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CHARGE PUMP SYSTEM THAT
DYNAMICALLY SELECTS NUMBER OF
ACTIVE STAGES

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

FIELD OF THE INVENTION

This invention pertains generally to the field of charge

pumps and more particularly to multi-stage charge pumps
where the number of active stages 1s variable.

BACKGROUND

Charge pumps use a switching process to provide a DC
output voltage larger or lower than i1ts DC nput voltage. In
general, a charge pump will have a capacitor coupled to
switches between an 1nput and an output. During one clock
half cycle, the charging half cycle, the capacitor couples in
parallel to the mput so as to charge up to the mput voltage.
During a second clock cycle, the transfer half cycle, the
charged capacitor couples 1n series with the mput voltage so
as to provide an output voltage twice the level of the mput
voltage. This process 1s 1llustrated in FIGS. 1a and 1b. In
FIG. 1a, the capacitor 5 1s arranged 1n parallel with the input
voltage V ;. to 1llustrate the charging half cycle. In FIG. 1b,
the charged capacitor 5 1s arranged 1n series with the input
voltage to 1llustrate the transfer half cycle. As seen 1 FIG.
1b, the positive terminal of the charged capacitor 5 will thus
be 2V, with respect to ground. By using several such
stages, higher levels can be achieved.

Charge pumps are used in many contexts. For example,
they are used as peripheral circuits on flash and other
non-volatile memories to generate many of the needed
operating voltages, such as programming or erase voltages,
from a lower power supply voltage. A number of charge
pump designs, such as conventional Dickson-type pumps,
are know 1n the art. But given the common reliance upon
charge pumps, there 1s an on going need for improvements
in pump design, particularly with respect to trying to reduce
the amount of layout area and the efliciency of pumps.

SUMMARY OF THE INVENTION

According to a first set of aspects, a charge pump system
includes a master charge pump section to provide an output
voltage at an external output node. The master charge pump
section 1ncludes first regulation circuitry and a first charge
pump. The first regulation circuitry 1s connected to receive
the output voltage and a reference voltage and supply an
oscillator signal having a frequency determined from the
output voltage and the reference voltage. The first charge
pump 1s connected to receive the oscillator frequency of the
first regulation circuitry and to generate the output voltage
while operating according to the oscillator frequency of the
first regulation circuitry. The first charge pump has a plu-
rality of stages and the number of active stages 1s settable by
a first control signal. The charge pump system also includes
an internal load having an adjustable value. The system
turther includes a slave charge pump section connected to
drive the internal load and that includes second regulation
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2

circuitry and a second charge pump. The second regulation
circuitry 1s connected to recerve the voltage driving the

internal load and the reference voltage and to supply an
oscillator signal having a frequency determined from the
voltage driving the internal load and the reference voltage.
The second charge pump 1s connected to receive the oscil-
lator frequency of the second regulation circuitry and to
generate the voltage driving the internal load while operat-
ing according to the oscillator frequency of the second
regulation circuitry, wherein the second charge pump has the
same number of stages as the first charge pump and the
number of active stages 1s settable by a second control
signal. Control logic on the charge pump system 1s con-
nected to master charge pump section to receive the oscil-
lator frequency of the first regulation circuitry and supply
the first control signal, to the slave charge pump section to
receive the oscillator frequency of the second regulation
circuitry and supply the second control signal, and 1s also
connected to the mternal load to set its adjustable value. The
control logic can set the value of the adjustable load based
upon a comparison of the oscillator frequencies of the first
and second regulation circuitry while the first and second
charge pumps are operating with the same number of active
stages, and can alter the number of active stages in the first
charge pump based upon a comparison of the oscillator
frequencies of the first and second regulation circuitry while
the first and second charge pumps are operating with a
different number of active stages.

According to another set of aspects, a method of operating
a charge pump system to drive an external load. The method
includes driving the external load using a master charge
pump ol a multi-stage, frequency regulated design. The
number ol stages active in the master charge pump 1s
settable, and the master charge pump drives the load using
a first number of active stages and a first regulated fre-
quency. The method also includes driving an adjustable
internal load using a slave charge pump of the same design
as the master charge pump, where the slave charge pump 1s
driving the adjustable load using the first number of active
stages and a second regulated frequency. The system deter-
mines a level of the mternal load based upon a comparison
of the first and second regulated frequencies and drives the
internal load set to the determined level using the slave
charge pump with a second number of active stages, where
the second number 1s different than the first number, and
using a third regulated frequency. The system determines
whether to change the number of active stages in the master
charge pump based upon a comparison of the first and third
regulated frequencies.

Various aspects, advantages, features and embodiments of
the present invention are included in the following descrip-
tion of exemplary examples thereol, which description
should be taken in conjunction with the accompanying
drawings. All patents, patent applications, articles, other
publications, documents and things referenced herein are
hereby incorporated herein by this reference in their entirety
for all purposes. To the extent of any inconsistency or
conilict 1n the definition or use of terms between any of the
incorporated publications, documents or things and the
present application, those of the present application shall
prevail.

BRIEF DESCRIPTION OF THE DRAWINGS

The various aspects and features of the present invention
may be better understood by examining the following fig-
ures, 1n which:
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FIG. 1a 1s a simplified circuit diagram of the charging half
cycle 1n a generic charge pump.

FI1G. 1b 1s a simplified circuit diagram of the transfer half
cycle 1n a generic charge pump.

FIG. 2a 1s a box diagram of an open-loop charge pump.

FI1G. 2b 1llustrates an arrangement of cells or stages within
a charge pump.

FIG. 2c¢ 1s a box diagram of a regulated charge pump.

FIG. 3 illustrates one example of a pump cell.

FIGS. 4a and 4b are plots for typical power efliciency vs.
VOU'T curves.

FIGS. 5a and 5b are respectively plots of power efliciency
and frequency vs. VOUT for a charge pump.

FIGS. 6a and 6b respectively illustrate efliciency and
frequency vs. VOUT and number of enabled stages.

FI1G. 7 1s a circuit schematic of an exemplary embodiment
ol a charge pump system.

FIG. 8 1s an example of the timing part of the control logic
circuitry of FIG. 7.

FIG. 9 1s an exemplary timing diagram for the testing/
locking modes of operation.

FIG. 10 1s a power efliciency plot of the exemplary
charge-pump system.

DETAILED DESCRIPTION

In order to maximize power eiliciency for a generic
regulated charge-pump across the full output voltage range
and across power supply, temperature and process corner
variations, the techmques presented 1n following present a
multi-stage charge pump where the number of active stages
1s selected dynamically. In the exemplary embodiment, this
1s done by having a multi-stage master charge pump section
in which the number of active stages 1s settable and a slave
charge pump section that 1s of the same design as the master
section. The master section 1s used drive the external load,
while the slave section drives an adjustable internal load.
The adjustable load 1s set by control logic by comparing the
operation of the two sections. The control logic then oper-
ates the slave sections with a different number of active
stages than the master stage 1n order to determine whether
the master stage 1s using the optimal number of active
stages. The control logic can then change the number of
active stages accordingly.

Before discussing the exemplary embodiments, multi-
stages charge pumps 1n general will be discussed some. A
positive charge pump (CPP) 201, represented 1n FIG. 2a for
an open-loop example, 1s a circuit that from an internal
voltage VIN delivers an output voltage VOU'T that 1s higher
than VIN. (There are also negative charge pumps, and
although the techniques of the exemplary embodiments can
be extended to these, for purposes of this discussion only the
positive case will be presented.) Very often VIN 1s equal to
one of the power supplies voltages. The principle of opera-
tion of a charge pump 1s to alternatively charge some
capacitors to VIN and then transier such charge into a larger
capacitor that 1s connected to the output node of the pump.
The output capacitor, C,__ 203, acts like a charge reservoir
that can be eventually discharged by any currents from any
devices connected to the pump’s output node (IOUT).
VOUT 1s determined by TOUT, C, 203, the details of the
internal stages and their capacitances, and the frequency 1,
at which the internal capacitors are driven. FIG. 2b 1s a block
diagram of how the pump cells can be arranged 1n a variable

stage pump. The three (1in this example) stages CP0 210,
CP1 211, CP2 212 are arranged 1n series to produce VOUT.

When all three stages are active, VIN 1s fed into CP0 210
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and progressively increased 1n each stage; when only two
stages are used, switch XCP0 220 1s closed, CP0 210 1s not
used, and CP1 211 starts with VIN rather than the output of
CPO0 210. Similarly, when only a single stage 1s used, XCP1
221 1s closed so that CP2 212 starts with VIN 1nstead of the
output of CP1 211 and the first two stages are not actively
pumping.

FIG. 3 shows one embodiment for a pump stage, such as
CP2 212. This exemplary embodiment for a pump i1s of the
voltage doubler variety and is discussed 1n more detail in
U.S. Pat. No. 7,696,812. Brietly, the stage 212 1s connected
between an input voltage (here shown as VIN, but more
generally, the output of the preceding stage) and 1ts output
node to supply the output level of the pump (as here) or the
input to a subsequent stage. The stage has two legs, each
with a capacitor (301, 303) having one plate connected to an
internal intermediate node the other plate connected to
receive one of a pair ol non-overlapping clock signals
(respectively CLK, XCLK) through an imnverter (respectively
305, 307). The intermediate node of each leg 1s also cross-
coupled to the control the gates of a pair of transistors on the
other leg (NMOS 315, PMOS 311 on the upper leg as drawn,
NMOS 317, PMOS 313 on the lower) that alternately
connected the mtermediate node to erther the iput node or
to the output node. Ideally, the maximum VOUT achievable
1s two times VIN and 1f a higher output voltage 1s required,
then multiple such stages have to be staggered one after the
other. The unit circuit of the staggered design 1s then one of
the cells.

If the desired VOUT 1s not equal to the actual VOUT
(such as 2V*VIN, where N is the number of stages, for the
pump design of FIG. 3), then an extra circuitry can be added
that alters the period at which the charges stored into internal
pump capacitors are transierred into C,__ ,203: This type of
arrangement for a charge pump system is referred to as a
regulated charge pump and 1s illustrated schematically in
FIG. 2¢. The pump output VOUT 1s again supplied to the
load capacitor C,__ ;203 and output node of the charge pump
system, but 1s now also feed back to the regulation circuitry,
here represented by a comparator 205. The output voltage
VOUT 1s compared to the target value and the system’s
output adjusted accordingly, here by altering the frequency
t. from a voltage controlled oscillator, to raise or lower
VOUT.

For purposes of this exposition, when reference to a
particular design 1s needed, the following discussion will use
a 3-stage charge pump, where the individual stages are as
shown 1n FIG. 3 and a frequency based regulation scheme 1s
used. More generally, other arrangements for the number of
stages, as long as there are two or more, and the pump stage
and regulation arrangements can be used. For example, a
variable number of voltage adder-type stages could be used.
More information on charge pumps can be found, for
example, i “Charge Pump Circuit Design” by Pan and
Samaddar, McGraw-Hill, 2006, or “Charge Pumps: An
Overview”’, Pylarinos and Rogers, Department of Electrical
and Computer Engineering University of Toronto, available
on the webpage “www.eecg.toronto. edu/~kphang/ecel37l/
chargepumps.pdf”. Further information on various other

charge pump aspects and designs can be found i U.S. Pat.
Nos. 5,436,587, 6,370,075; 6,556,465; 6,760,262; 6,922,

096; 7,030,683; 7,5543311,, 7,368,979, 7,795,952, and 7,135,
910; US Patent Publication numbers 2009-0153230-AlI:;
2009-0153232-A1; 2009-0315616-A1; 2009-0322413-A1;
and 2009-0058506-A1; and application Ser. No. 11/295,906
filed on Dec. 6, 2005; Ser. No. 11/303,387 filed on Dec. 16,
2005; Ser. No. 11/845,939, filed Aug. 28, 2007; Ser. No.
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12/135,948 filed Jun. 9, 2008; Ser. No. 12/506,998 filed on
Jul, 21, 2009; and Ser. No. 12/570,646 filed on Sep. 30,
2009. Examples of a pump system with a variable number
of branches can be found, for example, 1n U.S. Pat. No.
5,781,473 and with a variable number of stages can be
found, for example, 1n U.S. Pat. Nos. 6,370,075 and 6,486,
728 and 1n U.S. patent application Ser. No. 12/634,385 filed
on Dec. 9, 2009,

Charge pumps find many applications in integrated circuit
contexts where the system needs, 1n at least some phases of
its operations, voltage values that extend beyond those
available from the power supply. In particular, non-volatile
memory devices olten operate on fairly low supply voltage
values, but require higher voltage levels for the writing and
crasing of data. The techmiques presented here can be
advantageously used 1s such non-volatile memory devices,
including the EEPROM based flash memory such as those
described 1n U.S. Pat. Nos. 5,570,313, 5,903,495, 6,046,935
or the sort of “3D” structure presented i U.S. Pat. No.
7,696,812 and references found therein.

One commonly used figure of ment for a charge-pump
circuit 1s the power efliciency ratio: n=(VOUT*IOUT)/
(VIN*IIN), where VOUT=output voltage from the pump,
[IOUT=average current delivered by the pump to the load,
[IN=average current delivered to the pump from VIN and
VIN=lower reference voltage used to generate VOUT. The
maximum value for v 1s one, but this 1s never achieved with
real circuits due to the non ideal properties of CMOS
devices. Plotting the power efliciency versus output voltage
for a wide voltage range, the output curve would typically be
something like that shown in FIG. 4a, an upside down U
shape. M has only a limited range where reaches the highest
value and then decreases fairly rapidly for both higher and
lower output voltages. As shown 1n FIG. 5b, changing the
number of active stages of the pump shifts the n curve. From
the same figure, 1t can be seen that for a specific output
voltage there 1s only one configuration of number of stages
that provides the highest efliciency.

In the prior art, the pump configuration 1s usually chosen
based only on the required maximum VOUT voltage and
usually does not take into consideration factors such varia-
tion 1n temperature, VIN and process variations that aflect
the systems output. With such an approach and for VOUT
close to the values where two adjacent efliciency curves
intersect, the variation of process or external variable could
make the selected configuration to no longer be the optimum
one 1n term of efhiciency. In the techniques presented in the
tollowing, extra circuitry 1s added to the conventional charge
pump that continuously monitors the efliciency of the pump
and modifies 1ts configuration in order to pick for each
VOUT voltage the correct number of stages to achieve the
maximum ethciency available by the topology of the charge-
pump stage.

An underlying idea that the exemplary embodiments
exploit 1s related to the elliciency plots of FIG. 4b. To help
explain why m versus output voltage has a reverse U type
shape, 1t 1s useful to plot also the frequency of operation of
the individual pumps, iclk, across the output voltage range.
This 1s done 1n FIG. 5b. (FIG. 5a 1s similar to FIG. 4a, but
split into 3 regions.) There are three regions of interest 1n the
graphs: region 1, to the left of the peak, 1s where 1 increases
with VOUT; region 2 1s where efliciency reaches the peak
and then start to decrease; and region 3 where 1 decreases
rapidly. In the first region mitially iclk 1s fairly constant
while 1n the middle of region 1 starts to increase linearly. In
this region the output voltage also increases fairly linearly.
Entering region 2, VOUT and iclk both increase relatively
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linearly. After n reaches the peak, any increase of VOUT has
to be supported by a larger increase of iclk. Finally in region
3, VOUT saturates because 1t has reached the maximum
output voltage obtainable by the pump stages while the
frequency 1s still increasing exponentially. This can be
explained with the help of FIG. 2¢. In a frequency regulated
charge pump, the frequency iclk 1s determined by a con-
troller circuit that measures the difference between the target
VOUT voltage and the real VOUT. As this error gets larger,
the higher i1s the output voltage of the controller and,
consequently, the higher the output clock frequency to the
pump cells. In the linear region of the system, 1.¢. 1n Region
1 and middle of Region 2, increasing iclk correspondingly
increases VOUT. In the rest of the regions, the system
saturates and any increase 1n iclk has very little or no eflect
on VOUT. Consequently, in Region 3 the error increases,
fclk 1s increased and requires more current from VIN, so that
the efliciency will consequently decrease.

The frequency of operation 1s also aflected by the number
of stages being used 1n a charge pump. FIGS. 6a and 6b
illustrate the situation for an actual charge pump having 1,
2 and 3 active stages and VOUT 1n the range of 3.5 to 9
Volts. The plot of FIG. 6a again shows three humps as in
FIG. 4a, but for an actual pump. As shown 1n FIG. 6b, there
1s an 1nitial flat phase, where the frequency 1s constant as 1t
1s at the lowest output the oscillator can deliver. The
frequency the rises increasing rapidly as the pump reaches
and exceeds 1ts optimum efliciency for a give number of
stages. In one principle aspect, the techniques presented here
leverage this behavior that if the number of stages selected
for the particular VOUT 1s too small then fclk will be much
higher than the configuration with an extra stage enabled.

FIG. 7 1s a circuit schematic of an exemplary embodiment
of the charge-pump system. The output of the charge pump
system 1s supplied by a master charge pump 701. This
master charge pump can be of various designs, but 1n any
case will be a multi-stage pump where the number of active
stages 1s adjustable. In this example, the pump section itself
1s a 3 stage pump cell 703 that 1s connected directly to the
output VOUT and delivers an output current IOUT, where
there 1s again a load capacitor C,__, 711 connected at the
output node. For this discussion, the individual stages can be
taken as shown 1n FIG. 3. The number of active stages 1n the
pump 703 can be set by the control signal that 1s shown to
come 1n at the bottom from the control logic 749 (discussed
further below). The master pump section also includes
regulation circuitry. The output voltage 1s fed back to the
comparator 707, where 1t 1s compared to a reference voltage.
The reference voltage can be supplied by a band gap or other
accurate source, but as this reference value 1s typically quite
a bit less than the desired VOU'T wvalue, which could, for
example be a programming voltage 1 a non-volatile
memory and have a value on the order o1 20V. Consequently,
to be able to compare these voltages, VOUT 1s typically ran
through a voltage divider DIV 705. The output of compara-
tor 707 1s the voltage V,. ., that 1s feed to the voltage
controlled oscillator 709, which 1n turn generates the clock
to drive the pump stages.

The lower portion of FIG. 7 1s the slave charge pump
section 721 that includes the actual slave charge pump itself
as well as the various control circuitry used to determine the
number of active stages. The slave charge pump proper
includes the pump cells 723, where the number of active
stages 1s again settable by the control logic 749, the voltage
divider 725, the comparator 727, and voltage controller
oscillator 729, with the node output (as VOUT_SLAVE)

again connected to the load capacitor C,_,, ; 731. Although
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the slave pump need not be of the same design as the master
section (for example, the pump stages themselves could be
formed of small transistor, capacitors, or both, as they do not
drive the actual load), the implementation 1s much more
straightforward 11 they are of the same design with like sized 5
clements. This requires that the same amount of circuit area
be devoted to the slave section as to the master section, but

in an actual application (such as 1n a non-volatile memory
circuit) there may be many master pump section (hundreds

in some cases) to supply suflicient current levels, while only 10
a single slave section 1s needed, so that the actual increase
in overhead circuitry 1s incremental fairly small.

The one replica charge pump can output the same VOU'T
as the main pump, but delivers a current IDAC_CPP which
need only be a fraction of the master pump’s IOUT. The load 15
733 for the charge pump 1s adjustable and 1s here taken as
a transistor whose gate 1s controlled by IDAC 735, repre-
sented as a having a sort of current mirror arrange driven by
the adjusted current. The other elements of the slave section
721 are used to set the value of the load 733 to mimic the 20
actual load being driven by the master stage 701, vary the
active number of stages 1n the slave pump cells 723 while
driving this load, determine whether it 1s more eflicient to
drive the load with the varied number of stages, and, 1t so,
alter the number of active stages in the master pump. 25

A phase-frequency detection (PFD) circuit 739 1s con-
nected to receive and compare the frequencies of the master
section’s oscillator 709 and the slave section’s VCO 729.
The PFD 739 can receive the value of each of these
frequencies or a fraction of them. As discussed in the 30
following, for determining the load value of 733, the fre-
quencies are compared directly, while for determining the
number of stages to use, fractional parts of the frequencies
are compared. In the exemplary embodiment, both of the
frequencies can be reduced by a factor of 2 by the latches 35
745 and 747, where the respective outputs are fed to the
multiplexers 741 and 734. Whether the frequency or its
reduced value 1s passed by the multiplexers 1s then deter-
mined by the control logic 749. The result of the comparison
by PFD 739 into the control logic block 749. The control 40
logic circuit 749 controls the timing and the number of
ecnabled stages for both MASTER_CPP 701 and
SLAVE_CPP 721. The detail of the control logic 1s also
based on the number of stages active at the time.

In order to dynamically determine the number of enabled 45
stages for MASTER _CPP 701, there are exemplary embodi-
ment alternated two modes of operation of the SLAVE_CPP
section 721. In the “locking mode” (ILOCK_PHASE), the
slave pump 723 and the master pump 703 have the same
number of active stages. By having the 4 (1n this example) 50
bit UP/DOWN counter 737 change the value of IDAC_CPP,
the system varies the load to achieve the state where both
charge pumps have the same output voltage and operate at
the same frequency. The mput VILOCK 1s used when the
system 1s not trying to regulate the load to stop changing the 55
count and freeze the IDAC value. (I design of the slave
section differed from that of that of the master section, the
equalization of loads would typically be more involved.)
Once the loads of the two sections are the same, then in the
testing phase the slave section can be used to determine 60
whether the number of active stages 1s the number that
should be used for the specific load.

In the testing mode the load 1s fixed to the value reached
during the locking phase. The control logic circuit 749 then
increases or decreases by one the number of active stages 1n 65
723. The frequencies are then compared again by PFD 739.

If the number of stages of in the slave pump 723 1is

8

decreased, and the new frequency of the slave section 1is
higher than that half the frequency of the master pump, then
the control logic 749 decreases also the number of active
stages 1n the master pump cells 703. This comparison 1s
made by the control logic switching the multiplexer 734 to
teed the output of 747 imnto PFD 739. To see whether more
active stages would be better, the number of active stages 1n
723 1s increased by one and the slave frequency (1, sz 4pz)
1s then compared with half the frequency of master value
feie arasrer- W o spave<0-3" oy ar4srer. the control logic
increments by one the number of active stages of the master
charge-pump. The comparison based on half frequencies
used 1n the example 1s somewhat empirical and based on the
specifics of the particular pump’s design, but for the voltage
double structure of FIG. 3 that 1s used in the exemplary
embodiment, the factor of 2 provides a good comparison
ratio, as can be seen from the plots of FIGS. 6a and 6b. Also,
the reduction 1n frequency by a half 1s readily implemented
by the sort of arrangement shown 1n FI1G. 7 using latches 745
and 747.

As the load on the master pump at VOU'T can change, the
load on the slave section needs be periodically adjusted to
match and the number of active stages rechecked. The
control logic circuit periodically alternates the two mode of
operation as illustrated 1n the exemplary embodiment of
FIG. 9, where some corresponding circuitry for control logic
to use i determining these Testing/Locking modes of opera-
tion 1s shown 1n FIG. 8. The system clock 1,,,1s shown 1n the
top trace 901. The bottom line 909 1s ILOCK_PHASE and
1s high when the load for the slave section 1s being set. The
next trace up TESTING_PHASE 907 is the complement of
this and 1s high when the load 1s set and the slave pump 1s
operating with a different number of stages in the testing
mode. This process repeating over 32 cycles with the
transitions set to occur at the number of cycles noted 1n 901.
903 and 905 respectively indicate whether the test phase 1s
using one more (Check_up high) or fewer (Check down
high) stages 1n the slave pump. Specifically, 1n this imple-
mentation the logic forces two consecutives Testing mode
phases where we increment the SLAVE_CPP active stages
and then we force a testing phase where we decrease the
active stages of SLAVE_CPP. This 1s done as since 1n typical
applications, 1t 1s more common when the output of the
pump 1s called upon to increase rapidly. For example, 1in the
case of a non-volatile memory, the pump may suddenly need
to supply one of the quite high voltages used for erase or
program operations. This sequence of events can be changed
without aflecting the overall principle of operation depend-
ing upon the pump’s application.

FIG. 8 illustrates an example of some circuitry that the
control logic can use to implement this timing. The system
clock 1s fed into the summing circuit 801 and outputs a 5 bits
value (corresponding to the cycle of 32 clocks in this
example. The decoder 803 takes these 5 bits and, based on
the numbers on its left side, asserts the various signals to the
logic gates. The mputs XCPO0_MAIN and XCP1_MAIN
relate to the number of active stages 1n the master pump 703
and are shown 1n FIG. 2b. The outputs then determine which
phase the system 1s 1n (Locking or Testing mode) and, 1f in
texting phase, whether to check up or down.

The result of the power efliciency for a pump system
using this architecture is illustrate in FIG. 10, where 1t 1s
shown that the algorithm can automatically switch between
1 (with peak 1001), 2 (with peak 1003) and 3 (with peak
1005) stages configurations. As shown, when the efliciency
drops to near 50%, the system changes the number of active
stages. Consequently, these techniques improve the efli-
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ciency ol a charge-pumps that requires delivering an output
voltage that ranges across a wide range and with a DC
current load. This advantage 1s achieved by adding a circuit
(the slave section 721) that has a very low DC current and
can be mmplemented in standard CMOS logic with no
requirement for high voltage type devices. The described
arrangement can be used in parallel 1n a complementary
manner with other pump system that optimize 1 by tweaking,
oscillator frequency or any improvements in the circuit used
by the individual pump stage.

As noted above, the description above was based on a
specific exemplary embodiment, but the techniques are more
widely applicable to other multi-stage charge pump arrange-
ment. The exemplary charge pump system of FIG. 7 used
three stages, all of them taken to be of a particular voltage
doubler design. More generally, the pump sections need only
have two or more stages and other stage designs, including
voltage adders or even a mixture of diflerent types of stages.
For diflerent stage designs, some of the implementation
detaill will often need to be modified: for example, the
decision on whether to increase or decrease the number of
active stages may no longer depend on a relative factor of 2
for frequency comparisons for some or all of the stages
since, 1I a voltage adder design i1s used, the relative fre-
quency factor may changes depending on the active number
of stages. The exemplary system also employs a frequency
based regulation, but other regulation methods are known
(see cited references above) and 1n these cases the appro-
priate regulation parameter would instead be compared
during the testing mode. Also, the discussion above was for
a positive charge pump system, but, with the appropriate
changes the negative pump system can use the same sort of
techniques for dynamically determining the number of
active stages to use.

As discussed above, the arrangement of FIG. 7 requires
the mtroduction the slave pump section and control circuitry,
and the corresponding increase in required area. The area
requirement can be reduced by sizing the slave section
differently than the master section, but this complicates the
comparison processes for the control circuitry and would
likely require the system to go through a calibration process.
In many typical charge pump applications, such as that
described 1n U.S. Pat. No. 7,696,812 with respect to use 1n
three dimensional memory array, to provide suflicient cur-
rent a number of master pump sections (as many as several
hundred 1n some cases) are used, all of which can have their
active number of stages set by a single slave section;
consequently, the additional incremental increase in cir-
cuitry to achieve this dynamic switching of the number of
charge-pump stages 1s slight.

Although the invention has been described with reference
to particular embodiments, the description 1s only an
example of the mvention’s application and should not be
taken as a limitation. Consequently, various adaptations and
combinations of features of the embodiments disclosed are
within the scope of the mvention as encompassed by the
following claims.

It 1s claimed:

1. A charge pump system comprising:

a master charge pump section to provide an output voltage

at an external output node, including:

first regulation circuitry connected to receive the output
voltage and a reference voltage and supply an oscil-
lator signal having a frequency determined from the
output voltage and the reference voltage; and

a first charge pump connected to receive the oscillator
frequency of the first regulation circuitry and to
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generate the output voltage while operating accord-
ing to the oscillator frequency of the first regulation
circuitry, wherein the first charge pump has a plu-
rality of stages and the number of active stages 1s
settable by a first control signal;
an internal load having an adjustable value;
a slave charge pump section connected to drive the
internal load, including:
second regulation circuitry connected to receive a volt-
age driving the internal load and the reference volt-
age and supply another oscillator signal having a
frequency determined from the voltage driving the
internal load and the reference voltage; and

a second charge pump connected to recerve the other
oscillator frequency of the second regulation cir-
cuitry and to generate the voltage driving the internal
load while operating according to the oscillator fre-
quency of the second regulation circuitry, wherein
the second charge pump has the same number of
stages as the first charge pump and the number of
active stages 1s settable by a second control signal;
and

control logic connected to the master charge pump section
to recerve the oscillator frequency of the first regulation
circuitry and supply the first control signal, connected
to the slave charge pump section to receive the other
oscillator frequency of the second regulation circuitry
and supply the second control signal, and connected to
the 1nternal load to set the adjustable value thereof,

wherein the control logic can set the adjustable value of
the internal load based upon a comparison of the
oscillator frequencies of the first and second regulation
circuitries while the first and second charge pumps are
operating with the same number of active stages, and
can alter the number of active stages in the first charge
pump based upon a comparison of the oscillator fre-
quencies of the first and second regulation circuitries
while the first and second charge pumps are operating
with a different number of active stages.

2. The charge pump system of claim 1, wherein the first

and second regulation circuitries each include:

a comparator having a first input connected to receive the
reference voltage and a second mnput connected, for the
first regulation circuitry, to receive a voltage derived
from the output voltage and, for the second regulation
circuitry, a voltage derived from the voltage driving the
internal load, and

an oscillator controlled by the output of the comparator to
provide the oscillator frequency.

3. The charge pump system of claim 1, wherein the
internal load includes a transistor connected between the
output of the second charge pump and ground and having a
gate voltage controlled by the control logic.

4. The charge pump system of claim 1, where the first and
second charge pumps each have N stages, where N 1s an
integer greater than 1, and the number of active stages in the
first and second charge pumps 1s settable from 1 to N by the
first and second control signals, respectively.

5. The charge pump system of claim 1, wherein when
connected to drive an external load with the output voltage,
the control logic alternately performs determinations of
whether to adjust the internal load and of whether to alter the
number of active stages 1n the first charge pump.

6. The charge pump system of claim 5, wherein the
determinations of whether to alter the number of active
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stages 1ncludes determinations both of whether to increase
and of whether to decrease the number of active stages 1n the
first charge pump.

7. The charge pump system of claim 6, wherein the
determinations of whether to alter the number of active
stages further includes a repeating sequence of two deter-
minations of whether to increase the number of active stages
in the first charge pump and one determination of whether to
decrease the number of active stages in the first charge
pump.

8. The charge pump system of claim 1, wheremn the
control logic includes a frequency comparator circuit con-
nected, when setting the value of the internal load, to receive
the frequencies of the first and second regulation circuitries,
where the control logic increases the value of the internal
load when the frequency of the first regulation circuitry 1s
higher than the frequency of the second regulation circuitry
and decreases the value of the mternal load when the
frequency of the first regulation circuitry 1s lower than the
frequency of the second regulation circuitry.

9. The charge pump system of claim 1, wheremn the
control logic includes a frequency comparator circuit con-
nected, when determining whether to increase the number
active stages 1n the first charge pump, to receive the fre-
quency ol the second regulation circuitry and a predeter-
mined fraction that 1s less than one of the frequency of the
first regulation circuitry while operating the second charge
pump with one more active stage than the first charge pump.

10. The charge pump system of claam 1, wherein the
control logic includes a frequency comparator circuit con-
nected, when determining whether to decrease the number
active stages 1n the first charge pump, to receive the fre-
quency of the first regulation circuitry and a predetermined
fraction that 1s less than one of the frequency of the second
regulation circuitry while operating the second charge pump
with one fewer active stage than the first charge pump.

11. A method of operating a charge pump system to drive
an external load, comprising;

driving the external load using a master charge pump of

a multi-stage, frequency regulated design, wherein the
number of stages active 1s settable, and the master
charge pump 1s driving the external load using a first
number of active stages and a {irst regulated frequency;

driving an adjustable internal load using a slave charge
pump of the same design as the master charge pump.,
wherein the slave charge pump 1s driving the adjustable
internal load using the first number of active stages and
a second regulated frequency;

determining a level of, the adjustable 1nternal load based
upon a comparison of the first and second regulated
frequencies;

driving the adjustable internal load set to the determined
level using the slave charge pump with a second
number of active stages, wherein the second number 1s
different than the first number, and using a third regu-
lated frequency; and

determining whether to change the number of active
stages 1n the master charge pump based upon a com-
parison of the first and third regulated frequencies.

12. The method of claim 11, wherein the second number

ol stages 1s one greater than the first number of stages.

13. The method of claim 12, wherein determiming whether
to change the number of active stages 1n the master charge
pump includes:
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determiming whether the third regulated frequency 1s
greater than a predetermined fraction of the first regu-
lated frequency, the predetermined {raction being
between one and zero:;

in response to determining that the third regulated fre-

quency 1s greater than the predetermined fraction of the
first regulated frequency, continuing to operate the
master charge pump with the first number of active
stages; and

in response to determining that the third regulated fre-

quency 1s not greater than the predetermined fraction of
the first regulated frequency, subsequently operating
the master charge pump with the second number of
active stages.

14. The method of claim 13, wherein the predetermined
fraction 1s one half.

15. The method of claim 11, wherein the second number
of stages 1s one less than the first number of stages.

16. The method of claim 15, wherein determining whether
to change the number of active stages in the master charge
pump includes:

determining whether the first regulated frequency 1s

greater than a predetermined fraction of the third regu-
lated frequency, the predetermined {raction being
between one and zero:;

in response to determining that the first regulated fre-

quency 1s greater than the predetermined fraction of the
third frequency, subsequently operating the master
charge pump with the second number of active stages;
and

in response to determining that the first regulated fre-

quency 1s not greater than the predetermined fraction of
the third regulated frequency, continuing to operate the
master charge pump with the first number of active
stages.

17. The method of claim 16, wherein the predetermined
fraction 1s one half.

18. The method of claim 11, wherein determining the
level of the adjustable internal load includes:

setting a value of an internal resistance by adjusting the

value of the adjustable internal load to bring the second
regulated frequency nearer to the first regulated fre-
quency.

19. The method of claim 11, further comprising:

in response to determining to change the number of active

stages ol the master charge pump, subsequently oper-
ating the master charge pump with the second number
of active stages.

20. The method of claim 19, further comprising;

subsequently cyclically repeating the process of determin-

ing the level of the adjustable 1internal load, driving the
adjustable 1nternal load, determining whether to change
the number of active stages 1n the master charge pump.,
and subsequently operating the master charge pump
with the determined number of active stages.

21. The method of claim 20, wherein the cyclically
repeated determiming whether to change the number of
active stages in the master charge pump includes determi-
nations both of whether to increase and of whether to
decrease the number of active stages 1n the master charge
pump.

22. The method of claim 21, wherein the determinations
of whether to alter the number of active stages of the master
charge pump includes a repeating sequence of two determi-
nations of whether to increase the number of active stages in
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the master charge pump and one determination of whether to
decrease the number of active stages 1n the master charge
pump.

23. The charge pump system of claim I, wherein the
charge pump system is a pervipheral circuit element on a
non-volatile memory device.

24. The charge pump system of claim 23, wherein the
memory device is an EEPROM based flash memory.

25. The charge pump system of claim 23, wherein the
charge pump system is a pervipheral circuit element on a
monolithic three-dimensional (3D) semiconductor memory
device.

26. The charge pump system of claim 25, wherein the
semiconductor memory device further comprises a three-
dimensional (3D) non-volatile memory that includes mul-
tiple memory cells arranged in multiple physical levels
above a silicon substrate.

27. The charge pump system of claims 26, wherein the

charge pump system is connectable to the three-dimensional
(3D) non-volatile memory to supply a programming voltage
level thereto from the external output node of the charge
pump system.

28. The charge pump system of claims 26, wherein the
charge pump system is connectable to the three-dimensional
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(3D) non-volatile memory to supply an erase voltage level
thereto from the external output node of the charge pump
system.

29. The method of claim 11, whervein the charge pump
system is a peripherval circuit element on a non-volatile
memory device to which the charge pump system is con-
nectable to drive as the external load.

30. The method of claim 29, wherein the memory device

is an EEPROM based flash memory.
31. The method of claim 29, wherein the charge pump

system is a pervipheral circuit element on a monolithic
three-dimensional semiconductor memory device.

32. The method of claim 31, wherein the semiconductor
memory device further comprises a three-dimensional (3D)
non-volatile memory that includes multiple memory cells
arranged in multiple physical levels above a silicon sub-
strate.

33. The method of claim 32, wherein the charge pump
system is connectable to the three-dimensional (3D) non-
volatile memory to supply a programming voltage level
thereto.

34. The method of claim 32, wherein the charge pump
system is comnnectable to the three-dimensional (3D) non-
volatile memory to supply an erase voltage level thereto.
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