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The

proposed charge pump circuits use bootstrapped gate transfer switches to avoid the threshold voltage drop
in conventional Dickson charge pump circuits and enables them to generate a given voltage with a smaller
number of pumping stages, which results in higher efficiency. The SPICE simulation results show that the
proposed circuits have high pumping gain, are suitable for low-voltage operation, and have ample current

drive capability.
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1. Introduction

Charge pump circuits generate higher output voltages
than the regular supply voltage, and they have been
used in non-volatile memories - such as EEPROM and
flash memories - for programming and erase operations
through their floating gates. They are also used for
low-supply-voltage switched-capacitor systems that re-
quire high voltages to drive analog devices. Most MOS
charge pump circuits are based on Dickson ', and Fig.1
shows a four-stage Dickson charge pump circuit. The
drain-gate connected NMOS FETs (MD1 - MD5) here
are used as diodes, so charge can be pumped in only one
direction. CLK and C'LK are two out-of-phase pump-
ing clocks, whose amplitude is usually the supply volt-
age Vyq, and Cy - Cy4 are coupling capacitors with the
same capacitance, C. The two clocks push the charge
upward through the MOSFETS, and hence increase the
node voltage. The voltage fluctuation AV at each node
is given by

C Iout
AV =V, -
‘CcrC, flC+Cy)

where Cy is the stray capacitance at each node, I,y
is the output current loading, f is the frequency of the
pumping clocks, and Vy is the effective amplitude of the
clock signal ®.

When CLK goes from high to low and CLK from
low to high, the voltage at node 1 settles to V3 + AV,
and the voltage at node 2 to Vs, where V; and V5 are
defined as the steady-state lower voltage at nodes 1 and
2 respectively. Both MD1 and MD3 are reverse biased,
the charges are pushed from node 1 to node 2 through
MD2, and the final voltage difference between nodes 1
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Fig. 1.

Four-stage Dickson charge pump.

and 2 is the threshold voltage of MD2. Hence the nec-
essary condition for the charge pump to work is

and the voltage pumping gain for the second pumping
stage can be defined as

Gy, =Vo = Vi = AV — Vi (V2)

where Vi, (V3) is the threshold voltage of MD2, modified
by the body effect due to the source voltage V5. Then
the output voltage of an n-stage charge pump circuit,
Vout, can be obtained by

Vour = Vaa +nAV = > Vi (Vi)

k=1

However we can observe that this charge pump has
the following drawback; the threshold voltage drop of
MD1-MD?5 causes a drop in the output voltage V,,; of
Y p—1 Vin(Vk). In other words, the pumping gain for
k-th stage is degraded by Vi (Vi), (K = 1,2,...,n + 1).



Note that for a given output current I,,;, the total input
current I;;, provided from V4 through the clock drivers
to the charge pump circuit is given by

Iin - (n + 1)Iout

where parasitic capacitances are neglected for simple
explanation of the principle. Since the efficiency 7 is
given by

‘/outlout
)
Vaalin

we see that as the number of stages, n, increases, the in-
put current I;;, increases and hence the efficiency drops.
Our proposed charge pump circuits presented in the
following sections overcome this problem by employing
bootstrapped gate transfer switches, and thus they have
the following advantages:

e High Efficiency : the output voltage of the pro-

posed circuits is given by

Vout = Vaa + nAV

and hence for a specified output voltage, the pro-
posed circuits require a smaller number of stages
than conventional circuits, which results in higher
efficiency.

e Low Voltage Operation : The condition of
Eq.(2) does not apply to the proposed circuit, and
hence it can operate with low supply voltage.

Remark : (i) According to eq.(5), the total input cur-
rent I, from Vg is determined by the output current
I+ and the number of stages n, and it does not depend
on the clock frequency f.

(ii) It follows from eqgs.(1), (4) and (6) that the efficiency
of the circuit drops when we decrease the frequency f
to adjust the output voltage V.

(iii) The on-resistance of the MOS transfer switches
must be sufficiently small for eq.(7) to be valid, and
this restriction is discussed in the Appendix.

2. Proposed Charge Pump Circuits

In this section we propose two charge pump circuits
which use bootstrapped gate transfer switches ®® to
improve the efficiency and enable low voltage operation.

A. CMOS Process : Hereafter we consider to use an
N-well CMOS process, which is suitable for generat-
ing high positive voltages because the body voltage of
PMOS is controllable. On the other hand, a P-well pro-
cess is suitable for generating negative voltages, and the
triple-well process is more flexible than both the above
but it is costly.

B. Proposed Circuit 1 : Fig.2 (a) shows our first pro-
posed charge pump circuit, four stages. (Of course, ex-
tension to general n-stage is straightforward.) The key
features of its operation are as follows:

o OFF state: When the voltage at node D is low, a
capacitor Cpg is charged to CgVy4, while the gate
of the NMOS switch M is connected to ground and
hence M is OFF (Fig.2 (c)).

e ON state: When the voltage at node D is high, the
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Fig.2. The first proposed charge pump circuit.
(a) Whole circuit (four-stage case). (b) Boot-
strapped gate transfer switch. (c) OFF state. (d)
ON state.
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Fig.3. Transfer switch in ON state. (a) Dickson
charge pump circuit. (b) Proposed charge pump
circuit.
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drain-gate voltage of M is Vg4 by connecting the

drain and gate of M across Cp and hence M is ON

(Fig.2 (d)).
Since the drain-gate voltage of M is Vy; during ON
state, the voltage drop between the drain and source
is close to zero in steady state (Fig.3 (b)) so that
the threshold voltage drop problem in the conventional
Dickson charge pump (where the voltage drop between
the drain and source is V}, in steady state as shown
in Fig.3 (a)) is overcome. In addition, the finite ON-
resistance of M in the proposed configuration (Fig.3(a))
is much smaller than that in diode-connected MOS
switch (Fig.3(a)); for a square-law NMOS device that
operates in the triode region, its ON-resistance R, is
given by

1

,uncoa:%(vgs - ‘/th)’

where p,, is the electron mobility, W is the channel
width, L is the channel length, C,, is the gate oxide
capacitance per unit area, Vi, is the gate-source volt-
age and Vjy, is the threshold voltage. Since Vyq is equal
to Vg and hence Vi, is larger than Vg in Fig.3 (b), Ron
is smaller than that in Fig.3 (a) and a larger current can
flow through M with the same device size of W/L. (See
Appendix for the effectiveness of small R,,,.)

Fig.2 (b) shows the circuit implementation of the
above, and noting that the voltage of each node can be
higher than Vg4, the key features of the implementation
are given as follows:

e During OFF state, S1,.53 and S5 are ON while 52
and S4 are OFF. During ON state, S2 and 54 are
ON while 51,53 and S5 are OFF.

The switch S1 is realized with an NMOS device
instead of a PMOS device; if it is realized with a
PMOS device, it may not turn off even when its
gate voltage is Vg4 because the voltage of node A
can be higher than V4. Note that since the switch
S1 is realized with an NMOS device, the control
voltage (gate voltage) to turn on S1 is 2Vy, pro-
duced by a 2V, generator in Fig.4 @; if Vg, is used
instead of 2Vy4 to turn on S1, Vg, of the sampling
switch in track mode is equal to Vyg — V4, instead
of Vdd-

The body of the PMOS switch S2 is connected to
node A, because the voltage of node A is always
higher than that of node B.

Note that the gate of NMOS switch S4 is connected
to node G. During ON state, CLK is low and the
gate voltage of S4 is higher than the voltage at
node B by V4, and hence S4 is ON. On the other
hand, during OFF state, CLK is high and the gate
voltage of S4 is zero, and hence S4 is OFF.

C. Proposed Circuit 2 : In our first proposed cir-
cuit of Fig.2, the size of the NMOS M is much larger
than other switch MOSFETSs so that its gate capaci-
tance (Cys and Cyq) are relatively large and the dy-
namic power dissipation due to charge/discharge to the
gate capacitance is not negligible. During ON state,
the voltage of node G is high and the parasitic capaci-

Ron =
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Fig.5. The second proposed charge pump circuit.

tors associated with node G are charged, while during
OFF state the gate of NMOS switch M is connected
to ground, and the charge of the parasitic capacitors
is discharged. From a power dissipation viewpoint, the
discharging of this charge is a waste of energy, and re-
duces the potential pumping gain.

We propose the improved circuit shown in Fig.5,
where the gate of the NMOS switch M is connected
to node A. During ON state, S6 and S4 are ON while
51,83 and S7 are OFF, and Cy,, Cyq of M are charged.
During OFF state, S6 and S4 are OFF while S1, 53 and
ST are ON, and remark that the charges of Cys and Cyq
are injected back to C'z but not to ground because the
gate of NMOS switch M is connected to node A so that
the charge is not wasted. Note that during OFF state,
the gate voltage of M is Vg but M can be off because
the voltages at nodes D and E are equal to or higher
than Vdd~
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Fig.6. SPICE simulation result comparison of
Vout vs. Iou: characteristics of the conventional

Dickson charge pump circuit (Fig.1), our first pro-
posed circuit (Fig.2) and our second proposed cir-
cuit (Fig.3) with four stages, C' of 15pF, Cout of
30pF, f of 5M Hz and V4 of 2.0V, 2.5V and 3.0V.
(a) The conventional Dickson charge pump circuit.
(b) The first proposed circuit. (c) The second pro-
posed circuit.
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3. SPICE Simulation Results

Fig.6 shows a SPICE simulation result comparison of
Vout VS. I,y characteristics of the conventional Dickson
charge pump circuit, our first proposed circuit and our
second proposed circuit with four stages, C' of 15pF,
Cout of 30pF, f of 5M Hz and Vy4 of 2.0V, 2.5V and
3.0V. We see that the second proposed circuit achieves
the highest output voltage among them. (e.g., for
V4a=3.0V and I,,; = 20uA, the output voltage of Dick-
son charge pump is 6.5V, that of the first proposed cir-
cuit is 13.1V while that of the second proposed circuit
is 13.4V).

Fig.7 compares SPICE simulations of Efficiency vs.
I+ characteristics for the conventional Dickson charge
pump circuit, our first proposed circuit and our second
proposed circuit with four stages, C' of 15pF, Cyy: of
30pF, f of BMHz, and Vg, of 2.0V, 2.5V and 3.0V.
We see that the second proposed circuit achieves the
highest efficiency of the three (e.g., for V;3=3.0V and
Tou: = 20pA, the efficiency of Dickson charge pump is
43.6%, that of the first proposed circuit is 87.7% while
that of the second proposed circuit is 89.2%).

Fig.8 compares SPICE simulations of V. vs. oyt
characteristics for the conventional Dickson charge
pump circuit, our first proposed circuit and our sec-
ond proposed circuit with the clock frequency varied
from ftodMHz, 5MHz, 6MHz, 8M Hz and 10M H z,
and with four stages, C of 15pF, C,,: of 30pF, and
Viaa of 3.0V. We see that for each circuit, V,,; increases
as f increases, which can be explained by eq.(1), and
that the second proposed circuit achieves the highest
output voltage of the three for each frequency. (e.g.,
for V34=3.0V, I = 20uA and f=10MHz, the output
voltage of Dickson charge pump is 6.6V, that of the
first proposed circuit is 13.7V while that of the second
proposed circuit is 13.9V).

4. Concluding Remarks

e Fig.6 (b) and (c¢) show that the output voltages Vo,
of the first and second proposed circuits can not
achieve 5V;4 even when the output current I,,; is
equal to 0. This is mainly because the capacitor
Cp for the bootstrap works as a part of parasitic
capacitances Cs in eq.(1). The voltage at node A
in the upper part of Fig.5 (the first proposed cir-
cuit) goes to zero when the transmission gate M is
off, while the voltage at node A in the lower part of
Fig.5 (the second proposed circuit) is Vg when M
is off. Hence the charge stolen from node D to the
capacitor Cpg in the first proposed circuit is smaller
than that in the second one when the MOS switch
S4 turns on, and then the second proposed circuit
achieves the higher output voltage.

In other words, the second proposed charge pump
circuit has two advantages over the first proposed
one.

(1)

The dynamic power dissipation due to
charge/discharge to the gate capacitance of
transfer switches is reduced.
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Fig.7. SPICE simulation result comparison of Ef-
ficiency vs. I, characteristics of the conventional
Dickson charge pump circuit (Fig.1), our first pro-
posed circuit (Fig.2) and our second proposed cir-
cuit (Fig.3) with four-stage, C of 15pF, Cout of
30pF, f of M Hz. and Vg of 2.0V, 2.5V and 3.0V.
(a) The conventional Dickson charge pump circuit.
(b) The first proposed circuit. (c) The second pro-
posed circuit.
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(2) The effect of capacitor Cp for the boot-
strap on pump gain reduction is alleviated.
e The body of each transfer switch NMOS in our pro-
posed circuits as well as Dickson charge pump cir-
cuit is connected to ground and its threshold suffers
from body effect (. Note especially that the body
effect is most severe at the output node; in Fig.2,
the body effect of M4 is larger than that of M2, or
in other words, the threshold voltage of M4 is larger
than that of M2. In Dickson charge pump, the in-
crease of the threshold voltage due to the body ef-
fect degrades the output voltage (see Eq.(4)), and
thus it degrades the efficiency n which is given by

n= Vaa +nAV — ZTkL:l ‘/th(vk)
(n + 1)Vdd

e (9)

In our proposed circuits, there is no output voltage
drop due to the threshold voltage and our proposed
circuits are much more tolerant of body effect than
the Dickson charge pump circuit. However note
that the body effect increases the ON-resistance
of the transfer switch given by Eq.(8), and hence
it degrades the performance. Furthermore, if the
threshold voltage becomes larger than Vg, due to
body effect, the circuit does not function as a charge
pump.

o If we use a triple-well process, the body voltage
of the transfer switch is controllable and some cir-
cuit techniques may avoid the body effect (. How-
ever the control of the body may cause latch up,
and experimental verification that there is no latch-
up would be required even if the circuit works in
SPICE simulations, and also the triple-well process
is costly.

e Recently several other charge pump configurations,
with the gate of the transfer switch boosted, have
been proposed ® (M ® and the major advantage of
our proposed circuits over these is that the gate
of the transfer switch at the output node can be
boosted, while in the other configurations it is dif-
ficult.
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Appendix

1. Effect of ON-Resistance of MOS Transfer
Switch

This appendix shows that the ON-resistance of MOS
transfer switches, given by eq.(8), must be sufficiently
small in order for eq.(7) to be valid. Letting the second
term of the right-hand in eq.(1) be

IoutT
do — —20% Al
YTy aoy) (A1)

where T'(= 1/f) is a clock period, and then the cur-
rent i(t) which flows through the MOS transfer switch
in ON-state is given by

. dv t
i(t) = R—on exp(—i(c n Os)Ron).

In order for eq.(7) to be valid, the drain-source voltage
of the MOS transfer switch in ON-state must be almost
zero at the end of ON-state; in other words, if the clock
duty is 50% (the MOS transfer switch is ON during 7'/2
while it is OFF during the other 7'/2), the following has
to be satisfied:

Then we see that R,,, has to be small enough for given
C, Cy, I,,; and T, and we can perform quantitative cal-
culation using egs. (A1), (A2) and (A3). Our proposed
charge pump circuits make R,, smaller by bootstapping
the gate voltage which helps satisfy eq.(A3).
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