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Charge-Pump Circuits:
Power-Consumption Optimization

Gaetano Palumhd&enior Member, IEEEDomenico Pappalardo, and Maurizio Gaibotti

Abstract—in this paper, an optimized strategy for designing In some papers, even if the power consumption is discussed
charge pumps with minimum power consumption is presented. in a general way, there is no clear presentation of a design
The approach allows designers to define the number of Stagesstrategy to minimize it. This, despite the fact, that the power

that, for a given input, and an output voltage, maximize power ti f ch h t ligibl iall
efficiency. Capacitor value is then set to provide the current CONSUMPUON of chargé pumps IS not negligibie, especially

capability required. This approach was analytically developed and I memory applications and its minimization is an important
validated through simulations and experimental measurements on target to pursue. Indeed, charge pumps that try to improve their

0.3514m EEPROM CMOS technology. This approach was then efficiency through topological solutions have recently been
compared with one which minimized the silicon area and it was proposed [28]-[31].

shown that only a small increase in area is needed to minimize In thi ¢ thodol for desiani h
power consumption. n this paper, we present a methodology for designing charge

pumps with a minimum power consumption which is indepen-
dent of their specific topological implementation. The approach
is based on a simple analytical model and can be performed in
a pencil-and-paper manner.
|. INTRODUCTION In Section ll, starting from the main relationship that models
HE REDUCTION of power consumption has become Onglarge-pump behavior, the terms of power consumption are de-
of the dominant-design aspects for many very Iarge-intEyed and discussed. The ideal case without losses is developed
gration systems (VLSI) systems. In general, the most comm%Append_'X ll. The ”“"_‘ber of stages Wh'ch minimize power
and efficient way to cut down power consumption in digital Sysc_onsum_ptlon together.wnh an example ShOW'.ng their use during
tems is to reduce the power-supply voltage. To reduce pov&g?. ded3|grr]1 of the derived (;gsult an(;j 'theS efftl'menlﬁy gf thle tqp-
consumption in electronic systems, the standard supply voltglja'zed charge pump are discussed in section lll. Simulation
tends to scale down to values as low as 1.5 VV or lower [1]-] d experimental measurements were carried out to validate the
' 1odel used to optimize consumption. In particular, the tech-
However, too low a power supply can greatly reduce the ¢ 10 ) .
cuit performance. Indeed, there ensues a reduction in speed ?i(%gy u(s:i;jovv;s X]e F6Y EEPfRQM ?y .ST M|c:joelectrpn|cs (?
noise margins in digital circuits [5], [6], a reduction of dynamicC pm )- A summary of simulations and experimenta

range in analog circuits [4], and additionally, difficulties ariséesUItS IS given in _Sectlon IV.In Sectlo_n V’. the design str_ategy
in allowing read and write operations to take place in mem8—rolooseOI to minimize power consumption is compared with the

fies [7]. To avoid these drawbacks, charge-pump circuits pl,t(ggalditional approach that minimizes silicon area. Final conclu-
: ’ ions are given in Section VI. In addition, a demonstration that

viding output voltages higher than the power supply, which ard? o . )
commonly used in nonvolatile memories [8]-[12] and in smapf'e best choice is to have each stage with equal capacit@nce

power integrated circuits (ICs) [13]-[17], will also be exten‘-"Ind thg development of ideal charge—pump consumption are re-
sively used inside IC systems in the future [18]-[20]. ported in Appendixes | and II, respectively.

In his first integrated version of charge pumps, Dickson [21]
proposed their theoretical analysis and modeling. In particular, [I. CHARGE-PUMP CONSUMPTION
Dickson’s paper [21] introduced their static behavior, further de-
veloped by assuming MOS diodes in [22], while their dynami
behavior was to be discussed in papers [23]-[26]. Some of th%
papers report design strategies. To this end, an interesting wg

Index Terms—Charge pump, integrated circuit (IC), power con-
sumption, voltage multiplier.

The first integrated charge pump is reported in Fig. 1(a)
1], and without loss of generality, can be assumed as a
del even for the other topologies which use switches instead
f¥diodes. More specifically, implementations which use
witches allow us to avoid the threshold voltage of the diode,
and are hence more suited to low-voltage implementation.
Thus, in the following, we shall consider the charge pump
Manuscript received January 22, 2002; revised March 22, 2002. This paperFig. 1(a) assuming diodes with an ideal threshold equal to

which gives guidelines for minimizing area by assuming fixe
drive capability has recently been presented in [27].
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Fig. 1. Charge pump. (a) With diodes. (b) With ideal switches.

Considering a clock frequency, the output voltage of an where parametet is the ratio between the parasitic capacitance
N-stage charge pump with ideal diode or switches is equal dbthe bottom plate of a stage capacitance and the stage capaci-
[21] tance itself. It is apparent that (4) shows the linear dependence
NI, between current,; and the total capacitance used in the charge

. (1) pump. Hence, more generally, parameiean represent a term
Je which links the current loss to the total capacitance of the charge
As briefly developed in Appendix Il, an ideal charge pumpump and for real charge pump it is greater than zero.
(i.e., without loss) has a current consumption at steady statéDeriving the capacitance of a stage in (1) we can write
equal to(N + 1)Ir, [22]. However, real charge pumps have

Vout = (N + 1)‘/DD -

NI

losses which reduce their efficiency to values lower than one, C = (5)
as actual current consumption has to take into account other [(N+1)Vpp — Vout]f
current contributions. Hence, the current consumption of a real o )
charge pump can be modeled as and substituting (5) in (4), current terfy; becomes
Ipower = (N + 1)IL + Ini (2) NQIL

Ini =« Vi . 6
ideali [(N+1)Vpp — Vo] °7 ©
where currentl,,; represents the nonideality term. In general,

the current ternd,,; is due to the current required to charge angthys, current consumption can be expressed independently of

discharge the upper and the bottom parasitic of a stage cagfé-charge-pump capacitance, and the only design-free variable
itor C'. Thus, after neglecting others losses (such as for examplghtained is the number of stages

the parasitic in the switches or diodes) and without introducing
a significant error, we need only consider parasitic capacitance N2

at the bottom plate;,, which is generally more than one order Lyower = |(N +1) + (N + )Vpp — Vour Vop | Ir. (7)
of magnitude higher than that of the other plate. To reduce the '

loss in the output voltage amplitude, the bottom plate is driven

by clock [21], [24] Hence, the current wasted to Charge and dis- 11l. POWER-CONSUMPTION MINIMIZATION AND

charge the bottom plate parasitic capacita@igeén each clock DESIGN STRATEGY

eriod is given b
P g y A. Power Minimization

i = NGy fVpp. ) To minimize power consumption, we have to minimize cur-
to the stage capacitan€g we can rewrite (3) versus
ge cap ¢ 3) dlpover _ [, ta N[(N +2)Vpp — 2Vou]
1i=aNCfVpp (4) dN [(N + 1)VDD - Vvout]2
2

VDD} Ir (8)
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Fig.2.  Minimum number of stages versus the ratio between the outputvolta@ag' 3'. Maximum current load for the optimum number of stages (150-pF total
pacitance, 5-V output voltage and=0.2).

and the power supply for different valuesof

and setting to zero the results, the number of stages that reduc"® 4
current consumption is given by

(0% 08+
N,, = (1 K-1
o= (14 - ©
whereK is the multiplier factor 06l
K = Yot (10)
Vbp 04}

It is worth noting that the number of stages that optimize

power consumption is independent of the load current or th

charge-pump capacitances. Even so, it only depends on t 02}

multiplier factor, and on the technological parametervhich

gives the degree of capacitor nonideality. 0 . .
Relationship (9) versus the multiplier factéf is plotted in 1 2 3 4 5

Fig. _2 for different values of parasitic capacitance percgntag%. 4. Charge-pump efficiency versus the multiplier factor for different

a. Fig. 2 shows a low dependency versus the technological pambers of stages with =0.2 anda =0 (ideal case).

rametery. And this low dependence is also demonstrated by the

sensitivity of (9) for variations ofy, which is equal to

Vour
6 Voo

To show the drive capability of the designed charge pump, we

GNop — @ dNop 1 1 1 (11) Plotin Fig. 3, the maximum current versus the input voltage of
“ Nop  da 21+ay + /1 41 a charge pump with an optimum number of stages, assuming a
e 150-pF total capacitance, a 5-V output voltage anelqual to
and is always lower than one. 0.2.

Relationship (9) allows us to choose the number of stages in-
dependently of the current that the charge pump has to provide. Charge-Pump Efficiency
Then, through (5) in which the optimum number of stages is The efficiencyy, of the charge pump is equal to
used, we can determine the capacitance value that guarantees b

the required current capability. I Vot K
Ny = = (12)

p_lpowerVDD _N+1—|—OZ%

B. Design Example

To better understand the use of the results obtained, consided is plotted in Fig. 4 versus the multiplier factor for a different
a typical application in which the charge pump is used to pefiumber of stages and assuming=0.2.The figure also includes
form the read operation in a smart card powered with a mithe efficiency of the charge pump for the ideal case in which
imum 2.2-V value. The charge pump is adopted here to generate= 0. By inspection of Fig. 4, we derive that the advantages
a5-V voltage to be used during reading operation to sped out afusing the optimum number of stages decreases for increasing
cess time; and the current required has to be more thap800 values of the multiplier factor. Indeed, considering a design with
Moreover, assume parameteito be about equal to 0.2. Fromthe optimum number of stage given by (9) we get the following
(9), we get an optimum number of stages equal to 2. Then, framaximum efficiency:
(5) and assuming a maximum clock frequency equal to 10 MHz,

we get a charge-pump capacitance equal to 75 pF (i.e., a total R K (13)
capacitance equal to 150 pF). i 1+ f_’Y/ (K-1)

3
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Fig. 5. Comparison between simulated results (crosses) and (7) (continuous line). (a) Versus total capacitance. (b) Versus frequency. (c) Versus power supply.
(d) Versus output voltage.

where parameter depends only on the technological paramet&apacitors are implemented between the polysilicon plate and

« and is defined by an n-well, through a gate oxide. The measuteds roughly
equal to 0.18. It is worth noting that, as discussed in Section |l,

v =4/ > (14) parametery was not measured as thg/C ratio which is about
L+ a equal to 0.12 for the technology considered, but it is instead

It is apparent that (13) tends asymptotically to a constant valfigrived through measurements of the input and output current.

for increasing values ok . However, the low sensitivity of (9) fort does not lead to great
Sometimes, charge-pump designers prefer to evaluate @Jrllféerenges. _ _ _ _

ratio of the current sunk from the power supply to that delivered To validate the theoretical analysis developed in Section I,

to the load, instead of using the efficiency in (12). This ratirany Eldo simulations were carried out. Charge pumps with

can be simply derived from (12) and is equal to a number of stages ranging from 1 to 5 were simulated under
many different design conditions. In particular, starting from

Iower —Nilta N? (15) the design conditions in which the charge-pump capacitance,

1y, N+1-K the frequency, the power supply and the output voltage were set

to 160 pF, 10 MHz, and 2 and 5V, respectively, we varied: the
charge-pump capacitance from 40 to 160 pF with a step of 40 pF,
(Ipower> 14 1+v (K —1) (16) the frequency from 2.5 to 10 MHz with a step of 2.5 MHz, the
It ) oin 1—7 ' power supply from 1.7 to 2.7 V with a step of 0.5V, and the

output voltage from 3 to 6 V with a step of 1 V.

As shown in Fig. 5, where the analytical value resulting from
(7) are plotted with the continuous line and the simulated results

The proposed design strategy was validated using thee represented by crosses, the simulations agree with the theo-
F6Y technology by ST Microelectronics which is a 0,86t retical analysis and a maximum error always lower than 4% was
EEPROM technology. In this technology, the charge-punfpund.

4

that in the case of optimum design results

IV. SIMULATION AND EXPERIMENTAL RESULTS
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Fig. 7. Errors on analytical and measutkdy.. /I assumingy =0.18.
Fig. 9. Errors on analytical and measurétwe./Ir—N + 1) assuming
. o =0.2.
The proposed model was also experimentally tested. Mea-

surements on a 14-stage charge pump implemented with the load ; defined ch . Th
same technology used for simulations were carried out. In paf® 02 current for a defined charge-pump capacitance. The

ticular, we varied both the power supply from 2.1 to 3.6 \§trategywaswell known to charge-pump designers before it was

with a step of 0.3 V, we forced, with a voltage generator, t%es_ented in [2_7]' H_owe_ver, to the a_uthors’ kr_lowledge, [27]s

output voltage, from 8 to 14 V with 1-V steps. The current rati e f.|rs.t papern which it was analytically derived. It says that

Iyower/ Iz, measured for all these cases is plotted it in Fig. 6. to minimize the charge capacitance we have to choose a number
By assuming a value of 0.18 for parametgras derived by of stages equal to

simulations, we plot the error between the measured and the an-

alytical value given by (7) [i.e., (15)] in Fig. 7. The error found

is always lower than 3%. Thus, to better verify the accuracy gfain, (17) is independent of the load current which sets the
our model, we subtracted terfi+1 both from the measured cgnacitance of a stage (i.e., the total charge-pump capacitance).
and the analytical results. This procedure only a||0WS the termy, order to compare the area required in each design strategy,
dependent on parameterto be compared. The error is plottede total charge-pump capacitances must be evaluated in both
in Fig. 8 and is always lower than 15%. Finally, to better tungsses Since the total capacitance is equa¥ €@, substituting

the value of parameter, we derived it from one set of measure17y i (5) we find that the total capacitance in the case we min-
ments. The value obtained was 0.2. This was because the chqﬁgge the silicon area is

pump measured underwent a further loss due to the phase gen-

N' =2(K - 1) (17)

erator not included in the simulations. The error found on the Ch=4(K -1) IL (18)
measured and analytical current ratio by subtraciiiigl with Voo f
a =0.2 s plotted in Fig. 9 and is always lower than 5%. and substituting (9) in (5), the total capacitance in the case we
minimize the power consumption is given by
V. COMPARISON OF THEDESIGN STRATEGY )
. . . . . 1 I
Unlike the design strategies in [24] and [25], in which the pro- Crop = @ (K-1) Vv L 7 (29)
Y DD

cedure guidelines derive from the start up behavior of the charge
pump, the design approach proposed in this paper is basedH®nce, the area increase in the case of power-consumption op-
power consumption evaluation which is a steady-state charémization turns out to be
teristic. Another design strategy based on a steady-state charac-

2
teristic is the one presented in [27] where the number of stage%T _c (14 7)?2 (1 +\/Tia )
which minimize the area (i.e., the charge-pump capacitance) for Og, L= ol —— -1 (0
a defined load current is derived. Equivalently, it maximizes T K W 1ita

5
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Fig. 10. Incrementof capacitance (i.e., area) in the case of power-consumpg. 11. Increment of efficiency in the case of power-consumption
optimization compared to the area minimization case. optimization compared to the area minimization case.

Relationship (20) is plotted in Fig. 10. Itis a decreasing function Although the relationships found depend on the technology,
of a, and itis about equal to 0.4 and 0.2 (i.e., 40% and 20% mdtehas been demonstrated that dependence is low, and, hence,
area) fora. equal to 0.1, and 0.2, respectively. It is apparent thitie technological parameters required, which give the degree of
for very low values ofn (much lower than 0.1) the minimum nonideality, do not need to be extracted with high accuracy.
power consumption strategy can need an huge amount of siliconn the paper, a comparison with the design strategy which
area with respect the minimum area strategy, but this resultsiiiinimizes silicon area was also carried out. The comparison
a gain of the charge-pump efficiency. shows, that for typical cases, a silicon area increase no greater
It is worth noting that both (9) and (17) should be integethan 20% is required for the design which optimizes power
numbers. However, it can be demonstrattieat the difference consumption.
in area considering discrete values6fandN,,, is lower than
the value given by (20). APPENDIX |
To compare the improved efficiency of the proposed strategy . . .
compared to the one proposed in [27], firstly compute the effi- Consider anV-stage charge pump having a generic-stage ca-

ciency of the approach in [27] substituting (17) into (12) pacitanceC;. Under this general condition, (1) is

N
/ 1 I
= i 21 Vout = (N 4+ 1)Vpp — . (A1.1)
PTIRUa (1- 5) @ SN =2 5
Hence, the increment of efficiency of our approach is equal teience, inverting it we get
max ~ ! K 1 4 K -1 N 1 V - Vou
Tpmax — 1y K+ (IHA)K =1 0 o)) 1 = W+ DVop = Vour (A1.2)

2

1, 1+ 52 (K - 1) s
i=1

.

By inspection of its plot in Fig. 11, we see that it is reduced after
increasing the parameter; and it is increased after increasingfo maximize tf}\? output current for a total charge-pump capaci-
the multiplier factor, K. Thus, its maximum is represented byianceCr = ) ;_, 1/C;, we have to minimize the denominator

the curve of (A1.2), and following the traditional procedure
lim npmaxl_nzl; _ <1—’Y>2 (23) Vf(cl 027 C]\,)
K—oo M I+ :V< 1 +i+...+i>:
Cr—Cy—---=Cxn O Cy
(A1.3)
VI. CONCLUSION
A new design strategy for charge pumps has been given. 'I”I\‘Q'Ch meansfi =2,..., N
procedure allows designers to choose the number of stagesitf(C1,Ca,...,Cn) 1 I 0
minimize power consumption, which is becoming a mandatory C; T (Cr—Cy—---—Cy)?2 C%2
target, since charge-pump circuits waste a lot of energy. The (A1.4)
approach is based on an analytical model developed in the
paper and validated through simulation and experimenf&®m which we getC; = Cy Vi = 2, ..., N. Thus, in other
measurements. words, to maximize the current for a prefixed charge-pump ca-
pacitance, we have to set all capacitance equal

IThis demonstration can be achieved by considefifigor V,, higher (or
lower) by one unit, which means considering the maximum difference between Cr
them due to approximation to the integer. Ci= N (A1.5)

6
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Fig. 12. ldeal charge pump with an even number of stages.(ajow. (b) Vi high.
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Fig. 13. Ideal charge pump with an odd number of stages/{ajow. (b) V.« high.

APPENDIX I the total current consumption of an ideal charge pump with an
even number of stages is given by
A. An Even Number of Stages

Firstly consider an even number of stages. In the two time Ipower = (N + 1)Ir. (A2.2)

frames assuming ideal diodes (or switches), we have the two

corresponding conditions in Fig. 12. By inspection of Fig. 12(a)

in the steady-state condition, the first stage and the other Bi- An Odd Number of Stages
terconnected stages excepting the last sink a char@erom

. . . By inspection of Fig. 13(a) in a steady-state condition, the
the power supply equal to that lost in the previous time fran}ﬁgt stage and the other interconnected stages sink from the

from the odd capacitances, so that the total amount of char: wer supply a chargebQ. equal to that lost in the previous
is NAQ/2. During this time frame, the last stage sinks tw PPy ger(), eq . P
|§ne frame from the odd capacitances, so that the total amount

charge contributions. The former is due to the current sour ‘charge is nowX + 1)AQ /2. Moreover the load capacitance
and is equal td T'/2. The latter is equal to that lost by the load’ 9 +1)AQ/2. P

capacitance in the previous time frame and it is again equal'? losing a charge equal t,T)/2. By inspection of Fig. 13(b)

1.T/2. In conclusion, during this time period the charge proV-V%'Ch refersto the next time frame, all the interconnected stages

" . excepting the last gain a charg&(, lost by the even capac-
vided by the power supply is itor. Hence, the power supply provides a charge equaNte-(
N 1)AQ/2. Inthis time frame, the last stage sinks from the power
AQri= 5 AQ + ILT. (A2.1)  supply the charge that feeds to the current source plus the charge
previously lost by the load capacitance. The amount of charge
In the next time frame, we have the corresponding network sunk by the last stage is equaligT’. In a steady state it is also
Fig. 12(b). Hence, all the interconnected stages sink from thgqual to those circulating in the interconnected stag€sg,
power supply the charge lost by the even capacitor in the predn conclusion, in the two time frames we waste a charge
vious time frame for a total amount equal MAQ/2. Itis NAQ + I.T, which, as expected, means a total current con-
apparent that in steady-state terivg) is equal to the loss of sumption of an ideal charge pump with an odd number of stages
charge in the last stage when it is connected with the load. Thg&en by (A2.2).

7
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