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Analysis and Modeling of On-Chip Charge Pump Designs Based
on Pumping Gain Increase Circuits With a Resistive Load

Chih-Huei Hu, Student Member, IEEE, and Lon-Kou Chang, Member, IEEE

Abstract—A complete equivalent model and analysis of high-ef-
ficiency charge-pump gain-increase (PGI) circuits with resistive
loads are proposed. Based on this simple analytical model, the
characteristics of PGI circuits can be approximately predicted and
several handy equations, which are useful for pencil-and-paper
design, can also be found for planning the desired circuit to
achieve good enough performance with an acceptable accuracy
tolerance in the steady state. In addition, an optimized design
method for PGI circuits with resistive loads is developed in terms
of the total number of gain stages in the design and the ratio
between pump capacitors. For 1.5 V supply voltage operation, re-
liability and accuracy are demonstrated by comparisons between
SPICE simulations of the PGI circuit and the results from the
equivalent model. The model also has been validated by means of
measurements taken from a test chip and typically shows relative
open-loop output voltage errors lower than 8%. Finally, although
the derivation of the model was based on a PGI circuit, it is shown
that the design strategy can also be applied to other charge pump
designs that have no voltage drop between the inner stages and
the output stage.

Index Terms—Charge pump, dc—dc converter, equivalent model,
high-voltage generator, voltage multiplier.

I. INTRODUCTION

N modern mixed-mode circuit designs, low-voltage and
I small-size dc—dc converters have been extensively required.
Charge pump circuits (CPCs) can provide the solutions neces-
sary to meet these demands to convert an input voltage upward
to a higher one with either a positive or a reverse polarity.
Since CPCs use capacitors as energy storage devices instead
of magnetic components, the converter has no electromagnetic
interference (EMI) problems. For low-power designs, the ca-
pacitors required by CPCs can be small enough to be fabricated
in integrated circuits.

CPCs have been widely used in nonvolatile memories for
many years, such as EEPROM and Flash memories [1]-[4].
More and more applications of CPCs can be found in power in-
tegrated circuits (ICs), low-supply-voltage switched-capacitor
systems, continuous time filters [5], adaptive voltage-scaling
power management [6], and so on. Most of the conventional
CPCs are based on the circuit proposed by Dickson [7] as
shown in Fig. 1(a). It uses diode-connected transistors as
charge-transfer devices. Neglecting the body effect and using
the steady-state analysis from the simple model of the Dickson
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charge pump [7]-[9], the voltage increment, AV}, in each
stage associated with the voltage division resulting from a
clock-coupling capacitance C' and a stray capacitance C can
be expressed as

c I,
AV, = ( ¢

m) 'Vclk_m_‘/d (1)

where Vi is the pumping clock amplitude, f is the clock fre-
quency, I,y is the output current, and Vj is the voltage drop
across each MOS diode. In (1), the first term is the common
expression for the voltage increase occurring at each pumping
node contributed by the clock source, clk or clk, through the as-
sociated capacitor C'. The second term is the voltage drop due to
I, In each stage, the necessary condition for the boost func-
tion of the CPC is that AV}, must be larger than zero. With the
condition that V; and AV}, are constants, the final output voltage
in an IV-stage CPC with a resistive load can be obtained as

Vout = (‘/in - Vd) + N - A‘/b (2)
where Vi, is the input voltage. From (1) and (2), an extremely
simple equivalent circuit for the Dickson charge pump is shown
in Fig. 1(b) and the output voltage can be derived as

Vout = chq - ch Tout 3)

where Vog = Via — Va + N - [(C/(C + C4)) - Ve — Vi
and Req = N/(f - (C + Cs)). In (3), Voq and R, are the
equivalent open-circuit output voltage and the equivalent output
series resistance, respectively.

However, AV}, is not a constant because V; is enlarged by
the body effect, which increases as more pump stages are used.
The body effect increases the threshold voltage, V;,,, and results
in the degradation of AV}. Thus, the pumping efficiency of the
succeeding stage will be less than that of the forestages. When
AV} in the last stage reduces to zero, V¢ will start to saturate
even if more cascaded pump stages are added. Another voltage
drop problem exists at the output stage, because the most se-
rious body effect occurs on Mpp due to a large build up of
Vsp. The loss of pumping gain also results in an increased power
loss. This low efficiency restricts the application of the Dickson
charge pump structure to low-supply voltage dc—dc converters.

In recent years, much effort has been made in the analysis and
optimization of the Dickson structure [10], [11], and many ap-
proaches for improving the pumping efficiency have focused on
solving the threshold voltage augmentation problem [12]-[16].
Some of them offer a high pumping gain in the inner stage and a
very low voltage drop at the output stage. Thus, the voltage gain
of these circuits can be maintained to keep the output voltage
proportional to the number of pump stages. In this article, in
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Fig. 1. (a) Dickson charge pump circuit. (b) Equivalent model of the Dickson
charge pump.

order to support a convenient and rapid design scheme, a thor-
ough analysis and a complete model of the pumping gain in-
crease (PGI) circuit [16], which is a type of improved CPC, has
been presented. In Section II, a general model based on PGI cir-
cuits is described. Analyses based on the charge balance and
average conceptions are presented. By using this simple analyt-
ical model, characterization of PGI circuits can be performed
in a pencil-and-paper manner and the output behavior can be
approximately predicted. An optimization design method for
minimizing the die area of an N-stage PGI circuit in terms
of the total number of pump stages and the pump capacitors
ratio is also presented. This design strategy can also be applied
to other improved CPC designs that have no voltage drop be-
tween inner stages and the output stage. In Section III, simu-
lation results are presented to verify this equivalent model for
designing PGI circuits. In Section IV, experimental results mea-
sured from a test chip that was fabricated with a TSMC 0.35-um
mixed-mode technology demonstrate the validity of the pro-
posed model. Conclusions are given in Section V.

II. EQUIVALENT MODEL FOR THE VOLTAGE MULTIPLIER

PGI circuits provide a method of using NMOS and PMOS
charge transfer switches (CTSs) to eliminate the voltage drop,
V4, across each pump stage and allow the output voltage to
increase linearly as the cascade number of the pump stage
increases. The schematic diagrams of one-stage PGI circuits,
which approximately double their supply voltage, are shown in
Fig. 2. It is notable that in PGI-3, there is no output saturation
limitation, no matter how many pump stages are used. Ignoring
non-ideal characteristics such as switching losses and parasitic
capacitances, an analytically ideal model can be constructed
based on the identity of an N-stage PGI circuit.
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Fig. 2. Voltage doubling PGI circuits. (a) PGI-3 circuit. (b) PGI-1 circuit [16].
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Fig. 3. Conceptual diagram of an N-stage PGI circuit.

A. Behavioral Model of Intermediate Stages

From the characteristics of an /V-stage PGI circuit, the equiv-
alent circuit can be simplified as shown in Fig. 3, where clk and
clk are two anti-phase clocks with the same amplitude, V, C,, is
the pump capacitor of the mth pump stage, V,,, is a time-variant
voltage across Cy,, V, () is the voltage at node m connecting
to the positive branch of C,,,, and S, is the mth equivalent ideal
transfer switch between C,,,_; and C,,,. Each stage has two op-
erating modes, the charging mode operating with DT duration
and the discharging mode with (1 — D)T duration, where D is
the duty ratio and T’ is the switching period. The corresponding
waveforms of V1), Vo(im)> and Vo, 41 are shown in Fig. 4.

In order to find a general model, the charge balance and the
average of V,,, are used to calculate the transfer charge and the
average current between pump capacitors. In Fig. 4, V,,, in-
creases from the lowest level, V;,, 1, to the highest level, V,,, #,
in the charging mode of C,, and decreases back to V,, 1 in the
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Fig. 4. Clock signal, states of switches, and the steady-state waveforms of
Votm=1)» Vo(m), and Vo(my1).

discharging mode. Let V;, ave denote the arithmetic average of
Vin,r and Vy,, g and be given as

Vm,avg = (Vm,H + VYm,L)/2 (4)

Similar notations are also applied to all the voltages across the
pump capacitors. From Fig. 4, in time DT, Vo(m_1) is raised
by clk, and part of the charge AQ,,, stored in C,,,_; will transfer
to Cy,. Thus, V,,, will increase from V;,, 1, to Vy, g, and Vi, 1
will decrease from V,,_q g to V,,,_1, 1. By using charge conser-
vation, AQ,, can be expressed as

AQm = m—lX(Vm—l,H_Vm—l,L) = me(vm,H_Vm,L)-
5

If DTy is sufficiently large to complete the charge transfer in
time, the following expressions can be obtained:

Vi+ Vo1, =Vim (6)
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or

‘/s + mel,H - Amel = Vm,L + Ava,charge (7)

where Avafl = mel,H - mel,Ls and A‘/m,charge =
Vin.H — Vi, L. From (4)—(7), the transferred charge A(Q),, can
be obtained as

Cm—l X C'm
AQy = =t m
Q C1m—1 + Cm

From (8), the average charging current Iy, v of Cp, can be
found by

. 2(‘/5 + Vm—l,avg - Vm,avg)~ (8)

AQm _ Omfl X Cm 2
T, Cpo1+0C, T, (Vs +Vin—1,avg — Vin,ave)-
9

Equation (9) shows that I, ,v¢ is a linear function of the dif-
ference between (Vi 4+ Vi,—1 avg) and V,, ave. From (9), the
equivalent resistance between the nodes (m — 1) and m can be
obtained as

Im,avg:

T

R, = .
2C'm—l X Cm/(Cm—l + Cm)

(10)

The pumping operation between C,,, and C,, ;1 behaves in a
similar manner as the operation between C,,,_; and C,,, except
that clk changes to high and clk changes to low. Therefore, in a
(1—D)T; duration, the average discharging current I,,, 1 avg Of
C', and the equivalent resistance between nodes rn and (m + 1)
are given as

I _ ACgm+1
m+1l,avg — T
_ Cm X Cm+1
B Cm + Cvrn-l—l
2
: T(V; + Vm,avg - Vm-l—l,avg) (11)
E TS
and R, = (12)

2Cm X Cm+1/(Cm + Cm+1) ’

Since (9)—(12) shows a simple and regular modular structure,
the equivalent model of each intermediate stage of PGI circuits
can be deduced as the mth pump stage model shown in Fig. 5.

B. Behavioral Model of the Input Stage

In the first stage, since C is connected to a voltage source
V,, the average voltage of V; can be given as

Viavg = (Va+Vi,0)/2. 13)

In the charging mode of C, V; increases from the lowest level
Vi, to V4. From (13), the transferred charge AQ; can be ex-
pressed by V7 ave and V;. The corresponding average charging
current I g of C; and the resultant equivalent resistor I2; are
given as

AQ1 20,
T, T,

Vd - Vl,avg
R

Il,avg = (Vd - Vvl,avg) = (14)

and

5)
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Fig. 5. Equivalent model for an N -stage PGI circuit.
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Fig. 6. Steady-state waveforms of V,(n) and V.

The operation of 'y in its discharging mode is the same as that
of the inner pump capacitor. Thus, employing (11)—(15), the
equivalent model of the first pump stage in the PGI circuit can
be depicted as shown in Fig. 5.

C. Behavioral Model of the Output Stage

The load can be generally represented by a resistor, Rp,, con-
nected in parallel to the output capacitor, C. Thus, the behavior
of the charge transmitted to Ry, during each cycle period must
be included in the model operation. According to Fig. 3, the
waveforms of V;ny) and the output voltage, V5, are given in
Fig. 6. In the charging period DT of Cp, S, is turned on and
the charge is quickly delivered from C'y to Co in a very short
period, AT.. This causes V, toincrease from V, 1, to V,, p. After
AT, Cn and C¢ discharge through Ry as a parallel capaci-
tance Cn||Co. At the end of the DT, both V,, and Vo, will
decrease from their high level to a voltage V. as follows:

Vi=Vou—AVo =V, 1 +AVye =V g+ V,—AVN, (16)
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where AVy = Vy.g — VN, and AV, and AV, are the
voltage drop values in the periods of (DT, — AT.) and (1 —
D)Ts, as shown in Fig. 6. When the discharging period (1 —
D)Ts of Co starts, S, is turned off and the consumed charge
of Ry, is provided only by Cx. By employing the average def-
inition of Vj, vy as (6) in a cycle time, AV, and AV, can be
derived as

Co-D
AV, = A 1
Voo = oni-D) 1o (172)
and Am2:(00+CA’)(1_D) AV,  (17b)

CN(I — D) + Co

where AT, < DT, and AV, = V, g — V, . From (17),
AV, is smaller than AV, because AV, is produced from the
discharge of Cn||Co and AV, is produced only from the dis-
charge of Cp.

Employing (16), (17), and the charge conservation within
Cn, Co, and Ry, the voltage variations AVy, AV,, AV,q,
and AV,» can be found. Using these voltage variations to derive
the charge transfer rate, the average discharging current Iy g avg
of Cy corresponding to AQ 4, which is the charge delivered
from C to Cp, can be simply obtained as
Ing :z ) CNCO(CN-I-C())(I—D)

Ve T (CN+00)2(1—D)—CN00D
X (Vs + VN,avg - ‘/o,avg)
C%(1-D)+CnCo(1-2D) 'V,

928 . D). (18
(Cn+Co)2(1-D)~CxCoD Ry (1%

Comparing (18) with (11), In4,avg is different from all the av-
erage discharging currents of the inner pump stages. Similarly
to (18), the average charging current I, .vs 0of Co can be de-
rived as

I _ 3 ) CNCO(O]\r-f—Oo)(l—D)
oeave T, (ON+00)2(1—D)—CNC()D
X (Vs+W avg = Vo,ave)
ColOx+Co)(1-D) Vg

B (ON+00)2(1—D)—CNC()D ' Ryr,

. D. (19)

The equivalent circuit model provided by (18) and (19) can
be simplified greatly if AV, is equal to AV,,. This condition
can be met by choosing C' and C such that

D _ Cny + Co
1-D Co '

(20)
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The substitution of (20) into (18) and (19) yields

2C

INd,avg = TN(‘/S + VN,avg - ‘/o,avg) 21
2C Vo av

Ioc,avg = TN(‘/S + VN,avg - Vvo,avg) - R—LgD (22)

From (21), the equivalent discharging resistance Ry 4 of C is
obtained as

TS

20N

By using (21)—(23), the equivalent model of the last pump
stage and the output stage can be obtained as shown in Fig. 5. In
the complete circuit model, all labeled voltages are averages and
each dependent voltage source is controlled by its corresponding
voltage across a capacitor. Based on this regular and simplified
model, the behavior of a multistage PGI circuit with a resistive
load can be easily controlled and designed.

Byqg = (23)

D. Results Obtained From Equivalent Model

In Fig. 5, all capacitors can be considered open when the
PGI circuit reaches the steady state. Although the model of each
stage contains four voltage sources, for an /V-stage PGI circuit,
the average output V, ., can be found and expressed simply by

Ry

N
<Z Rm> + Rna+ Ry
m=1

‘/o,avg = (Vd + N - ‘/S) (24)

Replacing Ry, by an approximate value of (V,, v X Ts)/(Co X
AV,), (24) can be rewritten as

N N
Vyavg = Va+ NV, __Vat NV . @5)
| (2 V] [tk
1+ Ry 2—31 [ R Cseries

where Cieries represents the total capacitance of all the pump
capacitances connected in series. The result expressed by (25)
shows that V, .. is determined by the ratio of 7 to the con-
stant R;, X Ciyeries. Thus, if the time constant R, X Cseries 18
smaller than T, V, .., can be effectively regulated by tuning
the switching period Ts. From (25) an alternative expression of
V5 avg in terms of the load current Iz, can be obtained as

T
C'series

In (26), the highest ideal output voltage (V; + N'V;) will occur
with the condition of I;, = 0. As the load current increases,
the output voltage will decrease at a rate of (Ts/Cseries) [17].
Moreover, if pump capacitors are all the same value, it can be
seen that the derived result (26) would match Dickson’s result
(3) with C5 = 0 and V; = 0. This comparison proves that the
proposed model deduced from PGI circuits is an ideal case of the
Dickson structure. Consequently, even though the model and the
derivation were based on PGI circuits, the same design strategy
can be applied, as an ideal case, to any charge-pump design
which is able to eliminate voltage drop between the inner stages
and the output stage.

Considering chip size and therefore cost, decreasing the sum
of pump capacitances C'rp will greatly decrease the die area.

‘/o,avg = (Vd + N‘/s) -

x Ir. (26)
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Fig. 7. Total pump capacitances C'rp calculated from the three-stage model
versus the value of ' under various desired V,, .., where Vg =V, =15V,
R; = 100k, and f, = 1 MHz.

Assuming that the pump capacitances are designed proportion-
ally as Cy,, _1/C,,, = K, where K is aregulative constant, Crp
of an N-stage PGI circuit can be obtained from (25) and ex-
pressed as

N N
Crp = Z Cp = Z K(N_m) x Cn
m=1

m=1

N , 2
(Z:l K(Z_1)> Vo,avg . Ts
T KD (Vg + NV2) = Voaval Re

27)

From (27), the minimum Cp can be found by making
dCtp/dK = 0. This derivation has a reasonable solution
which is K = 1. Thus, the minimum value of each pump
capacitance referred as C, min is given by

N - ‘/o,avg . Ts
[(Vd + N‘/s) - ‘/o,avg] . RL .

Cm,min = (28)
Fig. 7 shows the relation between Crp and K for various se-
lected V, avg in the three-stage example. It can be seen that
the minimum C'tp occurs at K = 1. In addition, by solving
dCrp/dN = 0forafixed V, avg, the optimum number of stages
N associated with the minimum Ctp can be found. The solu-
tion is given as

N = 2(‘/0.,an - Vd)/‘/s (29)

The optimum value of N must be an integer near the result of
(29). Fig. 8 provides the information needed to find the value
of N for generating a specified V,, .y, with minimum Crp. As
an example, by using the results from Fig. 7 and Fig. 8, a PGI
circuit with an output voltage of 4 V across a resistive load of
100 k€2 can be designed for a minimum Crp with N = 3 and
C,, = 60 pF.

III. MODEL VALIDATION

In order to validate the accuracy of the derived model, SPICE
simulations are performed for both the equivalent three-stage
PGI circuit shown in Fig. 3 and the corresponding model, where
Vy=V,=15V,Ry = 100k, fs = 1 mHz, and D was deter-
mined by employing the relation between C'3 and C from (20).
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Fig. 9. Comparison between the simulated output waveforms of the equivalent
three-stage PGI circuit and the corresponding model.

Fig. 9 shows the output simulation waveforms of the equivalent
three-stage circuit and the model, respectively, where the simu-
lation conditions are C,,, = 60 pF (m =1, 2, 3), Co = 200 pF,
I, =40 pA, and D = 0.57. Under these design conditions, the
output ripple AV, is limited to 0.2 V, and the mean of the undu-
lated output voltage is 4 V, which is equal to V,, ., of the model
in steady state. A satisfactory agreement between the two simu-
lations can be observed during the procedure of boosting. From
additional simulation data with different C,,, values and various
numbers of pump stages, the output values of the models al-
ways follow the undulated output waveforms of the equivalent
PGI circuits. Consequently, these simulation results show that
the presented model can predict the output behavior of a multi-
stage PGI circuit with a resistive load.

In common uses, the duty ratio of CPCs is usually set to
D = 0.5. However with this configuration, (20) is ineffective
in finding a suitable value of Cp/C'y for equating Vi, to V, ave
shown in Fig. 6. If Cp > Cy, AV,; will be close to AV,
and the difference between V,, .., and V}, can be reduced. Oth-
erwise, a slightly greater error will exist. Fig. 10(a) shows the
difference error of V, ., and the mean of the undulated output
voltage of the equivalent three-stage PGI circuit obtained from
the SPICE simulation results when a square clock waveform
(D = 0.5) is employed. In addition, the corresponding value of
AV, is shown in Fig. 10(b). From Fig. 10, it can be seen that the
larger the value of Co, the smaller the relative error and output
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Fig. 10. (a) Relative errors between the model and the three-stage PGI circuit
for different desired V, .., with Vy, = V, =15V, R, = 100 k2, f, =
1 MHz, and D = 0.5. (b) Corresponding output ripple AV,.

ripple AV, If Cy is larger than 200 pF, it appears that the error
and AV, are less than 0.4% and 0.2 V, respectively.

A practical embodiment of a three-stage PGI-3 circuit, which
is built by the circuit shown in Fig. 2(a), was simulated in the
MOS level by using parameters of a TSMC 0.35-um mixed-
mode model and general clocks (D = 0.5). With the same sim-
ulated conditions used in Fig. 9, except that the duty ratio D =
0.5, the transient simulation waveforms are shown in Fig. 11.
From the simulation results, the final mean value of the practical
circuit is about 3.95 V, and the error between this mean value and
the final value of V;, ., from the model is about 1.25%. Besides
the influence of D, this small error is most likely due to the fact
that switching losses and parasitic capacitances of the practical
circuit are taken into account in the SPICE simulation but not
included in the model. In addition, the full practical circuit sim-
ulation waveform lags slightly behind that of the model. This
waveform lag is due to the fact that gate control voltages of the
transfer switches generated by CTSs in the PGI circuit would
not be pumped to the levels for turning on the switches com-
pletely in the initial few cycles. In summary, the output behavior
and the final V, ., of the model closely match the simulation
results of the practical PGI circuit.

IV. MEASUREMENT RESULTS

In order to validate results of the analysis and design consid-
erations, several PGI circuits with different numbers of stages
were fabricated in a TSMC 0.35-pm mixed-mode process. To
increase the flexibility of measurements, pump capacitors were
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Fig. 11. Comparison between the simulated output waveforms of the practical
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connected externally. A two-stage PGI circuit was tested under
Vi =V, =15, Ry =100k, Co =330 pF, f; =1 MHz,
and ¢y, = Cy = C,,. Three kinds of output voltage data are
plotted in Fig. 12 for the comparison. Two are obtained from
the measured output voltages for D = 0.5 and the value cal-
culated from (20). The third is obtained from the simulation
results of the presented model. The performance data and the
corresponding errors are summarized in Table 1. For this typ-
ical example, the measured output voltages are close t0 V, avg
of the model, e.g., for C,,, = 100 pF, the mean of the measured
output voltages Vi, are 3.5 and 3.55 V when D = (0.5 and 0.57
calculated from (20), respectively, and V, .y, is 3.75 V when
using the model simulation. It can be seen from Table I that the
error voltages in this case are lower than 0.25 V, and all the rela-
tive errors of the measurements are less than 8%. The measured
output voltages are smaller than the model simulation output
voltage Vj .ve, due to additional parasitic capacitors, parasitic
resistors, and extra switching losses. In the case of C),, above
150 pF, where C,,,/Co is above 0.45, Fig. 12 also shows that
the V .+ measured as D obtained from (20) is more accurate
than that measured as D = 0.5. However, even though the ratio
of C,,,/Co is increased, the relative errors in the case of D =
0.5 only increase slightly. This agrees with the theoretical re-
sults depicted in Fig. 10.

Further experiments of the two-stage PGI circuit at D = 0.5
were also taken by changing the ratio of C'y to C5. The mea-
sured data are shown in Fig. 13. The curves of V,-to-K and
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TABLE I
SIMULATED RESULTS OF THE PRESENTED MODEL AND
MEASURED RESULTS OF THE TWO-STAGE PGI DESIGN

Pump |Equivalent Practical 2-stage PGI-3 Design
Capacitor | Model D=0.5 D is given by (20)
Cm (pF) Vo,avg (V) Vout (V) Err duty, D Vout (V) Err
47 3.16 29 82% | 0.53 295 6.6%
100 3.75 35 6.7% | 057 355 53%
147 3.96 3.8 4.0% | 059 385 27%
220 4.13 39 5.6% | 0.63 4.0 3.1%
267 4.19 393 62% | 0.64 405 33%
330 424 395  6.8% | 0.67 4.1 3.3%
430 4.30 398 74% | 070 415 3.5%
42
40
2z 38} /W
=
X 36
34} A —o—(2=100 pF
o —— (2 =147 pF
3.2'-; —o— (2 =220 pF
0 0.5 1 1.5 2 2.5 3
K=C/C2
600
500 F /
= 400 7
= 300F Y7
&) ‘M
200 F ~— Y. —o—(2=100 pF
— —a— (2= 147 pF
100 | —o— (=220 pF
0 1 1 1 1 1
0 0.5 1 1.5 2 25 3

the ratio of pump capacitances K = C1/C2

Fig. 13. Measured output voltages of a two-stage PGI-3 circuit with a different
ratio of C; and C.

Crp-to-K give information that K = 1 is the optimum selec-
tion to generate a desired dc output voltage. For instance, when
Vout = 3.6 V is considered, Fig. 13 shows that K = 1 gives
the minimum Ctp. This observation is in accordance with the
prediction of (28).

V. CONCLUSION

An analysis and modeling technique of on-chip charge pumps
with a resistive load based on PGI circuits has been proposed.
The equations of the model also have been deduced for design
within an acceptable accuracy tolerance. By using the presented
model and equations, the output behavior can be approximately
predicted and the capacitances and the switching period can be
determined while satisfying the requirement of a desired final
output voltage with a ripple AV,. Based on the analysis pre-
sented, with a given resistive load and a desired output voltage
across it, an optimal number of pump stages and equalized pump
capacitors have been proved for the objective of minimum total
pump capacitance, which represents minimum chip size. In ad-
dition, the influence of the duty ratio D on the output voltage and
the accuracy of the model under general clocks (D = 0.5) have
been discussed. The simulation results of the presented model
and the SPICE simulations of PGI circuits exhibit satisfactory
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agreement on transient behavior and the final value of the output
voltage. Analysis of the measurement results for an integrated
two-stage PGI-3 circuit at light loading also has validated the
model. A comparison of data shows that the relative errors are
lower than 8%. Furthermore, since the structure of each pump
stage model is simple and regular, it is easy to construct the com-
plete model of a multistage PGI circuit.
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