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Charge-Pump Circuits:
Power-Consumption Optimization

Gaetano Palumbh&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 ligiibl iall
efficiency. Capacitor value is then set to provide the current CONSUMPUoON of chargeé pumps 1S not negligible, especially

capability required. This approach was analytically developed and N 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

0.351:m 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 t 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.

I. INTRODUCTION In Section Il, starting from the main relationship that models

T HE REDUCTION of power consumption has become ongqarge-pump behavior, the terms of power consumption are de-

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

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 commghAppenq'x Il. The ”“”.‘bef of stages Wh'ch Minimize power
and efficient way to cut down power consumption in digital Sysc_onsum_ptlon together_wnh an example sh0W|_ng their use during
tems is to reduce the power-supply voltage. To reduce povGE?_ design of the derived r(_esult and _the efﬁ_mency O.f the op-
consumption in electronic systems, the standard supply voltd ized ch_arge pump are discussed in Septlon . Slmulatlon
tends to scale down to values as low as 1.5 V or lower [1]-[ d experimental measurements were carried out to validate the

However, too low a power supply can greatly reduce the c nodel used to optimize consumption. In particular, the tech-

cuit performance. Indeed, there ensues a reduction in speed ?i&gy used was the F6Y EEPROM by ST Microelectronics (a

noise margins in digital circuits [5], [6], a reduction of dynamic " S(t’m CMOS). ASsuTma:O/ ?f Sé'ml:.lat'ci;lstﬁng ex.perlTe:ltaI

range in analog circuits [4], and additionally, difficulties aris€SSUIS IS givern In section Tv. In Section v, the design strategy
in allowing read and write operations to take place in memg_roposed to minimize power consumption is compared with the
fies [7]. To avoid these drawbacks, charge-pump circuits prt(ggditional approach that minimizes silicon area. Final conclu-
viding output voltages higher than the power supply, which aplons are given in Section V1. In addition, a demonstration that

commonly used in nonvolatile memories [8]-[12] and in smapf'e best choice is to have each stage with equal capaci@nce

power integrated circuits (ICs) [13]-[17], will also be exten‘-'jlnd tr(;e_ deAveIopr(?ent cl>f idga}: charge-punlwp consumption are re-
sively used inside IC systems in the future [18]-[20]. ported in Appendixes | and I, respectively.

In his first integrated version of charge pumps, Dickson [21]
proposed their theoretical analysis and modeling. In particular, II. CHARGE-PUuMP CONSUMPTION
Dickson'’s paper [21] introduced their static behavior, further de- L . -
veloped byp agsquin]g MOS diodes in [22], while their dynamig, .. 'St integrated charge pump is reported in Fig. 1(a)
behavior was to be discussed in papers [23]-[26]. Some of th &l. and without loss of generality, can be assumed as a

i . | . . del even for the other topologies which use switches instead
papers report design strategies. To this end, an interesting w K diodes. More specifically, implementations which use
which gives guidelines for minimizing area by assuming fixe !

drive capability has recently been presented in [27] witches allow us to avoit_j the threshold voltage of the dio.de,

: 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 paiierFig. 1(a) assuming diodes with an ideal threshold equal to

was recommended by Associate Editor R. Gharpurey. __ zero and a clock amplitude equal to the power supply, or
G. Palumbo and D. Pappalardo are with the Dipartimento Elettrico Elet- . | Iv. th h ith ideal itch depicted i
tronico e Sistemistico, Universita’ di Catania, 1-95125 Catania, Italy. equivalently, the charge pump with ideal switches depicted in

D. Pappalardo was with the Dipartimento Elettrico Elettronico e Sistemistickjg. 1(b). Moreover, usually, all stages are assumed to have

Universita’ di Catania, 1-95125 Catania, Italy, and is now with ST Microelecequa| capacitance. Indeed, as demonstrated in Appendix I, this
tronics, MPG Group, |-95121 Catania, Italy. ! !

M. Gaibotti is with ST Microelectronics, MPG Group, I-95121 Catania, Italyl.S the de.S|gn condition which maximizes the.drlvmg capablllty
Digital Object Identifier 10.1109/TCSI.2002.804544 for a defined amount of charge-pump capacitance.
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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 parameter is the ratio between the parasitic capacitance
N-stage charge pump with ideal diode or switches is equalabthe bottom plate of a stage capacitance and the stage capaci-

[21] tance itself. It is apparent that (4) shows the linear dependence
between current,; and the total capacitance used in the charge
NI,
Vour = (N +1)Vpp — f—C (1) pump. Hence, more generally, paramet@an represent a term

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)Iz, [22]. However, real charge pumps have

losses which reduce their efficiency to values lower than one, C = NI (5)

as actual current consumption has to take into account other (N +1)Vbp — Voutf

current contributions. Hence, the current consumption of a real o .
charge pump can be modeled as and substituting (5) in (4), current terfiy; becomes

Ipower - (N + 1)IL + Ini (2) Ii=a N2[L
" (N +1)Vbp = Vout

Vbp- (6)
where currentl,,; represents the nonideality term. In general,
the current terni,;; is due to the current required to charge antthys, current consumption can be expressed independently of

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

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

at the bottom plate(’,, which is generally more than one order Tpower = | (N +1) + N+ D)Von —Vou 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- I1l. POWER-CONSUMPTION MINIMIZATION AND

charge the bottom plate parasitic capacitaéigen each clock DESIGN STRATEGY

eriod is given b
P g y A. Power Minimization

Ini = NG, [Vpp. ®) To minimize power consumption, we have to minimize cur-
to the stage capacitan€g we can rewrite (3) versus
g p 3) d[power B {1 ta N[(N + Z)VDD - 2Vout]

Ini = aNCfVDD (4) dN [(N + 1)‘/DD - Vvout]2

VDD} I, (8)
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Fig. 2. Minimum number of stages versus the ratio between the output volta@g' 3.'t Maxwgu\x/m c?rretnt Iﬁad for tr(;'i%p;'mum number of stages (150-pF total
and the power supply for different valuesef pacitance, 5-V output voltage an 2).

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

Nop=<1+\/HZa)(K—1) @ %%

whereK is the multiplier factor oslt
‘/Oll
K = —-°ut (10)
VDD 04t

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 parametemwhich

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 perce_zntagﬂq: . 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 — @ ANy 11 1 (11) Plotin Fig. 3, the maximum current versus the input voltage of
& Nop da 214+ay +.J14+ L a charge pump with an optimum number of stages, assuming a
« 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 Th
used, we can determine the capacitance value that guarantees
the required current capability. I Vout K

17 = — ID
v IpowerVDD N+1+a N—}j—\lz—K

e efficiencyn, of the charge pump is equal to

(12)

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 patumber 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 atusing the optimum number of stages decreases for increasing
cess time; and the current required has to be more thap@&00 values of the multiplier factor. Indeed, considering a design with
Moreover, assume parametetto 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 Tp max = K (13)
capacitance equal to 150 pF). 1+ %1 (K —-1)
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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 parameteapacitors are implemented between the polysilicon plate and

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

v = [_ @ . (14) parametery was not measured as thg/C ratio which is about
I+a equal to 0.12 for the technology considered, but it is instead

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

for increasing values ok . However, the low sensitivity of (9) foft does not lead to great
Sometimes, charge-pump designers prefer to evaluate € rences. . . . .

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 ratifrany 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

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

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

to 160 pF, 10 MHz, and 2 and 5 V, respectively, we varied: the
charge-pump capacitance from 40 to 160 pF with a step of 40 pF,
<Ipower> —14 1+y (K - 1) (16) the frequency from 2.5 to 10 MHz with a step of 2.5 MHz, the
in 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 taee represented by crosses, the simulations agree with the theo-
F6Y technology by ST Microelectronics which is a 0.36+ retical analysis and a maximum error always lower than 4% was
EEPROM technology. In this technology, the charge-punfpund.

that in the case of optimum design results

IV. SIMULATION AND EXPERIMENTAL RESULTS
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Fig. 7. Errors on analytical and measutgd,.. /I assumingy =0.18.
Fig. 9. Errors on analytical and measuréd,.../I.—(N + 1) assuming

a =0.2.
The proposed model was also experimentally tested. Mea-

surements on a 14-stage charge pump implemented with ﬂae load C defined ch it Th
same technology used for simulations were carried out. In p € load current for a delined charge-pump capaciance. the

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

with a step of 0.3 V, we forced, with a voltage generator, ﬂges_ented in [2_7]' H_owe_:ver, to the a_uthors’ kr_lowledge, [27]is

output voltage, from 8 to 14 V with 1-V steps. The current rati e f'|rs.t paperin which it was analytically derived. It says that

Iower /I, 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 parameteras 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 canacitance of a stage (i.e., the total charge-pump capacitance).
and the analytical results. This procedure only aIIovys the term|y 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 tungyses. Since the total capacitance is equaV €, substituting

the value of parameter, we derived it fro_m one set of measureéy17)in (5) we find that the total capacitance in the case we min-
ments. The value obtained was 0.2. This was because the chgtgea 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) I (18)
measured and analytical current ratio by subtraciifigl 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 )
. . L . . 1 1

Unlike the design strategies in [24] and [25], in which the pro- Crop = u (K -1) V—L (29)

cedure guidelines derive from the start up behavior of the charge v oo f

pump, the design approach proposed in this paper is basedHeimce, the area increase in the case of power-consumption op-
power consumption evaluation which is a steady-state char@mization turns out to be

teristic. Another design strategy based on a steady-state charac- 9

teri_stic is_ t_he_one present_ed in [27] where the number_ of stage%Top —Ch (1479)? (1 +4/15a )

which minimize the area (i.e., the charge-pump capacitance) for 7 = -l=——"—"—-1. (20)

. . . . . L 4 o
a defined load current is derived. Equivalently, it maximizes T v W/ 1ta
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Fig.10. Increment of capacitance (i.e., area) in the case of power-consumpfggl  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 o, 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 theiie technological parameters required, which give the degree of
for very low values ofa (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 silicomn the paper, a comparison with the design strategy which
area with respect the minimum area strategy, but this resultsinimizes 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 demonstratttht the difference consumption.
in area considering discrete values\éfand N, 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- C.on3|der arN-stagg charge pump hqvmg a generlc-stage ca-
ciency of the approach in [27] substituting (17) into (12) pacitance(’;. Under this general condition, (1) is

N
1 Iz
_— . 21 Vour = (N + 1)Vpp — . Al.l
T (T4 4a) (1- &) (1) ¢ =+ 1DVop ;fci (A1)
Hence, the increment of efficiency of our approach is equal téience, inverting it we get
max — M, K+ (1+4a)(K -1 N4+ 1)Vpp — Vou

Tlp np _ +( + Oé)( ) —1. (22) IL — ( + ) rDD t. (AlZ)

yA 1+ i—v (K-1) 1

’ Fre

By inspection of its plotin Fig. 11, we see that it is reduced after =t

increasing the parameter, and it is increased after increasingfo maximize the 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
/ 2
max ~ 1- V C,C./...7C
lim iLd - o _ T (23) (e, O ~)
Or—Cy—-=Cy ' Cs On
(A1.3)
VI. CONCLUSION
A new design strategy for charge pumps has been given. 'IVHQ'Ch means/i =2,..., N
procedure allows designers to choose the number of stagestf(C1,Cs,...,Cn) 1 1 0
minimize power consumption, which is becoming a mandatory C; T (Cp—Cy—---=Cy)2 CZ
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 experimenfs®m which we get’; = €y 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 N, higher (or
lower) by one unit, which means considering the maximum difference between Cr
them due to approximation to the integer. Ci = W (AL1.5)
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Fig. 12. Ideal charge pump with an even number of stagek.(ajow. (b) V.. high.
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Fig. 13. Ideal charge pump with an odd number of stages/ajow. (b) V.i 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 Tpower = (N + 1)1 (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 B- An Odd Number of Stages
terconnected stages excepting the last sink a char@drom . . . . .
the power supply equal to that lost in the previous time fran}e By mspectlgn r?f F'?}' 13(a) ina stea(ély-state Co.ndkm]? n, thﬁ
from the odd capacitances, so that the total amount of cha gt stage and the other interconnecte stages sink from the
is NAQ/2. During this time frame, the last stage sinks two. wer supply a charged@, equ_al to that lost in the previous
charge contributions. The former is due to the current sour 'r%r,]e frame from the odd capacitances, so that the total amount

and is equal tdT'/2. The latter is equal to that lost by the Ioaal0 E,Z?;ge;iﬂg\:wg : t)eﬁ%/; I;/IoEr’eoi\r/](:r g]cetilc:)r?gfcsf acigar;ce
capacitance in the previous time frame and it is again equal 9 ge eq /2. By insp g. 13(b)

1,T/2. In conclusion, during this time period the charge proV-V%'Ch refers to 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 equahte-(

N 1)AQ/2. Inthis time frame, the last stage sinks from the power
AQri =5 AQ+ LT (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 equalltgl’. In a steady state it is also
Fig. 12(b). Hence, all the interconnected stages sink from tegual to those circulating in the interconnected stageg,
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. It is NAQ + I.T, which, as expected, means a total current con-
apparent that in steady-state terth§ 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. Thgsien by (A2.2).

EX1026 /IPR2023-01230 / Page 7 of 8
Western Digital Technologies, Inc. v. Longitude Licensing Ltd.



1542

(1]
[2]
[3]
4]
5]
[6]
[71
8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: FUNDAMENTAL THEORY AND APPLICATIONS, VOL. 49, NO. 11, NOVEMBER 2002

REFERENCES [28] C.Wang and J. Wu, “Efficiency improvement in charge-pump circuits,”
. . L |IEEE J. Solid-State Circuifsvol. 32, pp. 852-860, June 1997.
A. Bellaouar and M. Elmasry,ow-Power Digital VLSI Design Circuits [29] J. Wu and K. Chang, “MOS chargepgumps for low-voltage operation,”
X”dciy“gmi NO“Ne('j" '\FgA-g'“c‘j"’e“ 1995-P Diital CMOS IEEE J. Solid-State Circuitsol. 33, pp. 592597, Apr. 1998.
D' -han ’r\la asa}ln I\/?R Kl : rtigt;résebow ower Digita [30] P. Favrat, P. Deval, and M. Declercq, “A high-efficiency CMOS voltage
3 esl'_\‘;?"b orwe R P“‘(’j"er' b Desian Methodol doubler,”IEEE J. Solid-State Circuitsol. 33, pp. 410-416, Mar. 1998,
. abaey an - Pedramlow Power Design Methodolo- [31] C. Lauterbach, W. Weber, and D. Romer, “Charge sharing concept and

gies. Norwell, MA: Kluwer, 1996.

E. Sanchez-Sinencio and A. Andreou, Edsw-Voltage/Low-Power In-
tegrated Circuits and SystemsPiscataway, NJ: IEEE Press, 1999.

K. Roy and S. Prasad,ow-Power CMOS VLSI Circuit Design. New
York: Wiley Interscience, 2000.

J. Kuo and J. Loulow-Voltage CMOS VLSI Circuits New York:
Wiley Interscience, 1999.

A. Sharma,Semiconductor Memories.
1997.

A. Umezawaet al., “A 5-V-only operation 0.6-m flash EEPROM with
row decoder scheme in triple-well structuréZEE J. Solid-State Cir-
cuits, vol. 27, pp. 1540-1545, Nov. 1992.

T. linbo et al., “A 5-V-only 16-Mb flash memory with sector erase
mode,”|EEE J. Solid-State Circuifs/ol. 27, pp. 1547-1553, Nov. 1992.
S. Atsumiet al., “A 16-Mb flash EEPROM with a new self-data-refresh
scheme for a sector erase operatidBEE J. Solid-State Circuits/ol.
29, pp. 461-468, Apr. 1994.

H. Morimura and N. Shibata, “A step-down boosted-wordline sche
for 1-V battery-operated fast SRAM'sJEEE J. Solid-State Circuits
vol. 33, pp. 1220-1227, Aug. 1998.

new clocking scheme for power efficiency and electromagnetic emission
improvement of boosted charge pumpSEE J. Solid-State Circuifs
vol. 35, pp. 719-723, May 2000.

Piscataway, NJ: IEEE Press. .
Gaetano Palumbo (M'91-SM'98) was born in

Catania, Italy, in 1964. He received the laurea and
Ph.D. degrees in electrical engineering from the
University of Catania, Catania, Italy, in 1988, and
1993, respectively.

Since 1993 he conducts courses on Electronic
Devices, Electronics for Digital Systems and basic
Electronics. In 1994 he joined the Dipartimento Elet-
trico Elettronico e Sistemistico (DEES), University
of Catania as a Researcher, subsequently becoming
an Associate Professor in 1998. Since 2000, he is a
Full Professor in the same department. His primary research interest has been
P. Cappelletti, C. Golla, P. Olivo, and E. Zanorfilash Memo- analog circuits with particular emphasis on feedback circuits, compensation
ries. Norwell, MA: Kluwer, 1999, techniques, current-mode approach, and low-voltage circuits. In recent years,
S. Hobrecht, “An intelligent BICMOS/DMOS quad 1-A high-sidehis research has alsol gmbra}ced_ digital circ_uits‘, Wi‘th emphasis on bipolar and
switch,” IEEE J. Solid-State Circuitsrol. SC-25, pp. 1395-1402, Dec. MOS current-mode digital circuits, adiabatic circuits, and high-performance
1990. building blocks focused on achieving optimum speed within the constraint

S. Wonget al., “Design of a 60-V 10-A intelligent power switch using of low power operation. In all these fields, he is developing some research in

standard cells,TEEE J. Solid-State Circuits/ol. SC-27, pp. 429-432, collaboration with ST Microelectronics, Catania.

Mar. 1992.
R. Gariboldi and F. Pulvirenti, “A monolithic quad line driver for in-

In 1989, he was awarded a grant from Italian Electrotechnical and Electronic
Association (AEIl), Catania, Italy. He is the coauthor@#OS Current Am-

dustrial application,IEEE J. Solid-State Circuits/ol. 29, pp. 957-962, plifiers (Norwell, MA: Kluwer, 1999) andFeedback Amplifiers: Theory and

Aug. 1994,
—, “A 70 m intelligent high side switch with full diagnosticSFEE
J. Solid-State Circuitsvol. 31, pp. 915-923, July 1996.

Design,(Norwell, MA: Kluwer, 2002). He is a contributor to thé&fley Ency-
clopedia of Electrical and Electronics Engineerirand the author or coauthor
of more than 180 scientific papers in over 70 international journals and in con-

G. Khoo, D. Carter, and R. McMahon, “Analysis of charge-pump powetprences. From June 1999 to the end of 2001 he served as an Associated Editor

supply with a floating voltage referencd EEE Trans. Circuits Syst, |
vol. 47, Oct. 2000.

R. Castello and L. Tomasini, “1.5-V high-performance SC filters
in BICMOS technology,”|IEEE J. Solid-State Circuitsvol. 26, pp.
930-936, July 1991.

T. Duisters and E. Dijkmans, “A-90-dB THD rail-to-rail input opamp
using a new local charge pump in CMO$EEE J. Solid-State Circuits
vol. 33, pp. 947-955, July 1998.

G. den Besten and B. Nauta, “Embedded 5 V-to-3.3 V voltage regulat
for supplying digital IC’s in 3.3 V CMOS technologylEEE J. Solid-
State Circuits, vol. 33, pp. 956-962, July 1998.

J. Dickson, “On-chip high-voltage generation MNOS integrated circuit
using an improved voltage multiplier techniquéZEE J. Solid-State
Circuits, vol. SC-11, pp. 374-378, June 1976.

J. Witters, G. Groeseneken, and H. Maes, “Analysis and modeling
on-chip high-voltage generator circuits for use in EEPROM circuits
IEEE J. Solid-State Circuits/ol. 24, pp. 1372-1380, Oct. 1989.

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 Systvol. 40, pp. 92-101, Feb. 1993.

——, “Optimized design of adVth order Dickson voltage multiplier,”
IEEE Trans. Circuits Syst, vol. 43, pp. 414-418, May 1996.

G. Palumbo, N. Barniol, and M. Bethaoui, “Improved behavioral an
design model of aiVth order charge pump|EEE Trans. Circuits Syst.

I, vol. 47, Feb. 2000.

T. Tanzawa and T. Tanaka, “A dynamic analysis of the Dickso
charge-pump circuit,”|IEEE J. Solid-State Circuitsvol. 32, pp.
1231-1240, Aug. 1997.

T. Tanzawa and S. Atsumi, “Optimization of word-line booster circuit:
for low-voltage flash memoriesJEEE J. Solid-State Circuits/ol. 34,

pp. 1091-1098, Aug. 1999.

of the IEEE TRANSACTION ON CIRCUITS AND SYSTEMS PART | for the topic
“Analog Circuits and Filters.”

Domenico Pappalardowas born in Catania, Italy,
on January 21, 1966. He received the laurea degree
in electronic engineering from the University of
Catania, Catania, Italy in 2000.

Since then he has worked for ST Microelectronics,
Catania, Italy. During this time he has worked on the
design of nonvolatile memory circuits.

Maurizio Gaibotti was born in Bovisio Masciago
(Mi), ltaly, on June 4, 1952. He received the laurea
degree in electronic engineering from the Politecnico
di Milano, Milan, Italy, in 1985.

In 1980, he started working for ST Microelec-
tronics, Milan, Italy, in Microcontroller Design
and Telecom Design. Since 1996, he is working
for ST Microelectronics, Catania, Italy, where he
is currently responsible for the Flash Memory
developments.

EX1026 / IPR2023-01230 / Page 8 of 8

Western Digital Technologies, Inc. v. Longitude Licensing Ltd.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


