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HYBRID CHARGE PUMP REGULATION WITH SELECTABLE FEEDBACK CIRCUITS

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The invention relates to voltage generation and, more particularly, to
voltage generation internal to memory systems.
Description of the Related Art
[0002] Memory cards are commonly used to store digital data for use with various
products (e.g., electronics products). Examples of memory cards are flash cards that
use Flash type or EEPROM type memory cells to store the data. Flash cards have a
relatively small form factor and have been used to store digital data for products such
as cameras, hand-held computers, set-top boxes, hand-held or other small audio
players/recorders (e.g., MP3 devices), and medical monitors. A major supplier of
flash cards is SanDisk Corporation of Sunnyvale, CA.
[0003] FIG. 1 is a schematic diagram of a first conventional voltage generation
circuit 100. The conventional voltage generation circuit 100 can provide one or more
generated voltages to a memory system that provides non-volatile data storage and
represents, for example, a memory card (e.g., flash card). The voltage generation
circuit 100 includes a charge pump circuit 102. The charge pump circuit 102 operates
to boost a lower input voltage (Vin) to produce a higher output voltage (Vout). The
output voltage is coupled to a decoupling capacitor (Cp) 104. The output voltage is
also coupled to a resistive divider 106. The resistive divider 106 divides the output
voltage using resistors R1 and R2. A comparator 108 couples to the resistive divider
106 and to a reference voltage (Vref). The output of the comparator 108 is fed back
to the charge pump circuit 102 so that the charge pump circuit 102 can regulate the
output voltage so that it remains at a substantially constant voltage level.
[0004] FIG. 2 is a schematic diagram of a second conventional voltage generation
circuit 200. The conventional voltage generation circuit 200 is generally similar to
the conventional voltage generation circuit 100 except that instead of using a resistive
divider 106, a capacitive divider 202 is used. The output voltage of the charge pump
circuit 102 is coupled to the capacitive divider 202. The capacitive divider 202
divides the output voltage using capacitors C1 and C2. The comparator 108 couples
to the capacitive divider 202 and to the reference voltage (Vref). The output of the
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comparator 108 is fed back to the charge pump circuit 102 so that the charge pump
circuit 102 can regulate the output voltage so that it remains at a substantially constant
voltage level.

[0005] Unfortunately, however, a resistive divider consumes substantial amounts
of power. The power consumption is particularly proBlematic when being used with
power conscious electronic devices, such as battery-powered electronic devices.
Although a capacitive divider is power efficient, it is not adequately stable given its
sensitivity to process variations, parasitic wiring and resistor-capacitor variations and
Jjunction leakage currents.

[0006] Accordingly, there is a need for improved voltage generation circuits that

are not only stable but also power efficient.

SUMMARY OF THE INVENTION
[0007] Broadly speaking, the invention relates to techniques for reliably and

efficiently generating an output voltage for use within an electronic device, such as a
memory system providing data storage. A voltage generation circuit generates the
output voltage. The voltage generation circuit includes regulation circuitry that
controls regulation of the output voltage to maintain the output voltage at a
substantially constant level. According to one aspect of the invention, regulation is
provided through use of different feedback circuits. By selectively disabling one of
the feedback circuits, power consumption can be reduced and the other of the
feedback circuits can support the continued regulation of the output voltage. The
voltage generation circuit is therefore able to operate in an accurate, stable and power
efficient manner.
[0008] The voltage generation circuit is particularly well suited for use in a
memory product. For example, the voltage generation circuit can be provided within
a portable data storage device (e.g., memory card) to generate an internal voltage.
[0009] The invention can be implemented in numerous ways, including as a
method, system, device or apparatus. Several embodiments of the invention are
discussed below.
[0010] A voltage generation circuit according to one embodiment of the invention
includes at least: a voltage producing circuit that receives an input voltage and outputs
an output voltage at an output terminal, and the voltage producing circuit having a
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control terminal; a comparison circuit operatively connected to the voltage producing
circuit, the comparison circuit operating to compare a feedback signal received at an
input terminal with a reference signal to produce a feedback signal that is supplied to
the control terminal of the voltage producing circuit; a first feedback circuit
operatively connected to the output terminal of the voltage producing circuit and to
the comparison circuit, the first feedback circuit providing a first feedback signal to
the input terminal of the comparison circuit; and a.second feedback circuit operatively
connected to the output terminal of the voltage producing circuit and to the
comparison circuit, the second feedback circuit providing a second feedback signal to
the input terminal of the comparison circuit.

[0011] A voltage generation circuit according to another embodiment of the
invention includes at least: a charge pump circuit that receives an input voltage and
outputs an output voltage at an output terminal, the output voltage being derived from
the input voltage, and the charge pump circuit having a control terminal; a resistive
divider operatively connected to the output terminal of the charge pump circuit to
provide a first divided voltage at a first node; a capacitor divider operatively
connected to the output terminal of the charge pump circuit to provide a second
divided voltage at a second node; a comparator operatively connected to the second
node and to a reference voltage, the comparator comparing the first divided voltage or
the second divided voltage to the reference voltage to produce a first control signal
that is supplied to the control terminal of the charge pump circuit; a first switch
operatively connected between the first node and the second node; and a second
switch operatively connected between the resistive divider and an established voltage
(e.g., ground).

[0012] A memory product according to one embodiment of the invention includes
at least: data storage elements; a controller for performing data storage and retrieval
with respect to the data storage elements; and at least one voltage generation circuit.
The voltage generation circuit includes at least: a charge pump circuit that receives an
input voltage and outputs an output voltage at an output terminal, the output voltage
being derived from the input voltage, and the charge pump circuit having a control
terminal; a resistive divider operatively connected to the output terminal of the charge
pump circuit to provide a first divided voltage at a first node; a capacitor divider
operatively connected to the output terminal of the charge pump circuit to provide a
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second divided voltage at a second node; a comparator operatively connected to the
second node and to a reference voltage, the comparator comparing the first divided
voltage or the second divided voltage to the reference voltage to produce a first
control signal that is supplied to the control terminal of the charge pump circuit; a first
switch operatively connected between the first node and the second node; and a
second switch operatively connected between the resistive divider and an established
voltage.

[0013] An electronic system according to one embodiment of the invention
includes at least: a data acquisition device; and a data storage device removably
coupled to the data acquisition device. The data storage device stores data acquired
by the data acquisition device. The data storage device includes at least: data storage
elements; a controller for performing data storage and retrieval with respect to the
data storage elements; and at least one voltage generation circuit. The at least one
voltage generation circuit receives an input voltage and outputs an output voltage at
an output terminal, the output voltage being derived from the input voltage. The
voltage generation circuit including at least: a comparison circuit operating to
compare a feedback signal received at an input terminal with a reference signal to
produce a feedback signal that is supplied to the voltage generation circuit; a first
feedback circuit providing a first feedback signal to the input terminal of the
comparison circuit; and a second feedback circuit providing a second feedback signal
to the input terminal of the comparison circuit.

[0014] Other aspects and advantages of the invention will become apparent from
the following detailed description taken in conjunction with the accompanying

drawings which illustrate, by way of example, the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0015] The invention will be readily understood by the following detailed

description in conjunction with the accompanying drawings, wherein like reference
numerals designate like structural elements, and in which:

[0016] FIG. 1 is a schematic diagram of a first conventional voltage generation
circuit.

[0017] FIG. 2 is a schematic diagram of a second conventional voltage generation

circuit.
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[0018] FIG. 3 is a schematic diagram of a voltage generation circuit according to
one embodiment of the invention.

[0019] FIG. 4.is a schematic diagram of a voltage generation circuit according to
another embodiment of the invention.

[0020] FIG. 5 is a schematic diagram of a voltage generation circuit according to
still another embodiment of the invention.

[0021] FIG. 6 is a block diagram of a memory system according to one
embodiment of the invention.

[0022] FIG. 7 is a flow diagram of a voltage regulation process according to one
embodiment of the invention.

[0023] FIG. 8A is a graph illustrating a representative output voltage (Vout) from
a voltage generation circuit according to one embodiment of the invention.

[0024] FIG. 8B illustrates a representative first control signal according to one
embodiment of the invention.

[0025] FIG. 8C illustrates a representative second control signal according to one

embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0026] The invention relates to techniques for reliably and efficiently generating

an output voltage for use within an electronic device, such as a memory system
providing data storage. A voltage generation circuit generates the output voltage.
The voltage generation circuit includes regulation circuitry that controls regulation of
the output voltage to maintain the output voltage at a substantially constant level.
According to one aspect of the invention, regulation is provided through use of
different feedback circuits. By selectively disabling one of the feedback circuits,
power consumption can be reduced and the other of the feedback circuits can support
the continued regulation of the output voltage. The voltage generation circuit is
therefore able to operate in an accurate, stable and power efficient manner.

[0027] In one embodiment, a voltage generation circuit can utilize a plurality of
feedback circuits. Typically, these feedback circuits are connected in parallel and
have different characteristics. For example, one of the feedback circuits might use a
resistive feedback approach, while another of the feedback circuits might use a
capacitive feedback approach. Given that multiple feedback circuits with different
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characteristics are being used together, the voltage generation circuit that uses such
feedback circuits can be referred to as a hybrid voltage generation circuit.
[0028) The voltage generation circuit is particularly well suited for use in a
memory product. For example, the voltage generation circuit can be provided within
a portable data storage device (e.g., memory card) to generate an internal voltage.
[0029] Embodiments of this aspect of the invention are discussed below with .
reference to FIGs. 3 — 8C. However, those skilled in the art will readily appreciate
that the detailed description given herein with respect to these figures is for
explanatory purposes as the invention extends beyond these limited embodiments.
[0030] FIG. 3 is a schematic diagram of a voltage generation circuit 300
according to one embodiment of the invention. The voltage generation circuit 300
includes a charge pump circuit 302. The charge pump circuit 302 receives an input
voltage (Vin) and outputs a derived output voltage (Vout). The output voltage (Vout)
can be higher or lower than the input voltage (Vin). The voltage generation circuit
300 also includes regulation circuitry (or feedback circuitry). In this embodiment, the
regulation circuitry includes a first feedback circuit 304, a comparison circuit 306, and
a second feedback circuit 308. In addition, the voltage generation circuit 300 also
includes a first switch 310 and a second switch 312.
[0031] The first feedback circuit 304 is coupled between the output voltage
(Vout) from the charge pump circuit 302 and ground. The input voltage (Vin) and the
ground vol'tage potentials are normally provided by a power supply or battery.
Further, the first feedback circuit 304 provides a first feedback signal to a first input
terminal of the comparison circuit 306. A second input terminal of the comparison
circuit 306 receives a reference voltage (Vref). The second feedback circuit 308 is
coupled between the output voltage (Vout) from the charge pump circuit 302 and the
first switch 310. The first switch 310 controls whether the second feedback circuit
308 couples to ground. The first switch 310 is controlled by a first control signal
(CS1). The second feedback circuit 308 is provides a second feedback signal to the
second switch 312. The second switch 312 controls whether the second feedback
signal is supplied to the first input terminal of the comparison circuit 306. The second
switch 312 is controlled by a second control signal (CS2).
[0032] During operation of the voltage generation circuit 300, the comparison
circuit 306 receives either the first feedback signal or both the first feedback signal
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and the second feedback signal at the first input terminal of the comparison circuit
306. Regardless of whether the first feedback signal or both the first feedback signal
and the second feedback signal are received at the first input terminal, the comparison
circuit 306 compares the resulting input signal with the reference voltage (Vref).
Based on the comparison, the comparison circuit 306 outputs a control signal that is
supplied to a control terminal of the charge pump circuit 302. The control signal is
utilized by the charge pump circuit 302 to regulate the output voltage (Vout) such that
it is maintained at a specified voltage level plus or minus some permitted tolerance.
The control signal serves to control the charge pump circuit 302 so that the output
voltage (Vout) of the charge pump circuit 302 is regulated so as to maintain the output
voltage level at the specified voltage level even in the presence of loads bping applied
or removed from the output terminal of the charge pump circuit 302.

[0033] In one embodiment, the voltage generation circuit 300 serves to regulate
the output voltage (Vout) from the charge pump circuit 302 through use of the first
feedback circuit 304 as well as the second feedback circuit 308. In this embodiment,
the first feedback circuit 304 is active to produce a first feedback signal. In addition,
the second feedback circuit 308 is active to produce a second feedback signal. The
first switch 310 and the second switch 312 are used to activate or deactivate the
second feedback circuit 308. More particularly, the first and second switches 310 and
312 are “on" when the second feedback circuit 308 is active, and the first and second
switches 310 and 312 are “off” when the second feedback circuit 308 is inactive.
[0034) Advantageously, the second feedback circuit 308 of the voltage generation
circuit 300 can be enabled or disabled as appropriate. The first switch 310 is
controlled to enable/disable the second feedback circuit 308. When enabled, the
second feedback circuit 308 participates in the voltage regulation. When disabled,
the second feedback circuit 308 is effectively isolated from participating in the
voltage regulation such that it does not provide any feedback signal to the comparison
circuit 306. Moreover, when disabled, the power consumed or dissipated by the
second feedback circuit 308 is substantially reduced (or even eliminated). However,
even when the second feedback circuit 308 is disabled, the first feedback circuit 304
continues to support continued voltage regulation. Accordingly, the voltage

generation circuit 300 is capable of operating such that the output voltage (Vout) of



10

15

20

25

30

WO 2008/016571 PCT/US2007/017043

the charge pump circuit 302 can be achieved in not only an accurate, reliable and
stable manner but also with substantially improved power efficiency.

[0035] FIG. 4 is a schematic diagram of a voltage generation circuit 400
according to another embodiment of the invention. The voltage generation circuit 400
includes a charge pump circuit 402. The charge pump circuit 402 receives an input
voltage (Vin) and outputs a derived output voltage (Vout). The output voltage (Vout)
can be higher or lower than the input voltage (Vin). The voltage generation circuit
400 also includes regulation circuitry (or feedback circuitry). In this embodiment, the
regulation circuitry includes a capacitive divider 404, a comparator 406, and a
resistive divider 408. In addition, the voltage generation circuit 400 also includes a
first switch 410 and a second switch 412.

[0036] The capacitive divider 404 is coupled between the output voltage (Vout)
from the charge pump circuit 402 and ground. The input voltage (Vin) and the
ground voltage potentials are normally provided by a power supply or battery.
Further, the capacitive divider 404 provides a first feedback voltage to a first input
terminal of the comparator 406. A second input terminal of the comparator 406
receives a reference voltage (Vref). The resistive divider 408 is coupled between the
output voltage (Vout) from the charge pump circuit 402 and the first switch 410. The
first switch 410 controls whether the resistive divider 408 couples to ground. The
first switch 410 is controlled by a first control signal (CS1). The resistive divider 408
provides a second feedback voltage to the second switch 412. The second switch 412
controls whether the second feedback voltage is supplied to the first input terminal of
the comparator 406. The second switch 412 is controlled by a second control signal
(CS2).

[0037] During operation of the voltage generation circuit 400, the comparator 406
receives either the first feedback voltage or both the first feedback voltage and the
second feedback voltage at the first input terminal of the comparator 406. Regardless
of whether the first feedback voltage or both the first feedback voltage and the second
feedback voltage are received at the first input terminal, the comparator 406 compares
the resulting input signal with the reference voltage (Vref). Based on the comparison,
the comparator 406 outputs a control signal that is supplied to a control terminal of
the charge pump circuit 402. Here, the comparator 406 indicates whether the
feedback voltage provided to the input terminal is greater than or less than the
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reference voltage (Vref) plus/minus some small tolerance. The control signal serves
to control the charge pump circuit 402 so that the output voltage (Vout) of the charge
pump circuit 402 is regulated so as to attempt to maintain the output voltage at the
regulated level even in the presence of loads being applied or removed from the
output terminal of the charge pump circuit 402.

[0038] The voltage generation circuit 400 serves to regulate the output voltage
(Vout) from the charge pump circuit 402 through use of the capacitive divider 404 as
well as the resistive divider 408. In this embodiment, the capacitive divider 404 is
active to produce a first feedback voltage. In addition, the resistive divider 408 is
controlled so as to be active to regulate the output voltage to the regulation level. The
first switch 410 and the second switch 412 are used to activate or deactivate the
resistive divider 408. More particularly, the first and second switches 410 and 412 are
“on" when the resistive divider 408 is active, and the first and second switches 410
and 412 are “off” when the resistive divider 408 is inactive.

[0039] Advantageously, the resistive divider 408 of the voltage generation circuit
400 can be enabled or disabled as appropriate. The first switch 410 is controlled to
enable or disable the resistive divider 408. When enabled, the resistive divider 408
participates in the voltage regulation. The second feedback signal, when provided,
will dominate the first feedback signal. In one embodiment, the capacitive divider
404 relies on conservation of charge to provide voltage regulation, and when the
resistive divider 408 is enabled, charge conservation is not provided by the capacitive
divider 404. When the resistive divider 408 is disabled, the resistive divider 408 is
effectively isolated from participating in the voltage regulation such that it does not
provide any feedback signal to the comparison circuit 406 (i.e., the second switch 412
provides such isolation). In this case, the first feedback voltage provided by the
capacitive divider 404 is used to provide the regulation of the output voltage (Vout).
Moreover, when the resistive divider 408 is disabled, the power consumed or
dissipated by the resistive divider 408 is substantially reduced (or even eliminated).
Accordingly, the voltage generation circuit 400 is capable of operating in an accurate,
stable and reliable with substantially improved power efficiency.

[0040] FIG. 5 is a schematic diagram of a voltage generation circuit 500

according to still another embodiment of the invention. The voltage generation circuit
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500 can represent an embodiment of the voltage generation circuit 400 discussed
above with reference to FIG. 4.

[0041] The voltage generation circuit 500 includes a charge pump circuit 502.
The charge pump circuit 502 receives an input voltage (Vin) and outputs a derived
output voltage (Vout). The output voltage (Vout) can be higher or lower than the
input voltage (Vin). The voltage generation circuit 500 also includes regulation
circuitry (or feedback circuitry). In this embodiment, the regulation circuitry includes
a capacitive divider 504, a comparator 506, and a resistive divider 508. The
capacitive divider 504 includes a first capacitor C1 and a second capacitor C2
connected in series. The resistive divider 508 includes a first resistor R1 and a second
resistor R2 connected in series. The voltage generation circuit 500 also includes a
first switch 510 and a second switch 512. In one embodiment, the first switch 510
and the second switch 512 are active electronic devices. For example, the first switch
510 and the second switch 512 are transistors (e.g., MOSFET devices).

[0042] The capacitive divider 504 is coupled between an output terminal
(providing the output voltage (Vout)) from the charge pump circuit 502 and ground.
The capacitive divider 504 provides a first feedback voltage to a first input terminal of
the comparator 506. In particular, a first node at the series connection of the
capacitors C1 and C2 couples. to the first input terminal of the comparator 506. A
second input terminal of the comparator 506 receives a reference voltage (Vref). The
resistive divider 508 is coupled between the output terminal of the charge pump
circuit 502 and the first switch 510. A second node at the series connection of the
resistors R1 and R2 couples to the second switch 512. The first switch 510 controls
whether the resistor R2 of the resistive divider 508 couples to ground. The first
switch 510 is controlled by a first contro] signal (CS1). The resistive divider 508
provides a second feedback voltage from the second node to the second switch 512.
The second switch 512 controls whether the second node is coupled to the first node.
In other words, the second switch 512 controls whether the second feedback voltage is
supplied to the first input terminal of the comparator 506. The seconci switch 512 is
controlled by a second control signal (CS2). The operation of the voltage generation
circuit 500 is as described above with regard to the voltage generation circuit 400.
[0043] The operation of the voltage generation circuit 500 according to one
embodiment of the invention is explained below. The voitage generation circuit 500,

10



10

15

20

25

30

WO 2008/016571 PCT/US2007/017043

which uses a hybrid regulation scheme, can be considered to have an initialization
phase and a maintenance phase. The hybrid regulation scheme makes use of a both a
resistive divider feedback scheme and a capacitive divider feedback scheme.

[0044] In the initialization phase, voltage regulation is relies on the resistive
divider feedback scheme provided by the resistive divider 508. During the
initialization phase, the resistive divider 508 serves to provide voltage feedback so as
to yield the output voltage (Vout) at an appropriate regulated level. During the
initialization phase, the capacitive divider feedback being provided by the capacitive
divider 504 can be considered essentially “off”” since the feedback voltage provided to
the comparator 506 is essentially set by the resistor divider 508. In this case,
conservation of charge from the capacitive divider 504 does not hold the divided node
of the capacitive divider 504.

[0045] After regulation is achieved, the maintenance phase can be entered. In the
maintenance phase, the resistive divider 508 is shut off (disabled/deactivated) and de-
coupled from the first node. At this point, regulation of the output voltage (Vout)
relies on capacitive divider feedback provided by the capacitive divider 504. Here,
conservation of charge at the divided node of the capacitive divider 504 holds the
divided node of the capacitive divider 504. Accordingly, the regulation level is
initially set by a resistive divider feedback scheme, but then maintained by a
capacitive divider feedback scheme.

[0046] In the maintenance phase, the capacitive divider 504 samples the voltage
change ( AV) on the output voltage (Vout). The sampled voltage being supplied to
the comparator 506 is determined by the following equation.

AV__C’_]._.
Cl+C2

[0047] The sampled voltage is compared with a reference voltage (Vref) at the
comparator 506. The size of the capacitors C1 and C2 is not so critical since such
only determine the coupling ratio, rather than determine the final regulation voltage
level. As aresult, the coupling ratio can be made substantially higher than what can
be achieved with conventional capacitance or resistive feedback approaches.

[0048] For example, to get a 20 Volts (V) output voltage (Vout) with a reference
voltage (Vref) of 1 V, using a resistive divider, the feedback voltage is determined as

follows.
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R1+ R2
R2

As a result, the resistance of the resistor R2 should be nineteen (19) times (19x) of the

Vref

resistance of the resistor R1. The same applies for a capacitive divider. Namely, the
feedback voltage for a capacitive divider is as follows.

C2+Cl1
V; —
e =

Similarly, the capacitance of the capacitor C2 should be nineteen (19) times (19x) the
capacitance of the capacitor C1. Consequently, for both conventional approaches, it
should be noted that for any variation on the output voltage (Vout), only 5% of the
variation ends up being compared with the reference voltage (Vref).

[0049] In contrast, for the hybrid regulation scheme according to one embodiment
of the invention, the regulation level is set by a resistive divider and not by a
capacitive divider. The capacitive divider operates in parallel only to determine the
voltage change (AV ) near above or below the regulation level on the output voltage
(Vout) for comparison with the reference voltage (Vref). Here, the sampled voltage is
determined by the following equation.

Cl
C1+C2

If the capacitance of the capacitors C1 and C2 are of equal size, then the coupling

Vour

ratio is 50%, which is ten (10) times higher than the conventional resistive or
capacitive divider approach, provides for improved regulation.

[0050] One concern for using a capacitive divider for voltage feedback is its
ability to conserve charge on the divided node (first node). This is a concern for any
cases using a capacitive divider feedback scheme. More particularly, if the leakage
on the divided node is large or if the charge loss on this node is significant over time,
the final regulation level will undesirably change. The change will be based on the
following equation.

Cl+C2
C1

As noted above, if the capacitance of the capacitor C1 is same as the capacitance of

AV

the capacitor C2, a 100 mV voltage change on divided voltage due to charge loss
would cause a 200 mV error on the final regulation level. If capacitance of the

capacitor C2 is nineteen (19) times (19x) the capacitance of the capacitor C1, the 100
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mYV voltage will cause 2 V error on the output regulation level. As such, the resistive
divider can be re-initialized to again set the regulation level, and thus set the voltage
on divided node. When to re-initialize the resistive divider depends on tolerance and
time for a particular design. If different regulation levels are needed, re-initialization
can also be used to acquire the desired regulation level via the resistor divider
feedback scheme.

[0051] FIG. 6 is a block diagram of a memory system 600 according to one
embodiment of the invention. The memory system 600 is, for example, associated
with a memory card (such as a plug-in card), a memory stick, or some other data
storage product. Examples of a memory card include PC Card (formerly PCMCIA
device), Flash Card, Flash Disk, Multimedia Card, and ATA Card. The memory
system 600 can also be referred to as a memory product or a removable data storage
product.

[0052] The memory system 600 cooperates with a host 602. For example, the
host 602 can be a computing device, such as a personal computer. In particular, the
memory system 600 stores data that can be utilized by the host 602. The memory
system 600 and the host 602 can communicate over a host Input/Output (I/O) bus.
The host 602 provides a host voltage (Vh) (i.e., supply voltage) to the memory system
600. The memory controller 604 couples to the host I/O bus and the host voltage
(Vh). The memory controller 604 couples to a memory array 606 using an I/O bus
and an internal supply voltage (Vis). The internal supply voltage (Vis) 1s generated
by a voltage generation circuit 608 provided within the memory controller 604. The
voltage generation circuit 608 can correspond to any of the voltage generation circuits
discussed herein. For example, the voltage generation circuit 608 can correspond to
the voltage generation circuits illustrated in FIGs. 3, 4 or 5.

[0053] The level of the voltages can vary with implementation. As one example,
the host voltage (Vh) might be 3.3 or 1.8 volts, and the level of the internal supply
voltage (Vis) might be 6.5 volts, 15 volts or 30 volts. Moreover, although the voltage
generation circuit 608 is illustrated in FIG. 6 as being internal to the memory
controller 604, in alternative embodiment, the voltage generation circuit 608 can be (i)
internal to the memory array 606 or (ii) separate from either the memory controller

604 or the memory array 606.
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[0054] The memory array 606 provides an array of data storage elements that
provide non-volatile digital data storage. In one embodiment, the data storage
elements are electrically programmable and electrically erasable, such as EEPROM or
FLASH devices. For example, the data storage elements can be based on floating-
gate devices. The memory array 606 can include one or more semiconductor dies,
chips or products. The memory array 606 can include data storage elements. The
memory controller 604 is also often a separate semiconductor die, chip or product.
[0055] Although the embodiment of the memory system 600 shown in FIG. 6
produces the internal supply voltage (Vis) at the memory controller 604, it should be
understood that the memory controller 604 can produce any number of a plurality of
different supply voltage levels that would be needed by the memory array 606.
[0056]  FIG. 7 is a flow diagram of a voltage regulation process 700 according to
one embodiment of the invention. The voltage regulation process 700 is performed
by a voltage generation circuit. For example, the voltage generation circuit can be the
voltage generation circuit 300 illustrated in FIG. 3, the voltage generation circuit 400
illustrated in FIG. 4, or the voltage generation circuit 500 illustrated in FIG. 5.
[0057]) The voltage regulation process 700 begins with a decision 702. The
decision 702 determines whether a voltage generation circuit has been powered on.
When the decision 702 determines that a voltage generation circuit is not powered on,
the voltage regulation process 700 awaits the powering on of the voltage generation
circuit. In other words, once power is applied to the voltage generation circuit, the
voltage regulation process 700 can be invoked. Hence, when the decision 702
determines that the voltage generation circuit has been powered on, power is applied
704 to the voltage generation circuit. The voltage generation circuit includes a first
feedback circuit as well as a second feedback circuit. It is assumed that the first
feedback circuit is active (or enabled) when power is applied 704 to the voltage
generation circuit. However, it is also assumed that the second feedback circuit is
controllably activated (or enabled). Hence, when the power is applied 704 to the
voltage generation circuit, the second feedback circuit is controlled so as to be
actively enabled 706.

[0058] Next, a decision 708 determines whether the output voltage of the voltage
generation circuit has reached its regulated level. When the decision 708 determines
that the output voltage has not yet reached its regulated level, the voltage regulation
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process 700 waits until the output voltage has reached its regulated level. At this
point, both the first and second feedback circuits are active and participating in the
voltage regulation. However, in one embodiment, the second feedback circuit
dominates the feedback process and is primarily responsible for causing the output
voltage to regulate to its regulated level.

[0059] Once the decision 708 determines that the output voltage has reached its
regulated level, the voltage regulation process 700 continues. At this point, the
second feedback circuit is disabled 710. Although the second feedback circuit has
been disabled 710, the voltage regulation provided by the voltage generation circuit
continues through use of the first feedback circuit. Hence, the output voltage of the
voltage generation circuit continues to be regulated to the regulated level by use of the
first feedback circuit. With the second feedback circuit disabled 710, the power that
the second feedback circuit would consume if still activated is substantially or
completely conserved.

[0060] Next, a decision 712 determines whether the voltage generation circuit is
to be powered off. When the decision 712 determines that the voltage generation
circuit is not to be powered off, a decision 714 determines whether a regulation level
needs to be established (or re-established). Here, the regulation level can be re-
established as appropriate to insure accurate regulation. Alternatively, the regulation
may be imposed to set a different level, such as would for example be commonplace
with multi-level data storage devices. When the decision 714 determines that a
regulation level is to be established (or re-established), the voltage regulation process
700 returns to repeat the block 706 and subsequent blocks so that the second feedback
circuit can be again enabled and utilized to return the output voltage to an appropriate
regulated level. In one embodiment, the first feedback circuit uses a capacitive
divider which depends on charge conservation at its divided node to provide the
voltage regulation. However, there can be current leakage at the semiconductor
junction associated with the divided node. If the charge loss due to leakage is
significant over time, deviation in the regulation level could undesirably occur.
Hence, re-establishment of a regulation level can be performed as needed to maintain
the proper regulation level despite any current leakage. The rate of re-establishment
can be dependent on how error tolerant the implementation is to deviation in the
regulation level.
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[0061] Alternatively, when the decision 714 determines that a regulation level is
not to be established (or re-established) at this time, the voltage regulation process
700 returns to repeat the decision 712. On the other hand, once the decision 712
determines that the voltage generation circuit is to be powered off, power is removed
716 from the voltage generation circuit. Following the block 716, the voltage
regulation process 700 ends.
[0062] FIGs. 8A-8C are views that illustrate an exemplary operation of a voltage
generation circuit according to the invention. These views illustrate a representative
output voltage together with corresponding control signals for activating and
deactivating a portion of the voltage regulation circuitry.
[0063] FIG. 8A is a graph 800 illustrating a representative output voltage (Vout)
from a voltage generation circuit according to one embodiment of the invention. The
output voltage at time t0 is zero (0) Volts indicating that the voltage generation circuit
is initially off. The voltage generation circuit is powered on at time t0 but takes a
duration of time to boost its output voltage to its predetermined level. According to
the invention, a first feedback circuit and a second feedback circuit can both be
utilized starting at time t0. At time t1, the output voltage has reached the
predetermined level. Therefore, load circuitry that is to utilize the output voltage can
be initiated. In one embodiment, the load circuitry performs an operation over a
period of time. For example, when the load is a memory device, the operation can be
a program operation to store data to the memory device. In any case, at time t1 the
second feedback circuit can be disabled since the output voltage has reached the
predetermined level. As the load circuitry imposes different loads on the output
voltage, the regulation of the output voltage can continue through use of the first
feedback circuit. However, at time t2, it is assumed that there is a need to re-establish
the regulation level that may have been diminished over time (e.g., due to charge
leakage). Hence, the second feedback circuit can be enabled at time t2 so as to re-
establish the regulation level and thus ensure that the output voltage reliably stays at
the predetermined level with some tolerance. Subsequently, at time t3, the regulation
level has been re-established; therefore, the second feedback circuit can again be
disabled.
[0064] FIG. 8B illustrates a representative first control signal (CS1) 820
according to one embodiment of the invention. The first control signal 820 can be
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used to control a switch (e.g., switch 310, 410, 510) to activate or deactivate a
feedback circuit (e.g., second feedback circuit or resistive divider). Here, it is
assumed that the first control signal 820 is HIGH or logic level “1” to enable the
feedback circuit, and LOW or logic level “0” to disable the feedback circuit. As
shown in FIG. 8B, from time t0 to t1, the switch is activated (“ON”) so that the
feedback circuit is enabled. However, at time t1, the switch is deactivated (“OFF”) so
that the feedback circuit is disabled. Subsequently, at time t2, the switch is again
activated (“ON”) so that the feedback circuit is enabled. At time t3, the switch is
deactivated (“OFF™) so that the feedback circuit is disabled.

[0065] FIG. 8C illustrates a representative second control signal (CS2) 840
according to one embodiment of the invention. The second control signal 840 can be
used to control a switch (e.g., switch 312, 412, 512) to couple or decouple a feedback
signal from a feedback circuit (e.g., second feedback circuit or resistive divider) to a
comparison circuit (e.g., comparator). Here, it is assumed that the second control

si gpal 840 1s HIGH or logic level “1” to couple the feedback signal, and LOW or
logic level “0” to decouple the feedback signal. As shown in FIG. 8C, from time t0 to
t1, the switch is activated (“ON”) so that the feedback signal is coupled. However, at
time t1, the switch is deactivated (“OFF”) so that the feedback signal is decoupled.
Subsequently, at time t2°, the switch is again activated (“ON”) so that the feedback
circuit is coupled. At time t3, the switch is deactivated (“OFF”) so that the feedback
signal is decoupled. The time offset between time t2 and time t2° provides a delay so
that the feedback circuit that produces the feedback signal can stabilize before being
coupled to the comparison circuit through the switch.

{0066} The invention is suitable for use with both single-level memories and
multi-level memories. The memories or memory blocks are data storage devices that
include data storage elements. The data storage elements can be based on
semiconductor devices (e.g., floating-gate) or other types of devices. In multi-level
memories, each data storage element stores two or more bits of data.

[0067] The invention can further pertain to an electronic system that includes a
memory system as discussed above. Memory systems (i.e., memory cards) are
commonly used to store digital data for use with various electronics products. The
memory system is often removable from the electronic system so the stored digital
data is portable. The memory systems according to the invention can have a
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relatively small form factor and be used to store digital data for electronics products
that acquire data, such as cameras, hand-held or notebook computers, network cards,
network appliances, set-top boxes, hand-held or other small media (e.g., audio)
players/recorders (e.g., MP3 devices), and medical monitors.

[0068] The advantages of the invention are numerous. Different embodiments or
implementations may yield one or more of the following advantages. One advantage
of the invention is that voltage regulation for charge pumps can be provided in an
accurate, stable and power efficient manner. Another advantage of the invention is
that regulation of an output voltage level can be provided such that the benefits of
both capacitive dividers and resistive dividers can be obtained. Still another
advantage of the invention is that low power, reliable, high performance memory
systems can be obtained.

[0069] The many features and advantages of the present invention are apparent
from the written description. Further, since numerous modifications and changes will
readily occur to those skilled in the art, it is not desired to limit the invention to the
exact construction and operation as illustrated and described. Hence, all suitable
modifications and equivalents may be resorted to as falling within the scope of the

invention.
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CLAIMS
1. A voltage generation circuit, comprising:

a voltage producing circuit that receives an input voltage and outputs an output
voltage at an output terminal, and the voltage producing circuit having a control
terminal;

a comparison circuit operatively connected to the voltage producing circuit,
the comparison circuit operatiné to compare a feedback signal received at an input
terminal with a reference signal to produce a feedback signal that is supplied to the
control terminal of the voltage producing circuit;

a first feedback circuit operatively connected to the output terminal of the
voltage producing circuit and to the comparison circuit, the first feedback circuit
providing a first feedback signal to the input terminal of the comparison circuit; and

a second feedback circuit operatively connected to the output terminal of the
voltage producing circuit and to the comparison circuit, the second feedback circuit
providing a second feedback signal to the input terminal of the comparison circuit.

2. A voltage generation circuit as recited in claim 1, wherein the second feedback
circuit can be enabled or disabled, whereby the voltage generation circuit operates
with substantially reduced power when the second feedback circuit is disabled.

3. A voltage generation circuit as recited in claims 1 or 2, wherein the voltage
generation circuit further comprises:

at least one switch to enable or disable operation of the second feedback
circuit.

4, A voltage generation circuit as recited in claim 3, wherein the at least one
switch comprises:

a first switch operatively connected between the second feedback circuit and a
supply voltage; and

a second switch operatively connected between the second feedback circuit
and the input terminal of the comparison circuit.

5. A voltage generation circuit as recited in claim 1, wherein the second feedback
circuit can be enabled or disabled, whereby the second feedback circuit is decoupled
from the comparison circuit when disabled.
6. A voltage generation circuit as recited in claim 5, wherein the voltage
generation circuit further comprises:
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at least one switch to enable or disable operation of the second feedback
circuit.
7. A voltage generation circuit as recited in claim 5, wherein the voltage
generation circuit operates with substantially reduced power when the second
feedback circuit is disabled.
8. A voltage generation circuit as recited in claims 6 or 7, wherein the voltage
generation circuit further comprises:

at least one switch to enable or disable operation of the second feedback
circuit.
9. A voltage generation circuit as recited in claim 8, wherein the at least one
switch comprises:

a first switch operatively connected between the second feedback circuit and a
supply voltage; and

a second switch operatively connected between the second feedback circuit
and the input terminal of the comparison circuit.
10. A voltage generation circuit as recited in claim 1, wherein the voltage
generation circuit produces the output voltage for use in a memory product.
11. A voltage generation circuit as recited in claim 10, wherein the memory
product is a portable memory device.
12. A voltage generation circuit as recited in claim 1, wherein the voltage
generation circuit includes a charge pump circuit that receives the input voltage and
outputs the output voltage at the output terminal, the output voltage being derived
from the input voltage, and the charge pump circuit having a charge pump control
terminal;

a resistive divider operatively connected to the output terminal of the charge
pump circuit to provide a first divided voltage at a first node;

a capacitor divider operatively connected to the output terminal of the charge
pump circuit to provide a second divided voltage at a second node;

wherein the comparison circuit includes a comparator operatively connected to
the second node and to the reference voltage, the comparator comparing the first
divided voltage or the second divided voltage to the reference voltage to produce a

first control signal that is supplied to the control terminal of the charge pump circuit;
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a first switch operatively connected between the first node and the second
node; and

a second switch operatively connected between the resistive divider and an
established voltage.
13. A voltage generation circuit as recited in claim 12, wherein the resistive
divider includes a plurality of resistors connected in series between the output
terminal of the charge pump terminal and the second switch.
14. A voltage generation circuit as recited in claims 12 or 13, wherein the
established voltage is ground.
15. A voltage generation circuit as recited in claim 13, wherein the capacitor
divider includes a plurality of capacitors connected in series between the output
terminal of the charge pump terminal and the established voltage.
16. A voltage generation circuit as recited in claim 12, wherein the second switch
serves to prevent or substantially limit power consumption by the resistive divider
when the second switch decouples the resistive divider from the established voltage.
17. A voltage generation circuit as recited in claim 12, wherein the resistive
divider includes first and second resistors connected in series between the output
terminal of the charge pump terminal and the second switch, and wherein the first
node is a node connecting the first resistor and the second resistor.
18. A voltage generation circuit as recited in claim 17, wherein the capacitor
divider includes a plurality of capacitors connected in series between the output
terminal of the charge pump terminal and the established voltage, and wherein the
second node is a node connecting the first capacitor and the second capacitor.
19. A voltage generation circuit as recited in claim 12, wherein the first switch and
the second switch are both activated in a first phase of regulation of the output voltage
by the charge pump circuit.
20. A voltage generation circuit as recited in claim 12, wherein the first switch and
the second switch are both deactivated in a second phase of regulation of the output
voltage by the charge pump circuit.
21. A voltage generation circuit as recited in claim 12, wherein, in a third phase of
regulation, the first switch is initially activated, and subsequently the second switch is

activated.
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22. A voltage generation circuit as recited in claim 21, wherein the first switch is
controlled by a first control signal to enable the resistor divider when regulation of the
output voltage of the charge pump circuit is needed.

23. A voltage generation circuit as recited in claim 12, wherein the first switch
includes at least a transistor, and wherein the second switch includes at least a
transistor.

24. A memory p}‘oduct, comprising:

data storage elements;

a controller for performing data storage and retrieval with respect to the data
storage elements; and

at least one voltage generation circuit, the voltage generation circuit
comprising:

a charge pump circuit that receives an input voltage and outputs an output
voltage at an output terminal, the output voltage being derived from the input voltage,
and the charge pump circuit having a control terminal;

a resistive divider operatively connected to the output terminal of the charge
pump circuit to provide a first divided voltage at a first node;

a capacitor divider operatively connected to the output terminal of the charge
pump circuit to provide a second divided voltage at a second node;

a comparator operatively connected to the second node and to a reference
voltage, the comparator comparing the first divided voltage or the second divided
voltage to the reference voltage to produce a first control signal that is supplied to the
control terminal of the charge pump circuit;

a first switch operatively connected between the first node and the second
node; and

a second switch operatively connected between the resistive divider and an
established voltage.

25. A memory product as recited in claim 24, wherein the memory product is a
memory card.

26. A memory product as recited in claims 24 or 25, wherein the data storage
elements provide non-volatile data storage.

27. A memory product as recited in claims 24 or 25 or 26, wherein the data
storage elements provide semiconductor-based data storage.
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28. A memory product as recited in claims 26 or 27, wherein the data storage
elements are EEPROM or FLASH.

29. A memory product as recited in claim 24, wherein each of the data storage
elements comprise at least one floating-gate storage device.

30. A memory product as recited in claim 24, wherein the memory system is a
removable data storage product.

31. A memory product as recited in claim 24, wherein the memory product is

removably coupled to a host.

32. A memory system as recited in claim 31, wherein the host is a computing
device.
33. An electronic system, comprising:

a data acquisition device; and
a data storage device removably coupled to the data acquisition device, the
data storage device storing data acquired by the data acquisition device, and the data
storage device including at least:
data storage elements;
a controller for performing data storage and retrieval with respect to
the data storage elements; and
at least one voltage generation circuit that receives an input voltage
and outputs an output voltage at an output terminal, the output voltage being derived
from the input voltage, the voltage generation circuit including at least:

a comparison circuit, the comparison circuit operating to
compare a feedback signal received at an input terminal with a reference signal to
produce a feedback signal that is supplied to the voltage generation circuit;

a first feedback circuit operatively connected to the output
terminal of the voltage generation circuit and to the comparison circuit, the first
feedback circuit providing a first feedback signal to the input terminal of the
comparison circuit; and

a second feedback circuit operatively connected to the output
terminal of the voltage generation circuit and to the comparison circuit, the second
feedback circuit providing a second feedback signal to the input terminal of the

comparison circuit.
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34. An electronic system as recited in claim 33, wherein the data acquisition
device is one of a camera, a network card or appliance, a hand-held or notebook
computer, a set-top box, a hand-held or other small media player/recorder, and a

medical monitor.
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