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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 V;, to a DC output
voltage V,, that is several times higher than V,
(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 IlII, 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
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Figure 1. Ideal one-stage CP.
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Figure 2. Clock signal, V¢, of the CP in Fig. 1.

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.

Il. 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, S; and S, (driven
by two complementary phases), a clock signal whose
amplitude is equal to the power supply V;, (Fig. 2), and a
load represented by a current generator /; and a capaci-
tor C; (also referred to as the bulk capacitor).

During the first half period (0 to 7/2), S; and S, are
respectively closed and open and C, being connected to
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Figure 3. One-stage CP: (a) first half period; (b) second
half period.
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the power supply, is charged to V,, (Fig. 3a), while the
output node is discharged by the current load, /;, which
sinks a charge [;7/2.

In the second half period (772 to T), the switches
change their state (see Fig. 3b), the clock signal now
equals Vpp, thus part of the charge stored in C is
transferred both to the capacitive load, C;, and, for an
amount of [;7/2, 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

[L ° T
VOut|Steady State — 2VDD - T (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 C;, 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 S;. Moreover, the N-stage CP
needs a two-phase clock and, to properly connect the out-
put load to the final stage, switch Sy, 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, Vg
is low and only the odd switches are closed. The first
pumping capacitor is thus charged to Vj, 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
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Figure 4. Output voltage of the one stage charge pump.

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 [;T (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 AQ, 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

is even).

During the subsequent half
clock period, the signal V, is equal
to Vpp 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 Sy, is open).

Figure 5. N-stage Charge Pump.
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Figure 6. Two-stage CP: (a) topology; (b) first half period;
(c) second half period.

connected together (Fig. 6¢) since switch S, is closed,
they exchange the same amount of charge, AQ, and
the highest node voltage results to be

LT L-T
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Finally, in the subsequent first half period, when the
switches S, and S, are closed (Fig. 6b), the output volt-
age is

- o IL N T
Vou = V2|VCk:VDD = V2|VCk:0V + Ve —

C
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Extending the reasoning to an N-stage CP, we get the
well known output voltage asymptotic value
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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 S, closes,
the output voltage suddenly reach its maximum value
and then, due to the presence of the current load [, dur-
ing all the time period it slightly decreases. This effect
results in an output voltage ripple, V,, which, assuming
the charge pump capacitor C much smaller than the
load capacitor, is equal to

[L'T
C

V, = ®)

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 S;. Hence, during this half pe-
riod, it receives a charge AQ from the capacitor in the
stage (j — 1). Representing with AV the voltage variation
on the charge pump capacitors due to the charge trans-
fer AQ, the voltage at the beginning of this half period is

Vi, start — left — sharing — ./( VDD - AV) (6)
and at the end of the half period it is
Vi,endfleftfsharing :./( VDD - AV) + AV (7)

During the subsequent half period, when switch ; is
open and switch §;., is closed, the clock signal driving
the stage j is high (i.e., there is a charge sharing with
the capacitor in the stage j+ 1), and the voltage at the
beginning of the half period is

Vi,slart—right—sharing = 1( VDD - AV) +AV+ VDD (8)

and at the end of the half period it is
Vi,endfyightfshaying = .]( VDD - AV) + VDD' (9)

Let us consider the switch §;, which connects ca-
pacitors at nodes j—1 and j, and evaluate the volt-
age across it, V;;,_; = V; — V,_;. This voltage behavior is
plotted in Fig. 7.

FIRST QUARTER 2010



At the end of the first half period §; 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 (S; open) the clock signal changes and the voltages
at nodes j and j— 1 fall and rise, respectively, by the
clock amplitude. Hence, the voltage across the switch
results to be V;;_; = 2Vp, (point 3 in Fig. 7). At the end
of this half period, the capacitor at node j (j — 1) gives
(receives) charge AQ. Thus, as seen from point 4 in Fig.
7, the voltage at node j (j — 1) reduces (increases) of AV
and V;;_; = 2Vpp — 2AV. Finally, when S; is closed again
and the charge transfer between capacitors at nodes
Jj — 1 and j begins, the clock signal changes, and the volt-
age across the switch is V;;,_; = —2AV (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, AV,
which is given by

VDD - VOut

AV ="Vpp +
DD N

(10)

Ill. 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, V, is strictly related to the re-
quired output voltage, Vj,, given by (4), which, in the
case of a pure capacitive load, can be simplified into

VOut|Steady state = (N + 1) - V. an

To physically implement a CP, the required total sili-
con area, Ar,, may be non negligible. Since this area
occupation is mainly due to the capacitors, we can ap-
proximate Ar, simply with the area required to imple-
ment the capacitors

Argt=k-N-C=k- Crq, 12)
where the parameter k depends on the process used to
realize the capacitors and Cy,, 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
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“7,
%

Figure 7. Voltage across switch S;.

N I
(N+1) - Vpp = Vou £

Aroe = R as)
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 V,,, holds, a dependence 1/V3,
arises regarding the dependence on the power supply.
The current consumption, /), can be considered as
constituted by two contributions [25]. A term due to the
ideal CP behavior, 4, and a term that accounts for the
parasitic effects, Ip,.. Thus, we get
Kypp = ha + Ipar. 19
Current Iy can be evaluated by considering that the
amount of charge, AQ, delivered to the load and provided

Time Switch Voltages V;; _,
Beginning §; closed —2AV

End S;closed ov

Beginning S; open 2Vop

End S; open 2Vpp —2AV
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by the power supply, is transferred in each period from
one capacitor to another. Hence, /4 results to

AQ

Ildz(N+1)'T=(N+1)'1L- (15)

The same result can be achieved by using the trans-
formation factor of the CP. We amplify the power supply
of an N + 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 N + 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 /,,
is mainly due to the charge and discharge in each time
period, T, of the total parasitic capacitance, Gy, i.e.

CrVop

IPar =N = aNCTothDDy (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

N
(N+1) Vpp = Vou

IVDD = (N+ 1) + - : VDD '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, /;.

The rise time, ., which is the time required to achieve
a defined output value V,(f,), 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

q Vout
Vout(+o9) e——AWW

7CEq ==

Figure 8. CP equivalent model.
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(N +1)Vpp — Vou(0)
(N+ 1)VDD - VOut(tr) ’
18)

Moreover, for N much higher than 1, and normalizing
the output voltage to the power supply, i.e.

G
L=T (NZ+03N+06) In

_ VOut(tr)
= (19)

Vour (0
Uy = %U (20)

DD
we get
CL + CEq N"l‘ 1 - Ux()

=T N “(N+ 1- ux)’ @D

where capacitance Cg, is equal to Crq/3.

As expected, to reach the output steady state volt-
age, (N+1)V,p, (21) anticipates an infinite rise time.
Moreover, it is apparent that ¢, is affected by the load
capacitance and the total CP capacitance, Cyy,.

Since from (21) we can write

L,

7&(6,,;&‘1)
Vou(t,) = (N+ 1) Vpp—[(N + 1) Vpp — Vo (0)]-e

(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

N

Rea =t

23
and V,,,(+ =) 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

QT = QL + QPump + QPar~ (24)

The charge Q, is the contribution given to the load,
the charge Qpyp, is required during the transient by the
pumping capacitors, and the charge Qp,, 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(tr) + QPump(tr) = (N+ 1) ' (CEq + CL) . [VOut(tr) - VOut(O)]-
(25)
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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
NCpVpp, and the contribution dur-
ing the rise time results to

tr
aCrotVoprs

T
(26)

t
= NCpVpp— =
QPay P DDT

Figure 9. N-stage CP with parasitic effects.

where the bottom plate parasitic capacitance, Cp, is
assumed proportional to the pumping capacitance C
through a factor «.

Substituting each contribution into (24), we get the
expression of the total charge sunk by the power supply
up to the rise time

N+1-vy

_ _ 2
QT([I‘) (N+ 1)(Ux UX0)+aN In N+1_Ux

(Ceq+C1) Vip.

ey

IV. Charge Pump with a Current Load:
Design Strategies

The design parameters involved in the design of a CP with
acurrent 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 Vpp = 1.35 V, Vi, =5V, f=10 MHz,
a=0.1 and I, = 300 wA) area and current consumption
are minimized for different values of V.

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

I,
{2V [(V+ 1)+ Vop = Vou] = N*+ Vip} - £ =0, (28)

which, solved for N, gives [30]

VOut
Npopt =2+ (T - 1>. 29)
DD
After solving (4) for C, one has
IL N T
C=N- 30)

(N+1) - Vop = Vou

FIRST QUARTER 2010

and substituting N, 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

N-[(N+2) Vpp—2- Voul

1+ - Vpp = 0. 31
“ [(N+1) Vop = VouF w 31
Hence, solving for N, we get [25]
[e3 VOut
= + . —1).
NIOPt (1 1+ a) ( Vop 1) (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 N,,, and Ny, we ob-
tain the CP total capacitance for minimization of area
and power consumption, respectively

Parameter Comment

Voo Technology dependent

Ivop Not known a priori

Vout Design constraint

lout Design constraint

f=1/T System dependent

Crot & Aot Not known a priori
Not known a priori

a = Cp/C Technology dependent
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Figure 10. Current consumption and area normalized to
their minimum values versus N.
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Figure 11. Increment of capacitance (i.e., area) in the case
of power consumption optimization with respect the case
of area minimization.
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Figure 12. Increment of current consumption (i.e., power

consumption) in the case of area minimization with re-
spect the case of minimum current consumption.
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Craop = 4( You 1)IL T (33)
A%\ Voo Voo
2
o
1+
c ( 1+ a) (VOth )IL T 34
fio « Voo Voo
1+«
from which the increase of area results to be
2
o
1+
Criop ~ Crace_ ( Lt “) “1L 39
CTAop 0%
4
1+«

Relationship (35), which is plotted in Fig. 11, is a de-
creasing function of ¢, and it is about equal to 0.4 and 0.2
(i.e., an area increase equal to 40% and 20%) for « equal
to 0.1 and 0.2, respectively. For « 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 L;pp for the minimum area and minimum current de-
sign strategies

I =19 VOut
mmfru+m%7~1+1@ (36)
DD

IVDD,lop:{[ (1+2a) +2\/m( ut _ >+1}.[L.
Voo

€
The current increase is given by
Vi
[2(1+2a)( O‘“—1)+1}
[VDD,Aop - IVDD,Iop VDD -1
I u '
i (g0 +2Vare)(12-1) 41
DD
(38)

By inspection of Fig. 12 where (38) is plotted, we see
that the increment in /ypp is a decreasing function of «
and an increasing function of the ratio V. /Vpp. 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 Vj,/Vpp higher than 4,
the current consumption increase is higher than 20%,
provided that « is lower than 0.15. Similar results that
take into consideration CP efficiency instead of current
consumption are found in [25].
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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) Qp, and Cr, 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 Cr,, through (21)
and set to zero its derivative with respect to V. 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

(N+1)—v, 1 1

Ay o, TV Ve D=, 1) -,
39

=0.

The above expression can be simplified using the em-
pirical approximation (very accurate for x ranging from
0.3to 1[28])

~2)(2—35—1

In(x) ™

(40)
And, after some algebraic simplifications, (39) becomes

(Ux - Ux())[4ux + 2Ux() - 3(N+ 2)}

[N+ 1) - o [(N+ 1) —v]

“n

from which, the optimum N minimizing both the total
capacitance and rise time is

4 2
NAOp = gl}x + guxo - 2 (42)
and, since v, is often equal to 1, we get
4
NAop = 7(Ux - 1) (43)

3

Once N,,, 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.
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Parameter Comment

Voo Technology dependent

Qrot Not known a priori

Vour(t,) Design constraint

t, Design constraint

f=1T System dependent

Crot < Argt Not known a priori
Not known a priori

a=C,/C Technology dependent

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

(N+1) — vy
— b)) + 2aMn L2
(0 = 0ig) + 2aNIn"gum i

Uy = Uy

— alV? =0. (44

[(N+1) =0 J[(N+ 1) = vy]

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]

In(x) = 2(x—1). (45)
Thus (44) becomes
4aN alN?
1+ - =0
(N+1)—vg [(N+1) =0 J[(N+1) - vy]
(46)
Vop=1.35V f=10 MHz 0= 0.1 -
: V,=52C; =200pF t,=10 us
Q i : ; / 1 N
4 5 6 7 8 9 10
Figure 13. Qo; and Cy,; normalized to their minimum val-
ues versus N.
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Figure 14. Increase on total CP capacitance (proportional
to silicon area) of minimum power consumption design
with respect to the minimum area design.

or equivalently

(14+3a)N*—[v,+ vy +4a(v,—1)—2]N+(v,—1)(v,y—1)= 0.
“én

Since v, is often equal to 1, the optimum number of
stages minimizing charge consumption is expressed by

1+ 4a

O

Naop = (48)

Again, once Ny, is calculated, we find the pumping
capacitor, C, for the required rise time by using relation-
ship (21).

¢) 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

QT Aop QT Qop
0.16
0.14
0.12
0.1
0.08
0.06
0.04 e T

0.02 o
o Qﬁb Qﬂ'cﬁ9 N Qﬁ? N Q$° o?

C)T Qop

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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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

C,+ Ceqf4 2
=T—|-(v,—1)|In4 4
tr,Aop CT,Aop |:3(Ux ):| n ( 9)
Gt Ciq[ 1+ 4a 2 /1
=7 — ~1)| In[—+4
tr,Qop CT,Qop |:1+3a(vx ):| n<a )v (50)

where Cr, o, and Cr o, 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

1
In| —+4
CT,QOP B CT,Aop _ <§1 + 40[)2 n<a > -1 (51)

Cr.aop 41+3a¢) In4

Relationship (51) is a decreasing function of « 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 NV from (43) and (48) into rela-
tionship (28) (assuming as usual v,, equal to 1), we get

4 4\?
Qr.aop = |:§(Ux -1+ a(g) (v, — 1)2104}(62 + Ciq) Vop
(52)
for the area minimization design, and
1+ 4a 9 1+ 4a)? o (1
Qr.q0p = {71 " 3a(vx 1%+ a(l " Ba) (v,—1) ln(a+4)}

53)

X (Cp+ Cq) * Voo

for the charge consumption minimization design. Hence,
the increase of the charge consumption incurred by the
minimum area design is given by

4 4
—{1+azln4
Qraop ~ Qraop _ 3( 3" )

_1+4a{ 1+ 4a (1 )}
+ « In{—+4
1+ 3a o

1+ 3«
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 « values.

-1
QT,Qop

(54
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VI. Charge Pump Topologies
In the previous sections we have Vob 1
considered CP with ideal switch-
es. However, real CPs differ sub- C
stantially for the way switches are
implemented. T

Vi

a) The Dickson Charge Pump
The integrated realization of a

Ck

Figure 16. Dickson CP.

L

Ck

CP was demonstrated for the
first time by Dickson in 1976 [1]. Voo 1
Like previous CPs adopted in dis-
crete implementations, such as

the Crockcroft and Walton topol-

ogy proposed in 1932 [31], the T
Dickson CP makes use of diodes Ve
instead of switches, as illustrat-

Ck

Figure 17. CP with MOS diodes.

c
T@

ed in Fig. 16. A CP topologically

similar to the Dickson’s one but
implemented with MOS diodes, Vbop 1
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

TF%T TT%

Figure 18. Bootstrap CP.

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, V,, which reduces the output voltage of a fac-
tor (N+ 1)V,

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.
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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., Mp,ss is open),
signal Fg; is low and the added transistor Mj is closed,
since the voltage at its gate is higher of a threshold
voltage (Vgsmp = 2Vpp) than the other two nodes. The
capacitor CB is then charged up to a voltage equal to

Vio = (G—1)Vpp— (j— 2)AV, see (38).
Vek
FB FB FB
2Vpp |... L z L
] ||
Voo Fo F1 Fo L
| | | | ]
K IN Al
T2 T 3/2 T t
Figure 19. Bootstrap CP clock (F;) and control (Fg;) signals.
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Figure 20. Generic stage (plus a capacitor) of a bootstrap CP.

During the subsequent half period, the clock signals
F, and F, change their value, and, after another small
time slot (see Fig. 19), Fg; goes high to 2 Vjp. Now the
transistor My is open while the pass transistor Mp,ss
is closed. Indeed, the gate voltage of Mp,gs is equal to
(j+1)Vpp — (j — 2)AV, which is higher than the voltage
at its source (i.e., the node j) by V,, + 2AV. Besides, dur-
ing this half period, the gate-source of M;,gs is sufficient-
ly high to keep this transistor closed (the gate-source
voltage is always not lower than Vpp + AV).

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 2V}, amplitude).

c¢) Double Charge Pumps

The double CP was conceived to reduce the output ripple
by using the same total CP capacitance, C;. As depicted
in Fig. 21, each half part, which has a total capacitance
C;/2, feeds the load in a different half period [32]. Hence,
the charge AQ 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

C1AQ LT
20, 2-C

(55)

Indeed, for this topology, the time interval between
two charge transfer into C; when the output voltage is
reduced due to the current load /; is now only 77/2.

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

Figure 21. Simplified schematic of a double CP.

Voo 1/ 2 N’
.—0/0—1 O O/
Lor cr Lo
| L .
Ve Ve Ve
Vop 17 o N
[ S —.t
Lo c Joor
*— ]
Ve Ve Ve

that only recently is gaining pop-
ularity, was originally proposed
in [5]-[6], and is shown in Fig.
23. This topology, often named
Out 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

FB, °f, FB;

Figure 22. Double bootstrap CP.

E cl2 cr2 cl2
Tc:B/z - TcE,/.z T TcB/z T LCs2 | oyt
E cr2 cr2 cr2

Col2 T L Col2T L Cy2 T lcg2

£, FB, F B, T T

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, Vpp, during the first
half period (i.e., when switches P,
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and P; are closed and switches S,
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are open), and the series connec-
tion of all capacitors in the other V.
half period (i.e., when switches P, l
and P, are open and switches §;
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 T
in [35], the reduction of the out-
put voltage with respect to an
ideal charge pump (i.e., without

Vo

Figure 23. Latched

Vo
l Cl2

Vex

VCk q
l cl2 | cr

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 (D,; and D) and to the output node
(D¢; and Dg;). Moreover, there are diodes that connect
couple of capacitors (Dg; and Dy,).

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 (Dg; and Dy) are al-
ways reverse biased.
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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 F}, F; and F; must be complementary to the other
set F,, F, and F;. Under this condition, the diodes Dy, are
always reverse biased. Moreover, since at steady state
Vyi > Vppand Vs, < Vo, the diodes Dy, and Dy; are also
reverse biased.

D
ﬂm D4
g
Dy Dg; Dg4
»l »l »l
Ll Ll Ll
TC TC
D
ﬂDz Fi Dpy  F D,
Pt
Vob Daz Dpgp Dcs Out
o— Pt Pt g »
TC C l
Dps F. D /= Crne
ﬂD?’ 3 ¥¥F2 Fapg,
g
Das Dgg3 Dcs 1 L
»l »l »l - -
Ll Ll Ll
Tc Tc
Fs Fe

Figure 25. CP with adaptive stages.
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One-stage CP Two-stage CP

Fx FI' FZ' F3, F4, F5, F6 F]r F3r F51
FN - Fa. Fa, Fe,

Three-stage CP

F], F3, F4, F6'
Fz,Fs,

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 Fi, F;, F,
and F; together, and the input phases F, and F; 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 Fj, F; and F, and internal
nodes 3, 5 and 6 with the set of phases F;, F5 and F;. It can
be simply verified that at the steady state the diodes Dy,
Dg;, Dcy, Dy and D5 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 S; closed
and S, open) C is charged up to a voltage Vpp, while
C; holds its charge. In the second half period (with .S;
open and S, closed) there is a charge redistribution be-
tween C and Cj, and in a generic period j we get

C-2Vpp+ C - Vo (j — 1

Vom(l) = Vz(l) = C+( (56)
Assuming that in the initial state V,,, (0) = Vpp, we get

VOut(l) =Vop + CTCLVDD (G))

Vour(2) =V / 1+ Ci Vi 58

Out - DD C+ CL\ C+ CL DD ( )

after one and two clock periods, respectively. Hence, re-
lationship (56) can be rewritten as [36]-[37]

Vouli) = Vop + —C v H< Ci )i 59
outJ) = Vpp C+CLDDE c+c) (59a)

i=0

which, by using the property of power series!, becomes

Vould) = Voo + [1= (2 ) [ Vo

whose limit for j — o is 2 Vpp.
If the CP has also a current load (as shown in Fig. 3)
relationship (56) still holds. Indeed, with C; much higher

(60a)

'Remember that, for x < 1, one has that E:;:)x =1-xX/1-x
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than C, the discharge due to I; 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
(I,7)/C;. Thus, (59a) changes into

C
C+C

Vou() = Vop + ( 2( cic ) (59b)

which is equivalent to

it 1 (e (& D

(60Db)

whose limit for j — o« (with C; much higher than C) is
relationship (1).
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