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Abstract- A new organization of switched capacitor charge pump circuits based on voltage doubler structures is
presented in this paper. Each voltage doubler takes a DC input and outputs a doubled DC voltage. By cascading n
voltage doublers the output voltage increases up to 2" times. A two phase and a multiphase voltage doubler
structures are proposed and their properties discussed. The multiphase voltage charge pump is a minimum
capacitance realization of the switched-capacitor based voltage multiplier. A simulator working in the Q-V realm
was used for simplified circuit level simulation and to estimate the number of required clock cycles to pump the
output to a desired voltage. In order to evaluate the power delivered by a charge pump, aresistive load is attached
to the output of the charge pump and an equivalent capacitance is evaluated. Power analysis is performed using an
equivalent R-C circuit. A comparison of the proposed circuits with Dickson charge pump and Makowski’s voltage
multiplier is presented in terms of the area requirements, the voltage gain, and the power level. This paper also shows
the results of computer simulation that identifies optimum loading conditions for different configurations of the

charge pumps. Design guidelines for the desired voltage and power levels are discussed.

I. INTRODUCTION

A charge pump circuit provides a voltage that is higher than the voltage of the power supply or avoltage of
reverse polarity. In many applications such as Power I1C, continuous time filters, and EEPROM, voltages higher than
the power supplies are frequently required. Increased voltage levels are obtained in a charge pump as a result of
transferring charges to a capacitive load and do not involve amplifiers or transformers. For that reason a charge
pump is adevice of choice in semiconductor technology where normal range of operating voltagesis limited. Charge
pumps usually operate at high frequency level in order to increase their output power within a reasonable size of total
capacitance used for charge transfer. This operating frequency may be adjusted by compensating for changes in the
power requirements and saving the energy delivered to the charge pump.

Among many approaches to the charge pump design, the switched-capacitor circuits such as Dickson charge
pump [1] are very popular, because they can be implemented on the same chip together with other components of an
integrated system. Many research works focused on the design and timing scheme of Dickson charge pump had been
accomplished such as [2]-[5]. Witters et al. [2] provided a detailed analysis of Dickson multiplier built in VLSI
technology with diodes realized by nMOS transistors. They considered effects of threshold voltage and leakage
current as well as conducted a number of experimental measurements. Cataldo and Palumbo [3] presented an
optimized design methodology for double and triple charge pumps, and in [4] they discussed a dynamic model of
n-stage Dickson charge pump useful for a pencil and paper design. In [5] Tanzawa and Tanaka provided a detailed
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dynamic analysis of Dickson pump and derived analytical expressions for the rise time and current consumption.
They also estimated boosting energy and the optimum number of stages to minimize the rise time. The voltage gain
of Dickson charge pump is proportional to the number of stages in the pump. It may cost quite many devices and
silicon area, when a charge pump with the voltage gain larger than 10 or 20 is needed. Such high voltage gains are
required for low voltage EEPROMSs, and typically more than three stages of Dickson charge pump are used.
Improved Dickson charge pumps for low voltage EEPROMs and flash memories were developed and discussed in
[6]-[8]. Authorsin [6] proposed the negative gate biased source erase scheme and supporting circuitry. The pulse
timing was adjusted to maintain high efficiency of energy transfer. For a large voltage gain, Makowski [9]
introduced an n stages charge pump with its final voltage gain limited by (n+1)th Fibonacci number. In [9] the
following Fibonacci sequence isused : 1, 2, 3, 5, 8, 13, 21, 34, 55, 89, 144, 233 ... . For instance a 4-stage
Makowski charge pump would have the maximum voltage gain equal to 8, a 5-stage would have the voltage gain of
13, et.c.. Researchers have focused on different issues related to practical implementation of the charge pump
starting from its topological properties [9], voltage gain, and dynamic properties [5] to improvements in efficiency
and power considerations[10].

Charge pump operates by switching on and off a large number of MOS switches which charge and
discharge a large number of capacitances, transferring energy to the output load. Large amount of energy is lost
whenever the load current is reduced. Savings of switching energy were primary reason for the design efforts
presented in [10], where a special circuit organization was proposed to regulate switching frequency whenever a
requirement for the load current changes. In addition, simulation and measurement results presented in [10]
indicated a strong dependence of the output voltage on the load resistance. There is a need for better understanding
of the design tradeoffs related to charge pump design.

This paper presents switched-capacitor charge pumps which have exponentialy growing voltage gain as a
function of the number of stages. The proposed charge pumps are constructed by several cascaded voltage doublers,
with n cascaded voltage doublers providing the voltage gain of up to 2". The circuits of the voltage doublers are
analyzed in Section |1 and topological method introduced by Makowski is used to show that the charge transfer
produces the expected growth in the voltage level. Section 111 shows the computer simulation results of the proposed
charge pumps and the comparison with the Dickson charge pump and the Makowski charge pump. Design
considerations of the charge pumps based on the proposed organization are included in Section 1V were tradeoffs
between power, frequency, and voltage level are addressed. An optimum load termination is discussed using a
resistive load model. Recommendations for the optimum loading conditions are expressed as a function of output
power and voltage levels. Section V discusses power, timing and frequency issues in a limited designed area.
Section VI presents the conclusion.

Il. VOLTAGE DOUBLERS

A switched-capacitor organization of a two phase DC-DC voltage doubler is shown in Fig. 1. It contains 2
clock controlled switches and 2 capacitors. For a simple explanation of the voltage doubler operation, et us assume
that the switches and capacitors are all ideal. That is, we assume that there is no leakage current in capacitors,

switches dissipate no energy and the electric charge transferring is instantaneous. Fig. 2 (a) shows the equivalent
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circuit of the voltage doubler, when the circuit is in the kth iteration cycle and the clock isin phase 1. At thistime

instance, the load capacitor C. holds the previous voltage value.

Vgﬂt = Vgﬁtl]- )
The voltage across the capacitor Cs changes from - (Vi - Vgﬁtl]) to Vin. The charge AQ[K transferred from the
voltage source Vi, to C; is obtained from

AQM = Cy(Vin - (- (Vin- Vau™))) = Cs(2Vin - Vou). @
Equation (2) implies that the voltage source Vi, would stop transferring charge to C if V ut = 2Vin.

Fig. 2 (b) shows the equivaent circuit of the voltage doubler when the circuit is in the (k+1)th iteration
cycle and the clock is in phase 2. According to the charge conservation law at the node connecting C. and Cs, and

evaluating charges stored in capacitors as Q = C V, the relationship between voltages at kth and (k+1)th iteration can
be expressed by

K k+1 k+1
Vin X Cs + Vi x CL = (VR - Vin) X Cs + Vi x Co. ©
Ifwesatl' = % to represent the capacitor ratio, then
k+1 K
VBT = (1- VG +2rVip, @

where 0 <r < 1. Thus, V. can be repr@ented as a sequence of the iteration index k. The values of the output to

input voltage ratio (voltage gain) A, =

state of the voltage doubler is Vout—

A phase
0
0
2r = 2[1-(1-r)Y
2r = 2[1-(1-r)Y
2r(1-r)+2r = 2[1-(1-r)?]
2r(1-r)+2r = 2[1-(1-r)?]
(4r-2r3)(1-r)+2r = 2[1-(1-1)%]
(4r-2r3)(1-r)+2r = 2[1-(1-1)%]
(6r-6r2+2r%)(1-r)+2r = 2[1-(1-r)4]
(6r-6r2+2r%)(1-r)+2r = 2[1-(1-r)*]
(8r-12r2+8r3-2r*)(1-r)+2r = 2[1-(1-1)%]
(8r-12r+8r3-2r*)(1-r)+2r = 2[1-(1-1)°]

N

RIN[RINR N[RN[R N -

R Ll
R|lo|QX® (N[O~ WNIFIOIX

Table 1. The voltage gain at incremented iteration index k and changing clock phases.

It is easy to find the limit value of the voltage doubler’'s gain A, from the symbolic expressionsin the Table
1. We can aso calculate the limit gain value for the voltage doubler using a theoretical study of switched-capacitor
voltage multipliers by Makowski [9]. Fig. 3 shows the voltage gains A, as a function of the iteration index k, with
different r. The smaller the r, the larger the ratio of the grounded capacitor C, to the switched capacitor Cs. It is
clear that the final (steady state) value of the voltage gain A, is 2 independently of the capacitor ratio r. That is, the

circuit in Fig. 1 works as a voltage doubler provided that the voltage source Vi, supplies enough charge to the charge



4

pump. Thelarger C. (smaller r) requires more clock cycles (bigger k) to reach the desired output voltage. The value
of r does not influence the final voltage gain.

Another way to verify that the circuit in Fig. 1 has the voltage gain of two is to apply the approach
presented by Makowski in [9]. Makowski’'s analysis provides a compact theoretical solution to any two phase
switched-capcitor based voltage multiplier. The equivalent circuit of three cascaded voltage doublers in the
switching phase 2 is illustrated in Fig. 4 (a), and its graph is shown in Fig. 4 (¢). Fig. 4 (b) shows the equivalent
circuit in the switching phase 1, and its graph is shown in Fig. 4 (d). The basic loopset matrix of the graph in Fig. 4
(o) is

edges—
1 2 3 4567
loops!{ L1 |1-1 0 0100
B, = L2 |0 1-1 0010 [=[Bt1], (5)
L3[0 0 1-1001

and the basic loopset matrix of thegraphin Fig. 4 (d) is

edges—

1 2 3 4567

loops! L1 |-1 0 00100
B, = L2| 0-1 00010 |=[B}1]. (6)
L3 0 0-10001
According to [9], the ideal output voltage conversion ratio is obtained by evaluating the difference of the two

submatrices of the loopset matrices which correspond to the selected tree:

1-1 0 0] [-1 0 00 2-1 00
AB=B}-By=|0 1-1 0|-| 0-1 00|=[0 2-1 0 @
00 1-1 0 0-10 00 2-1

Then, using Binet-Cauchy theorem we can find the maximum voltage gain from the ratio of two major cofactors of

DB:

~2-g ®)

Using the same topological technique, we can verify that a charge pump with 4 cascaded voltage doublers will have a
maximum voltage gain equal to 16, 5 doublers will have a gain of 32, and so on. General organization of n-stage
voltage doublers charge pump is shown in Fig. 5.

While the presented design does not provide a maximum theoretical gain determined by the upper bounds

set by Makowski’s work, it yields a regular and efficient structure with the output voltage level compatible with a
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binary system. By using different powers of two and a switched-capacitor adder, any integer level voltage can be
precisely set by using a small number of stages of voltage doublers.

In his study of switched-capacitor voltage multiplier circuits [9] Makowski established atheoretical limit on
the voltage gain in a two-phase multiplier and related it to Fibonacci numbers. A question which was not answered
by his work isif higher voltage gains can be attained in multiphase circuits. We would like to address this issue in
this paper by first proving the theoretical limit for voltage gain in multiphase multipliers and then by constructing a

multiplier with the maximum gain. The following conjecture sets the voltage gain limit.

Conjecture - The redlizable conversion ratio of a multiphase DC-DC switched-capacitor voltage multipler with a

single voltage source without transformers is limited by

M(n):hzzn , 9)
Vin

where M(n) is the maximum voltage gain for the multiplier with n capacitances, V.. is the output DC voltage and Vi,
isthe input (source) DC voltage.

Proof (by induction): For n=1 (a single capacitor and the voltage source) the largest gain is 2 - this fact can be
easily established by construction. Assume that for n capacitors and a voltage source with ideal switches used to
reconfigure capacitor connections, the largest gain is 2". Then an additional capacitance can be charged to the
maximum voltage Vmax(n) not larger than 2'Vi,. After charging this additional capacitance to its maximum attainable
voltage Vmax(n), the largest voltage possible is obtained by adding the previously established largest voltage and the
voltage obtained on the additional capacitance. The result is not larger than 2™*V;,, which constitutes a proof for the
upper limit of the voltage gain.

By constructing a network which reaches this upper limit, we can demonstrate that the limit is an attainable
upper bound. An example organization of the multiphase charge pump with the voltage gain equal to the upper
bound is shown in Fig. 6. This circuit includes 4 switches per a single capacitor, therefore it exceeds the upper limit
on a number of switches per capacitor for a two phase voltage multiplier that was estimated in [9] as not more than
3-2/n. In addition, the maximum gain structure requires nonoverlapping clocks of different frequencies to control
these switches. However, MOS switches designed in the charge pumps use much smaller area than capacitors and
are not detrimental for the pump performance.

Fig. 6 shows a three stages charge pump based on the multiphase voltage doublers. This charge pump is
constructed by 3 internal capacitors, and attains the voltage gain of 8. At the output of this charge pump, the load
capacitor Cie iS used to accumulate the charge. There are eight different states of internal capacitors
interconnection used to control the flow of electric charge. Each internal capacitor works as a voltage doubler. The
working of this charge pump begins at state (1), then goesto (2) , (3) ,..., (8) and then goes back to state (1) and the
cycleisrepeated. If the voltage controlled switches are used to implement this charge pump, 3 different frequencies
of clocked signals are required.



I11. CIRCUITS DESIGN AND SIMULATION

The circuit in Fig. 1 can double the input DC voltage regardless the sizes of internal capacitors. The
capacitor sizes only effect the rise time needed for transferring enough charges to the output load. Thisis under the
assumption that the circuit is ideal - no dissipation of energy in the switches, no leakage current, and no resistive
load. Because it works with the two phase clock we call this structure a two phase voltage doubler (TPVD) in
differentiation to the circuit presented in Fig. 6 which isidentified as a multiphase voltage doubler (MPVD).

It might be really exhausting to do an exact symbolic analysis of voltage multiplier circuits based on the
approach presented in [9] for larger number of multiplier sections, when a significant voltage gain is needed. In
addition, the analysis presented in [9] deals only with purely capacitive networks, so the resistive load considerations
will be very difficult using symbolic analysis. To observe the behavior of n-stage charge pumps, shown in Figs. 5
and 6, a computer simulation program based on Q-V ream analysis was developed and used in analysis of this
charge pump circuit. This program called SAMOC (for Switched-capacitor Analysis of MOS Circuits), generates
the charge conservation equations at capacitive nodes, and uses modified nodal-like equations for independent and
voltage controlled voltage sources, ideal switches, and ideal diodes. The Q-V realm analysis is accomplished by
solving the charge conservation equations:

cVv=0Q, (10)
where C is the modified nodal capacitance matrix, V is the voltage vector, Q istheinitial charge vector. The circuit
description that SAMOC can recognize is similar to the SPICE input format, which facilitates generation and reading
of large data files. Transistor level netlists obtained from synthesis programs can be directly fed to SAMOC for
analysis. The program is written for large networks with MOS switches and employs event driven simulation with
circuit partitioning. Separate subcircuits are obtained for charge transfer analysis and aresistive type DC analysisis
performed on the subnetwork level.

Fig. 7 shows the simulated outputs V(C,) at each stage of the 4 cascaded TPVDs. The total number of clock
cycles in this simulation is 750 (1500 iterations considering two iterations per clock cycle) and C, = Cs =100 pF,
that is, the capacitor ratio r = 0.5. In this simulation, the input voltage Vi, is 5V. The simulation results show that
V(Cr1)=Vour = 10V, V(Cr2)=Vouz = 20V, V(Ci3)=Vous = 40V, and V(Cr4)=Vous approaches 80V .

SPICE simulation of the TPVD charge pump was performed in order to compare with SAMOC for
accuracy and computing efficiency. Since SPICE neither supports pure floating capacitors nor ideal switches,
additional resistors are added in order to make the SPICE simulation feasible. A 10" W leakage resistor is added in
parallel with each floating C, capacitor in TPVD charge pump. The turned-on resistance ( Ro, ) of al the voltage
control switchesis 1 W, and the turned-off resistance ( Rox ) is 10" W. In SAMOC simulation, there is no leakage
resistor of capacitor, and ideal switches have R, = 0 Wand R = ¥ W. Fig. 8 shows both the SAMOC and SPICE
simulations. The clock period is 40ns. Both SPICE and SAMOC show very similar results at the beginning of the
simulation. The leakage resistance of capacitors and turned-off resistance of switches resulted in the pump reaching

lower voltage value in SPICE simulation. The SPICE simulation was performed by MicroSim PSPICE® which
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works in Microsoft® Windows 95, the same platform as SAMOC. The two simulators were run on the same
computer with the same operating system for comparison of timing efficiency. SPICE took 121.3 sec to simulate a
three stage voltage doubler, while SAMOC required only 1.3 sec. This time difference, which indicated high
performance of SAMOC program, grows significantly larger if SPICE is run using full models of MOS switches.
Full SPICE analysis with parasitic values extracted from alayout of designed pump hasto be performed at the design
stage of a silicon charge pump. However, this analysis is extremely costly to do for the type of investigation
conducted in this work. For this reason, analysis using SAMOC is fully justified and facilitates study of the
fundamental properties of the proposed pumps.

To compare the proposed charge pumps with the Dickson charge pump [1] and the Makowski
(Fibonacci-sequence) charge pump [9], we chose charge pump with the voltage gain Ay = 7. For the specific voltage
gain the proposed charge pumps require 3 stages, Dickson charge pump requires 8 stages, and Makowski charge
pump requires 4 stages. Table 2. shows the required number of devices for constructing charge pumps with the
voltage gain equal to 8. Dickson charge pump exhibits a linear growth of the number of devices used with the
voltage gain level, while the proposed and Makowski charge pumps requirements for the devices (and therefore a

design area) grow logarithmically with the voltage gain (Fig. 9).

TPVD Dickson Makowski MPVD
n (number of stages) 3 7 4 3
switches 12 0 12 12
floating capacitors 3 7 4 3
grounded capacitors 2 0 0 0
diodes 0 8 0 0

Table 2: Required number of devices for charge pumps with voltage gain Ay = 8.

The computer simulation results of the output waveforms of the compared charge pumps as a function of
number of iterations are illustrated in Fig. 10. The fastest one is the Dickson charge pump. It needs about 100
iterations (50 clock cycles) to reach the 99% of the 8x output. The TPVD charge pump is slower and requires more
than 400 iterations to reach 99% of the final voltage gain. The output of MPVD is updated after 8 iterations and its
rise timeis bit shorter than that of TPVD. The Makowski charge pump needs about 250 iterations to reach 99% of
the final voltage gain. These large numbers of iterations translate directly into the number of required clock cycles
and are indicative of the energy transfer efficiency of the analyzed circuits. However, they should not be of a
significant concern to most of the applications for a charge pump implemented in a modern 1C technology, where a
maximum frequency of operation may reach alevel of severa hundred megahertz.

Related to the number of capacitors used in a charge pump is the energy needed to drive the pump to a
desired voltage level. Since the energy stored in a capacitor is proportional to the product of the capacitance value
and square of the voltage across the capacitance, we can estimate the total energy delivered to an (N-1)-stage (A, =
N) Dickson charge pump including the energy stored in the load resistor Cieaq USING:

‘11

N
W, =8 =
° |=12

N
CIv (i) +%Cload(NVin )’ = é. %C(ivin )’ = NN +]]:)2(N +2) CVir? » (1Y)
i=1
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where in order to simplify discussion we assumed that C=C,..s. By comparison, the total energy delivered to an

M-stage TPV D charge pump with the same voltage gain ( A, = N ) can be estimated from

M
W, =8 v+ = Siev,r r@ v =4 Vov;
i=1 i=1

while assuming C = Ci..= C. For the MPVD charge pump with the same voltage gain the delivered energy can
estimated by

M M+ _
(O +CupV2] =2 & @V, =2

load
i=0

W CV, . (12b)

.g-)oz
N

1
=

p2
i

while Cy.¢ = C. Since the number of stages M=log,(N), the total energy used to drive the output of the TPVD charge
pump to the equivalent voltage level equalsto

W, = g(N Z-1nev? (13a)
for TPVD charge pump, and
_1 2 2
W, = E(4N - 1)V, (13b)

for MPVD charge pump. In the above equations we considered all capacitances in both pumps of equal values. As
we can see from the obtained results the boosting energy increases quadraticly with the voltage gain in TPVD charge
pump as opposed to the cubic increase in Dickson charge pump. The boosting energy is roughly 25% higher in the
TPVD charge pump than in the equivalent MPVD charge pump, although the number of capacitors MPVD uses is
half of that used in the TPVD pump of the same voltage gain. Fig. 11 shows the boosting energy as a function of the
voltage gain for these three charge pumps. Dickson charge pump requires much more boosting energy then

proposed ones for the high voltage gains.



IV. OPTIMIZED POWER TRANSFER CONSIDERATIONS

The charge pump circuit analysis and the simulation results presented so far are obtained under the
assumption that there is no power loss in the charge pump circuits, and that the electric charge transfer is
instantaneous. After the output of such a charge pump reaches its maximum voltage level, there will be no energy
driven from the supply source. In the real world application, charge pumps will deliver charges to capacitive loads
with a finite leakage resistance or will be used to drive electronic devices that can be treated as resistive loads. |If
there is a resistive load at the output of the charge pump, then the electric power will be dissipated by the load
resistor. In such case, the law of charge conservation which is used in the Q-V realm analysis is no longer
applicable. One ssimple way to estimate the effect of the resistive load on the operation of a charge pump is to solve
the output circuit equation considering the output resistance Ri..s and the equivalent charge pump circuit (shown in
Fig. 12(a). By estimating the equivalent capacitance C.,, the electric charge dissipated by the load resistor Riga

during a clock period can be evaluated from

_ T
Qg =V,Cyqy (1- exp(- K)) ' (14)

q

where V, is the output voltage when Rye.q is absent (Fig. 12b), and T is the clock period.
After evaluating Qg we can modify the Q-V realm equations as follows:
CV =Q-Qrd, (15)
where d is the selection vector, Vo = d'V =V . That is, the load resistor in the Q-V ream analysis is treated as a
voltage dependent charge drain which removes electric charge from the equivalent capacitance C.,. The power Pg
dissipated by Ri..q (delivered by the charge pump) can be estimated by
_ Ve

Pr =Velg = R : (16)

load

The equivaent capacitance C., is estimated by putting a dummy voltage source V4 = OV in the output (see Fig. 12c).
The electric charge Qq, goes through the dummy voltage source and can be obtained from simulation of the shorted
charge pump formulating the modified nodal-like equations. Then the equivalent capacitance C.; can be estimated

using

VAR (17

where V, is the open circuit output voltage used in (14).

The resistive load analysis requires 2 Q-V realm analyses in each clock phase instance. The first oneisto
evaluate the equivalent capacitance C.q, and the second one is to calculate the effect caused by removing Qr from the
output of the charge pump (14). In order to understand the effect of the resistive load on the output voltage and the
amount of the output power delivered, a TPVD charge pump with 4 cascaded voltage doublers was used for resistive
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load analysis with different values of the load resistance, Ri.q. The capacitors C, and Cs are 100pF, and the clock
period T is 40ns with power supply 5V. The load resistances used were 2kW, 20kW, 200kW and infinity. Fig. 13
shows the simulation results for the first 1500 iterations.

In the plot, we can find out that the charge pump can no longer supply the 16x output, while the Rieq IS
present. The load resistor Ry, Would drain the electric charge supplied by the charge pump. The loss of electric
charge decreases the output voltage of the charge pump. The smaller the Ri..d , the more electric charge, Qg, is
drained by Ri..s during the clock period, and the lower the output voltageis.

Theresistive load analysis can be used to estimate the output power of a charge pump according to different
values of R and output voltages. To obtain the power and output voltage characteristics of a charge pump, Ricad
values from 100 W~ 1 mega Wwere used in simulation.

The SAMOC simulation results, which show the TPVD charge pumps voltage outputs Vg, for 2, 3 and 4
voltage doublers as a function of the load resistor Ri..q, are plotted in Fig. 14. This plot can be used to design a
charge pump working with a specific load resistance and a desired voltage level. The power delivered by the charge
pump Pr as afunction of Ri.q is plotted in Fig. 15, while Fig. 16 shows Vk as a function of the output power Pr. We
can find out that a charge pump delivers a maximum power when a specific value of Ri..q iS applied to its output, and
that at this optimum load the output voltage drops to one half of its maximum value measured on the open circuit
output terminals. In the simulation, the TPVD charge pump with 2 voltage doublers shows a maximum output power
equal to 38.8mW for the load resistance Ri..a = 3k Wand al the capacitors in the charge pump equal to 100pF. The
TPVD charge pump with 3 voltage doublers has the maximum output power equal to 38.5mW for Ri..s = 10kW, and
the charge pump with 4 voltage doublers has a maximum output power equal to 37.6mW, for R = 42.4kW. The
larger the number of the voltage doublers the bigger the output voltage. As we can observe from the results the of
circuit analysis, increasing the number of voltage doublers does not have a strong effect on the maximum output
power delivered by the charge pump. This power is afunction of energy transport efficiency and depends mainly on
the capacitance sizes and the clock frequency.

Fig. 17 describes changes of the power delivered to the optimum load for different sizes of charge pump
capacitors at a fixed output voltage level. Fig. 18-20 show relation between the output voltage, output power and
load resistance at various sizes of pump capacitors. output voltage level in a 2-stage TPV D charge pump.

As we can see from Fig. 17 the growth of the optimum output power is linear with the capacitance size.
Since the optimum power is obtained at the same voltage level for a given charge pump, we can find dependence

between the output power level and the optimum load resistance using:

Vo, Vo,
Po =—%-=KCPk Rload = Ké (18)

load

where K is a constant for a given charge pump organization (in the TPVD design K~0.385 mW/pF). This indicates

that the optimum load resistor is in inverse proportion to the values of the charge pump capacitance used. For
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instance, if the charge pump with two voltage doublers will use 100pF capacitors then the maximum power
transferred to the load will be 38.5 mW and the optimum load resistance can be estimated as

_ V2 _ (201 2%V

ad T KC  385mW

=26kW . (18a)

This dependence of the load resistance on the size of pump capacitances can be observed across the entire
range of output voltages - the larger the capacitors used, the smaller the optimum load resistance needed to support a
constant output voltage on the load terminated charge pump as can be observed in Fig. 18. Fig. 19 shows
dependence of the output power as a function of load resistance for different sizes of charge pump capacitances. We
see both the increase of the maximum power delivered to the load as well as the reduction of the optimum load
resistance value for increasing values of capacitances used in the charge pump. Finally, Fig. 20 shows dependence
between output voltage and power.

By simulating the proposed charge pumps with different voltage gains we were able to generate design
curves, which can be helpful in deciding about loading conditions for various voltage gains and required power. The
results shown in Fig. 21 indicate amost linear dependence between voltage gain, optimum load resistance, and
maximum power delivered to the load, and can be extrapolated with large accuracy for regions outside of the
simulated area

To compare the load effect on different charge pumps we simulated the proposed charge pumps both TPVD
and MPVD with 3 stages, Dickson charge pump with 7 stages, and Makowski charge pump with 4 stages. The
output voltage characteristics of the compared charge pumps as functions of the load resistance are shown in Fig. 22.
We observe that the same voltage level was reached at different load resistance values. Thiswould indicate different
power driving capabilities of these designs and almost exactly corresponds to the shift in the optimum load resistance
in the proposed designs observed in Fig. 18 for increased capacitance val ues.

Fig. 23 illustrates the output power of these four different charge pumps as a function of load resistance, and
Fig. 24 verifies that the optimum power level was obtained at the output voltage approximately equal to one half of
the maximum voltage level for these circuits (40V). We can find out that the TPVD charge pump has a maximum
output power 38.5 mW when Ry is about 10kW. MPVD charge pump has a maximum output power 33.1 mW
when Ry is about 14kW. Makowski charge pump has a maximum output power 64.6 mW when Ryq.q iS about 6kW,
while Dickson charge pump has a maximum output power 134 mW when Ry is about 2.8kW. Design
considerations have to include different aspects of delivering a maximum amount of power at the desired voltage
level by a circuit which occupies the least area and can be easily integrated with other digital devices on the same
chip. From the conducted study, it is clear that we can trade the power for the area in designing a charge pump the

larger the areafor a given voltage, the larger the output power.
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V. POWER TIMING AND FREQUENCY CONSIDERATIONS

A modern IC fabrication technology requires realization of the designs with a minimum area and energy
dissipation. It was demonstrated in Section 111 that the boosting energy requirements of a similarly sized Dickson
charge pump are higher than that of the proposed or Makowski charge pumps. This result was obtained under the
assumption of equal size capacitances in all pumps. If capacitance sizes are adjusted to fit a specified design area
then equations (11)-(13) will change.

It is interesting to observe the voltage gain efficiency of various designs at a restricted amount of silicon
area that the charge pump may use. Let us assume that each charge pump uses capacitors of the same sizes. Assume
for simplicity that all design areais divided into equal size capacitances and that there is no overhead for designing
switches and diodes. We get the following dependence of the capacitor sizes on the voltage gain level in different

designs:
A
C 4 K (19)

in Dickson charge pump

2 for TPVD
C,» —— wherea = (20)
" alog, A 1 for MPVD
in the proposed charge pumps
A
C,»—=——— 21
F(A) >

in Makowski charge pump, where F*(A)) isthe inverse of the Fibonacci function at a given voltage gain level.
Applying equations (19) - (21) to the estimates of boosting energy (11) - (13) in different charge pumps, we
can directly express the boosting energy as a function of the voltage gain Vo./Vin = N. The following results show

that in a Dickson charge pump

_ N(N +D)(N +2)
- 12

oz o NINFD(N+2) Ao
in 12 N in

(N+D(N +2)
12

W, AVZ (22

and the boosting energy increases quadraticly with the voltage gain. In the TPVD charge pumps, the boosting

energy

2 _ 2 _ 2 _
w,, =X Doy SN DAy SR DA, @
6 2log, N 12log, N

and for MPVD ones
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2 -
WP2 :&J’Cvuﬁ =

4N?-1 A V2= (4N? - 1)AV_2

6 log,N " 6log,N " (230)

From (23a-b) we can find that the boosting energy increases less than quadraticly with the voltage gain.

Although the proposed structures have large voltage gain and low boosting energy comparing to Dickson
charge pump, their output power is small. A modified TPVD charge pump presented in Fig. 25 has even larger
output power and higher voltage gain than the original TPVD charge pump. For this modified TPV D charge pump,
the least number of stagesis 2. The difference of the this modification is to connect Cy;, wheren > i > 0, to Vi,

instead of ground in phase 1. In this scenario, each voltage doubler not only doubles the input voltage, but also adds
Vin to the output. Therefore, the voltage gain, A,, of a 2-stage modified TPVD charge pumpis2~ 2 +1=5, a 3-stage
modified TPVD charge pump hasthe voltage gain, A, =5~ 2+ 1= 11, a4-stagehas A, = 11~ 2 + 1= 23., a5-stage
hasA, =23~ 2+ 1= 47, etc. As can be seen from Fig. 26 the output power delivered by the modified TPVD charge

pump is significantly larger than that of the original TPV D structure.

Another important issue to consider in a practical design of a charge pump is the minimization of boosting
time. Intheir study of dynamic analysis of Dickson charge pump [5] Tanzawa and Tanaka indicated that in order to
optimize the design for the minimum rise time a number of stagesin the Dickson charge pump has to be increased to
1.4 times the minimum number of storages required for a given voltage gain. This optimization was reached under
the assumption of constant design area and a fixed load capacitance. With the increased number of stages the output
voltage can be larger. On the other hand, smaller capacitances take longer to deliver enough charges to rise the
output voltage to the specific level.

One method to find out the shortest boosting time for a specified desired voltage value under the constant
design area is to do timing simulations of different number of stages under this design constrain. The higher the
desired boosted voltage value, the larger the number of stages the designed charge pump should have. For example,
if avoltage gain of 20 is required, the TPVD or MPVD charge pump should contain at least 5 voltage doublers. On
the other hand, the more the voltage doublers used, the larger the number of capacitors is required. For constant
area design, larger number of capacitors means smaller size of each capacitor in the designed charge pump and less
power delivered to aload capacitor. Fig. 27 shows the timing analysis of 1-stage, 2-stage, 3-stage and 4-stage TPVD
charge pumps, the design area is 1nF and the load capacitor is also 1nF. By choosing the upper bound of all curves
we can determine the pump size (maximum voltage gain) for which a desired output voltage is reached in the
minimum time. By using similar analysis of Dickson charge pumps we could confirm the optimum relation
established in [5] which specifies the number of stages required for reaching a desired voltage level in a minimum
boosting time. The simulation results, which confirm findings of optimum charge pump size is shown in Fig. 28. If
we invert the voltage-time relationship to a time-voltage relationship, then an optimized boosting time is obtained as
afunction of desired output voltage. Fig. 29 shows the optimized boosting time as a functions of the output voltage
for TPVD, MPVD and Makowski charge pumps.
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If a constant design area is used, power transfer ability of the proposed as well as Makowski charge pump
improves in relation to Dickson charge pump. Figs. 30 - 31 show the output voltage and power delivered by
different charge pumps as a function of the load resistance for voltage gain of 8, under the assumption of a constant
design area. The total design areafor each charge pump is 1 nF and the size of the load capacitor Cie.q iS 10 nF.

Another important issue in charge pump operation is the switching frequency. While charge boosting is
performed at frequencies within 10-30 MHz depending on the desired load current, the frequency should be reduced
to 100 kHz when operating in a standby mode in order to save the energy. A complete study of the switching
frequency in relation to the load requirements was presented in [7].  Frequency regulation should be also related to
transistor sizing for efficient transfer of energy from the source to the load. These issues must be considered at the

practical implementation of the proposed charge pumps in CMOS technology.

VI. Conclusion

New organizations of the switched-capacitor charge pump based on voltage doublers and circuit design
issues are presented and discussed in this paper. The TPVD charge pumps work with 2 inverted clocks similar to
Dickson and Makowski charge pumps. The MPVD charge pumps reach the same voltage gain with the least number
of capacitors, but require more sophisticated clocking scheme. MPVD structure demonstrates a constructive proof
of voltage multipler that reach the theoretical upper bound for a voltage gain in a multiphse switched-capacitor
design with a given number of capacitors. The modified TPVD charge pumps which use more switches, all floating
capacitors offer higher voltage gain and delivery more power to resistive load. The closed form of the voltage gain
for a charge pump with a given number of stages and capacitor ratio r may be difficult to derive, particularly when a
resistive load is considered. Therefore, a computer simulation of the design was performed. By analyzing the
proposed design numerically we observed effects of the resistive load, capacitance ratio, and clock frequency on the
levels of the output voltage and power.

Computer simulation results verified that the proposed charge pumps work as designed. Charge pump
simulation was performed using a Q-V based simulator SAMOC, which produced results equivaent to SPICE
simulation in idealized circuits. Simulator efficiency istwo orders of magnitude better than SPICE. Comparing with
two other switched-capacitor charge pumps, Dickson and Makowski, the proposed ones use yet fewer stages but has
longer rising time and deliver relatively less power. In modern IC technology, the additional several hundreds of
clock cycles may not be crucia as it may need less than a few msec. Boosting energy of the proposed charge pump
is generally lower than that of equivalent Dickson charge pumps. The proposed charge pumps may be very useful in
IC circuits that need to use a higher voltage for instance in EEPROM devices.
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Fig. 1 The DC-DC TPVD voltage doubler.
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Fig. 3 The voltage gain as afunction of the clock index k.
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Fig. 4 Three cascaded voltage doublers, their equivalent circuits and oriented graphs.
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Fig. 6 A three stage charge pump based on multiphase voltage doublers (MPVD).
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Fig. 8 Comparison of SPICE and SAMOC simulation results
of 3 cascaded TPVD charge pump.
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