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Abstract — This paper describes the dynamics of
Dickson-type (parallel-type) charge pump circuits as
well as serial-type (switched-capacitor-type) charge
pump circuits for high voltage generation. We derive
several formulas for their energy dissipation, node volt-
age, and efficiency which may be useful for their design
and analysis.
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I. Introduction

Recently video products such as digital video cameras,
digital still cameras (DSC), and DSC phones incorpo-
rate charge coupled devices (CCDs) for video image
acquisition, and in order to drive CCDs it is necessary
to generate high voltages such as +12V (at output
current of several mA) and O 6.5V (at several mA)
from a Vdd=5V supply. At present, switching regu-
lators are widely used for such applications because
they can generate high voltages with excellent power
efficiency. However, they generate harmonic noise dur-
ing switching, and also require bulky, costly, off-chip
coils. Charge-pump circuits, on the other hand, have
the advantage of low noise, and do not require coils.
Hence recently much attention has been paid to charge
pump circuits which can provide large output current
with relatively high efficiency to realize miniature, low-
cost mobile equipment [1, 2]. There are two types
of charge pump circuits; parallel-type (Dickson-type)
and serial-type (switched-capacitor type). In this pa-
per we analyze both types of charge pump circuits,
and derive several formulas of their dynamics and ef-
ficiency which show quantitatively that parallel-type
one provides better efficiency and higher output volt-
age (lower voltage loss) for certain parasitic capaci-
tances and output current load.

I1. Parallel-type Charge Pump Circuit
2.1 Operation of Dickson Charge Pump Circuit

Dickson-type (or parallel-type) charge pump circuits
generate higher output voltages than the regular sup-
ply voltage [1, 2, 3, 4, 5, 6], and Fig.1 shows a three-
stage Dickson charge pump circuit. Drain-gate con-
nected NMOS FETs (MD1 - MD4) are used as diodes
here, so charge can be pumped in only one direction.
CLK and CLK are two out-of-phase pumping clocks,
and C; - Cy are coupling capacitors with the same
capacitance C. The two clocks pump the charge up-
ward through the MOSFETSs (and hence increase the
node voltage). When CLK goes from high to low and
CLK from low to high, the voltage at node 1 settles
at V1 + AV, and the voltage at node 2 to Vo, where V3
and V5 are defined as the steady-state lower voltage
at nodes 1 and 2 respectively. Both MD1 and MD3
are reverse biased, charge is pumped from node 1 to
node 2 through MD2, and the final voltage difference
between nodes 1 and 2 is the threshold voltage of MD2.

2.2 Energy Dissipation of Dickson Charge
Pump Circuit at Start-Up

This subsection shows that in an ideal three-stage
charge pump circuit (Fig.2), one half of the energy
Eguppty supplied from Vg4 and clock drivers from ¢t = 0
to oo is stored in the capacitors C at t = oo, and the
other half is dissipated through the switches from ¢ = 0
to oo.

The following example helps us to understand the
energy dissipation in a circuit which consists of capac-
itors and switches:

Example : Suppose that we charge a capacitor C' in
the RC circuit of Fig.3, and the initial voltage across
the capacitor is zero at ¢ = 0. The differential equation
and solution for V4 (t) for ¢ > 0 are given by

d
RC% Vout (t) + VYout (t) = Vdd7 Vout (0) = 07



Vot (£) = Vaa(1 ~ expl(~15)

The energy Esyppiy supplied from Vyq for ¢ = 0 to
oo is given by Egypply = CVd2d because the charge
CVyq flows from Vg4, The energy stored in C' at the
steady state (t = o0) is given by F¢ = %CVde. Also
the energy Epg dissipated in R from ¢ = 0 to oo is
obtained by

1 (> 1
Egr = ﬁ/o (Vad — Vour (1)) = 5cvd?d.

Thus we have the following relationships:

ESupply = EC + ERv EC = ER~

One half of the energy supplied from Vg, is stored in
C and the other half is dissipated in R.

Now we consider the ideal three-stage charge pump
circuit in Fig.2.
Proposition 1 : When the charges in all the capaci-
tors are zero at t = 0 in Fig.2, we have the following:

ESupply = EC + ER, EC = ER. (]_)

Here Egyuppiy is the energy supplied from V44 and clock
drivers for ¢ = 0 to 0o, F¢ is the energy stored in all
the capacitors C' at the steady state (t = co) and Eg is
the energy dissipated in the resistance of the switches
for t =0 to co.

Proof : See Appendix 1.

2.3 Node Voltage of Dickson Charge Pump Cir-
cuit in Transient State

In this subsection we derive a formula for the node
voltage in the transient state as well as the steady state
of a three-stage charge pump circuit which includes the
following circuit nonidealities (Fig.4).
(1) Voltage drop Vg across switch : Consider the case
that the switch is realized with a diode or a diode-
connected MOSFET and it has some voltage drop Vj
when it is ON.
(ii) Parasitic capacitance C) at each node : Consider
the case that each node has parasitic capacitance C),
to ground.
(iii) Output current I, : Consider the case that the
output node provides a load current ;.
Proposition 2 : In a three-stage charge pump circuit
in Fig.4, the output voltage node V,,.(n) and the in-
ternal node voltage V;(n) at n-th clock cycle are given
by

v(n) =L-v(0)+M-b-Vy, (2)

where
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Proof : See Appendix 2.
Remark (i) Since |\1] < 1 and |A2] < 1,

xT

asn—o00, A7 —0, Ay —0,
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Vl(n)—><2—§ L )Vdd_ZVd—§ out

C+0C, C+C,
Cp TIout
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(ii) The proof of Proposition 2 in Appendix 2 uses a
so-called state-space approach. With this approach we
can derive output node and internal node voltages at
the n-th cycle in an N-stage charge pump circuit for
any positive integer V.

2.4 Efficiency of Dickson Charge Pump Circuit
in Steady State

In this subsection we describe several formulas regard-
ing to the efficiency of the Dickson charge pump cir-
cuit.

Proposition 3 : (i) Efficiency 7, of an N-stage Dick-
son charge pump circuit (which has the circuit non-
idealities V4, C), and the output current I, in Fig.4)
at the steady state is given by

Output Power from Vi,

o == Supplied Power from Vz4 and Clock Drivers
_ Na+2(N +1)(1 +a)fz +4Nz?

=1
Na + 2yx

(6)

where z, o, § and 7y have no dimension, and are defined
by eq.(5) and v := N + 1+ a.

(ii) Efficiency m, has a maximum value of 7pmas at
2 = Tpopt, Where

2NX + By(y+ Na) — 2N?a
,)/2

(7)

TNlpmax ‘= 1-



A= /N2a2 — an[B(y + Na) — 7]

—Na++/N2a? +[(1 - f)y - Nafha

2y
(8)

Tpopt +=

Proof : See Appendix 3.

Fig.5 shows 7, versus z - calculated from eq.(6) - for
N = 3 and several values of «a, (3, and we see that n
has a peak value for given N, « and 3. Fig.6 shows
measurement results for our charge pump circuit [1]
and we see that its efficiency has a peak as the out-
put current I,,; changes; comparing Figs.5 and 6, we
see that Proposition 3 can explain the measurement
results.

ITI. Serial-Type Charge Pump Circuit

Let us consider a switched-capacitor-type (serial-type)
charge pump circuit [4] which consist of N capacitors
C1,Cs,..Cy and switches, and Fig.7 shows N = 4
case. As shown in Fig.7 (a), one terminal of each ca-
pacitor is connected to GND while the other terminal
is connected to Vg, and then Ci,Cs, ..., Cy store the
charge of C1Vy4,CoVya,...CnVaq respectively. Then
each capacitor is connected in series (Fig.7 (b)) and the
output voltage Vo is ideally NVyy (N times higher
than the supply voltage Vy4). However in actual cir-
cuits there are parasitic capacitors C), associated with
each node, and also the output voltage provides load
current 21,,;, and in this case, the output voltage is
lower than NVy,.

Proposition 4 In the switched-capacitor circuits in
Fig.7 (b), each node voltage is given as follows:

Vot = % [(4+ 200 + 2102 + 807 + o)
—x (4 + 10a 4 602 + ag)},
~ Vaa

Ve = L[ (3+13a + 160 + Ta® + o)

—x (3—!—404—!—042)},

ng%[(2—}—8&—!—14@2—}—7&34—&4)—x(2+oz)},
V1:%[(1+4a+10a2+6a3+a4)—x]

where a and x are defined in egs.(5), and

C = C1 = C2 = ... :CNfl :CN,
D :=1+10a+ 1502 + 7a® + o
Proof See Appendix 4.

Proposition 5 (i) Efficiency 7, of the switched-
capacitor-type charge pump circuit in Fig.7 is given

by
_ Fxz—(H2?/2)
s = TGt 2k

where

F =44 20a + 2102 + 802 + a?,

G = 14a + 340% + 1902 + 30, H := 4+ 10a + 602 + .

(ii) Efficiency ns has a maximum value at © = Zsopt,

where
G / 2F?
Tsopt = F <—1 + 1+ G—> . (10)

Proof See Appendix 5.

IV. Comparison of Parallel-Type and Serial-
Type Charge Pump Circuits

Let us compare the output voltage and efficiency of
parallel-type and serial-type charge pump circuits in
Figs.2 and 7 using the derived formulas in the previ-
ous sections. Fig. 8 shows their output voltages with
respect to x for several values of o with § = 0, and
we see that the parallel-type charge pump circuit pro-
vides higher output voltage. Fig.8 shows their output
voltages with respect to = for several values of « with
B = 0, and we see that the maximum achievable ef-
ficiency of the parallel-type charge pump circuit for
a given « is higher than that of the serial-type one.
These can be explained as follows; one terminal of par-
asitic capacitance C), is connected to the correspond-
ing node (while the other is connected to GND), and in
the parallel-type charge pump circuit, the node voltage
associated with parasitic capacitance C}, changes only
by Vgq between clk =high and clk =low states. On
the other hand, in the serial-type charge pump circuit,
some node voltages associated with parasitic capaci-
tance C,, change by more than V4 between clk =high
and clk =low states, which cause voltage loss as well as
efficiency loss. But note that the break-down voltage
of capacitors C' in parallel-type one should be higher
than that in serial-type one.
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Appendix 1 (Proof of Proposition 1)
In Fig.2, using the charge conservation law for each

cycle, the energy loss Fj,ss(n) and the energy stored
in all capacitors E.(n) at n-th cycle are given by

C

o 10V1(n)? + 5V, (n)? + 74V2,

Eloss (n)

— 8V1(n)Vour(n) — 16Vout(n)Vaa — 28V1(n)Vaa

)

Ec(n) = % 2Vi(n)? + 2Vaa(n)? — 2Vi(n) Vi + Vout(n)ﬂ ,
where
Voua(n) = 5O +3)Vous (0) + S50 = A)V0)
@ TN = (24 o+ Vi
) = <508 = M)V (O30 + XV (0)+
T %))\? . \%)/\3 + 3| Vaa,

and A1, Ag are defined by eq.(4). Then considering an
initial condition Ej,ss0,

ER - Z Eloss

+ ElossO - 15CVdd7

E.:= lim E.(n) =15CV},

n—00

and eq.(1) is obtained.
Appendix 2 (Proof of Proposition 2)

Using the charge conservation law, we have the follow-
ing state equation for Fig.4:

v(n+1) = Av(n) + bV,

where

= 0 ] a=[4 1]

and b is defined by eq.(3). Then we have the following

N[0 =
DN [ = | =

n—1
(0)+ ) A*bVag.
k=0

v(n) = A"v

Note that A\; and Ay defined by eq.(4) are eigenvalues
of A, and then we obtain eq.(2).

Appendix 3 (Proof of Proposition 3)

Consider the steady state (i.e., n — o) in Fig.4. Then
the energy Ej,qq supplied from the output node during
one clock cycle T is given by

C TI,
Wiy — 8V + 6—— Vg — 12— | T1,...

an =
toad c+C, C+C,

Also the energy Egyppiy(c0) supplied from Vyig and
clock drivers during one clock cycle T is given by

2

Esupply(oo) = SCVde - C +C,

Vd d

C
+ 60 C VddTIout + 2VddTIout

Since 1, = Ejoad/Esuppiy(0), €q.(6) has been ob-
tained. Also byy calculating dn,/0z = 0 and = > 0,
we obtain eq.(8). Also putting xpopt in €q.(8) to eq.(6),
we obtain eq.(7).

Appendix 4 (Proof of Proposition 4)

According to the charge conservation law at each node
in Fig.7, we have the followings:

C1Viaq + Cp1Vaa — C2Vyq
= CiVi+CpuVi — Co(Va — V1),

CaViq + CpaVaa — C3Vayq
= Co(Va = Vi) + CpaVo — C5(V5 — V3),

C3Vaa + Cp3Vaq — CaVayqg
- CB(‘/?)_‘/Z)'FC;DSV'B_CZL( out_VS)

CaViq + CpaViaqa
- C4( out — VS) + Cp4‘/;)ut + TIout~



By solving the above equations, we have Vi, V5, V3 and
Vout given in Proposition 5.

Appendix 5 (Proof of Proposition 5)

In Fig.7 (b), the energy Ej,qq supplied from the circuit
to the output load during T/2 is given by

FEload = —D(2Fx — Hz?).

In Fig.7 (a), the energy Egyppiy from Vyq to the circuit
during 7'/2 is given by

CVdd

Esupply = (G + Fa )

Then the efficiency 7, is given by 7s = Eioad/Esupply

and eq.(9) is obtained. Also from 9ns/dz = 0, we
obtain eq.(10).
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Fig 1: A three-stage Dickson charge pump in CMOS
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Fig.2: An ideal three-stage Dickson charge pump cir-
cuit. (a) clk =0, clk = Vgq. (b) clk = Vgq,clk = 0.
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Fig.3: An RC circuit. (a) The switch is OFF and

Vout(t) = 0 during ¢ < 0 . (b) The switch turns on at
t=0, and its on-resistance value is R.
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Fig.4: A non-ideal three-stage Dickson charge pump
circuit where voltage drop Vy across each switch, par-
asitic capacitance C, at each node, and output load
current I,,; are considered.
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Fig.6: Measured efficiency of our three-stage (N = 3)
Dickson charge pump circuit [1] with respect to Lyy:.
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Fig.7: A switched-capacitor charge pump circuit. (a)
All capacitors of Cy,Csy,...,Cy are connected in par-
allel and charged to Vgq. (b) All capacitors are con-
nected in series to produce high output voltage.
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Fig.8 (a): Theoretical output voltage of the Dick-
son charge pump circuit in Fig.2 for N = 3, a =
0.003, 0.02,0.05,0.1 and 8 = 0.0 with respect to x :=
TIout/(CVdd)'
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Fig.8 (b): Theoretical output voltage of the switched-
capacitor charge pump circuit in Fig.7 for a =
0.003, 0.02, 0.05, 0.1 with respect to x.

100

90 1 J
80 % J
=
=
beed 70 | 4
>
060 1
c g
()
1mm 50 i
o
1=
Y= 404 |
% ¢
@
30 1
| =0
20 & 1 =0.003 1
& a=0.02
107 © a=0.05
+ a=0.1 b
0 ‘ ‘ ‘ ‘ ‘ ‘
0 0.1 0.2 0.3 0.4 0.5 0.6

Fig.9 (a): Theoretical efficiency of the Dickson charge
pump circuit in Fig.2 obtained from eq.(6) for N = 3,
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Fig.9 (b): Theoretical efficiency of the switched-
capacitor charge pump circuit in Fig.7 obtained from
eq.(9) for @ = 0.003,0.02,0.05,0.1 with respect to .



