5-V DRAMs,” IEEE J. Solid State Circuits, vol. 36, no. 7, pp. 1154–

1157, July 2001.

[20] T. R. Ying, W. H. Ki, and M. Chan, “Area-effi cient CMOS charge 

pumps for LCD drivers,” IEEE J. Solid State Circuits, vol. 38, no. 10, pp. 

1721–1725, Oct. 2003.

[21] F. Su and W. H. Ki, “Component-effi cient multiphase switched-ca-

pacitor DC-DC converter with confi gurable conversion ratios for LCD 

driver applications,” IEEE Trans. Circuits Syst. II, vol. 55, no. 8, pp. 753–

757, Aug. 2008.

[22] A. Saiz-Vela, P. Miribel-Catala, J. Colomer, M. Puig-Vidal, and J. 

Samitier, “Charge pum design for high-voltage biasing applications in 

piezoelectric-based miniaturized robots,” Analog Integr. Circuits Signal 

Process., vol. 59, no. 2, pp. 169–184, May 2009.

[23] J. Cha, M. Ahn, C. Cho, C. Lee, H. Kim, and J. Laskar, “Analysis 

and design techniques of CMOS charge-pump-based radio-frequency 

antenna-switch controllers,” IEEE Trans. Circuits Syst. I, vol. 56, no. 5, pp. 

1053–1062, May 2009.

[24] Y. Tsiatouhas, “A stress-relaxed negative voltage-level converter,” 

IEEE Trans. Circuits Syst. II, vol. 54, no. 3, pp. 282–286, Mar. 2007.

[25] G. Palumbo, D. Pappalardo, and M. Gaibotti, “Charge pump cir-

cuits: Power consumption optimization,” IEEE Trans. Circuits Syst. I, vol. 

49, no. 11, pp. 1535–1542, Nov. 2002.

[26] T. Tanzawa and T. Tanaka, “A dynamic analysis of the Dickson 

charge pump circuit,” IEEE J. Solid-State Circuits, vol. 32, no. 8, pp. 1231–

1240, Aug. 1997.

[27] G. Palumbo, N. Barniol, and M. Bethaoui, “Improved behavioral and 

design model of an N-th order charge pump,” IEEE Trans. Circuits Syst. I, 

vol. 47, no. 2, Feb. 2000. 

[28] G. Palumbo and D. Pappalardo, “Charge pump circuits with only 

capacitive loads: Optimized design,” IEEE Trans. Circuits Syst. II, vol. 53, 

no. 2, pp. 128–132, Feb. 2006.

[29] G. Di Cataldo and G. Palumbo, “Optimized design of an N-th order 

Dickson voltage multiplier,” IEEE Trans. Circuits Syst. I, vol. 43, no. 5, pp. 

414–418, May 1996.

[30] T. Tanzawa and S. Atsumi, “Optimization of word-line booster cir-

cuits for low-voltage fl ash memories,” IEEE J. Solid-State Circuits, vol. 34, 

no. 8, pp. 1091–1098, Aug. 1999.

[31] J. Crockcroft and E. Walton, “Production of high velocity positive 

ions,” Proc. R. Soc. A, vol. 136, pp. 619–630, 1932. 

[32] T. Kawahara, et al., “Bit-line clamped sensing multiplex and accu-

rate high voltage generator for quarter-micron fl ash memories,” IEEE J. 

Solid State Circuits, vol. 31, no. 11, pp. 1590–1599, Nov. 1996. 

[33] J. Starzyk, Y. Jan, and F. Qiu, “A DC-DC charge pump design based on volt-

age doublers,” IEEE Trans. Circuits Syst. I, vol. 48, no. 3, pp. 350–359, Mar. 2001.

[34] F. Su and W. Ki, “Design strategy for step-up charge pumps with 

variable integer conversion ratios,” IEEE Trans. Circuits Syst. II, vol. 54, 

no. 5, pp. 417–421, May 2007.

[35] A. Cabrini, L. Gobbi, and G. Torelli, “Voltage gain analysis of inte-

grated Fibonacci-like charge pumps for low power applications,” IEEE 

Trans. Circuits Syst. II, vol. 54, no. 11, pp. 929–933, Nov. 2007.

[36] T. Tanzawa, T. Tanaka, K. Takeuchi, and H. Nakamura, “Circuit 

techniques for a 1.8-V-only NAND fl ash memory,” IEEE J. Solid-State Cir-

cuits, vol. 37, no. 1, pp. 84–89, Jan. 2002.

[37] G. Di Cataldo and G. Palumbo, “Double and triple charge pump for 

power IC: Ideal dynamical models to an optimized design,” Proc. IEE G 

Circuits, Devices Syst., vol. 140, no. 2, pp. 33–37, Feb. 1993.

[38] G. Di Cataldo and G. Palumbo, “Double and triple charge pump for 

power IC: Dynamic models which take parasitic effects into account,” 

IEEE Trans. Circuits Syst. I, vol. 40, no. 2, pp. 92–101, Feb. 1993.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


