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CHARGE PUMP SYSTEM DYNAMICALLY RECONFIGURABLE

FOR READ AND PROGRAM

FIELD OF THE INVENTION

[0001] This invention pertains generally to the field of charge pumps and more

particularly to charge pump systems capable of supplying multiple different output

levels concurrently.

BACKGROUND

[0002] Charge pumps use a switching process to provide a DC output voltage

larger than its DC input voltage. In general, a charge pump will have a capacitor

coupled to switches between an input and an output. During one clock half cycle, the

charging half cycle, the capacitor couples in parallel to the input so as to charge up to

the input voltage. During a second clock half cycle, the transfer half cycle, the

charged capacitor couples in series with the input voltage so as to provide an output

voltage twice the level of the input voltage. This process is illustrated in Figures l a

and lb. In Figure la, the capacitor 5 is arranged in parallel with the input voltage VI

to illustrate the charging half cycle. In Figure lb, the charged capacitor 5 is arranged

in series with the input voltage to illustrate the transfer half cycle. As seen in Figure

lb, the positive terminal of the charged capacitor 5 will thus be 2* VI with respect to

ground.

[0003] Charge pumps are used in many contexts. For example, they are used as

peripheral circuits on EEPROM, flash EEPROM 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 in the art. But given the

common reliance upon charge pumps, there is an on going need for improvements in

pump design, particularly with respect to trying to reduce the amount of layout area

and the current consumption requirements of pumps.

[0004] Figure 2 is a top-level block diagram of a typical charge pump

arrangement. The designs described here differ from the prior art in details of how



the pump section 201. As shown in Figure 2, the pump 201 has as inputs a clock

signal and a voltage Vreg and provides an output Vout. The high (Vdd) and low

(ground) connections are not explicitly shown. The voltage Vreg is provided by the

regulator 203, which has as inputs a reference voltage Vref from an external voltage

source and the output voltage Vout. The regulator block 203 regulates the value of

Vreg such that the desired value of Vout can be obtained. The pump section 201 will

typically have cross-coupled elements, such at described below for the exemplary

embodiments. (A charge pump is typically taken to refer to both the pump portion

201 and the regulator 203, when a regulator is included, although in some usages

"charge pump" refers to just the pump section 201 .)

[0005] To provide higher levels, a charge pump will boost the input voltage

progressively in a series of stages. In many charge pump applications, such as for a

non-volatile memory, several different regulated outputs are often needed

concurrently. There is an ongoing need to improve the efficiency of such system by

reducing both their power and energy requirements, while retaining accuracy of the

output levels.

SUMMARY OF THE INVENTION

[0006] According to a first set of aspects, a charge pump system connected to

receive an input voltage and generate from this input voltage first and second

regulated output voltages respectively at first and second output nodes is presented.

The system includes a first charge pump connected to receive the input voltage and

provide at the first output node an output voltage generated from the input voltage.

The system also includes a second charge pump connected to provide at a second

output voltage at the second output node and connectable to receive the input voltage.

The system further includes a third charge pump connectable to receive the input

voltage. The system includes a first switch, whereby the output of the third charge

pump is connectable to the first output node, and a set of second switches, whereby

the output of the first charge pump can be supplied to the third charge pump and the

output of the third charge pump can be supplied to the second charge pump. A first

regulation circuit is connected to receive the voltage at the first output node, a second

regulation circuit is connected to receive the voltage at the second output node, and

control circuitry connected to the first and second switches, whereby the charge pump



system can be operated in one of a first or a second mode. In the first mode, the first

switch is on and the second switches are off so that the first and third charge pumps

are connected in parallel to generate the output voltage at the first output node from

the input voltage and be regulated by the first regulation circuit at the first regulated

output voltage and the second charge pump generates the output voltage at the second

output node from the input voltage and is regulated by the second regulation circuit at

the second regulated output voltage. In the second mode, the first switch is off and

the second switches are on so that the first charge pump generates the output voltage

at the first output node from the input and is regulated by the first regulation circuit at

the first regulated output voltage and the third and second charge pumps are

connected in series to generate the output voltage at the second output node from the

first output voltage and be regulated by the second regulation circuit at the second

regulated output voltage. The second regulated output voltage is higher than the first

regulated output voltage, and the second regulated output voltage is higher in the

second mode than in the first mode.

[0007] In other aspects, a method of operating a charge pump system to provide a

first and a second regulated voltage at respective first and second output nodes is

presented. The includes selectively operating the charge pump system in a first mode

or in a second mode. The first mode concurrently includes operating a first charge

pump and a second charge pump in parallel to generate from an input voltage a first

output voltage at the first output node and operating a third charge pump to generate

from the input voltage a second output voltage at the second output node. The first

mode also includes regulating the first output voltage at a first regulated level and

regulating the second output voltage a second regulated level, wherein the second

regulated level is higher that the first regulated level. The second mode concurrently

includes operating the first charge pump to generate from the input voltage a first

output voltage at the first output node and operating the first charge pump, the second

charge pump, and the third charge pump in series to generate from the input voltage a

second output voltage at the second output node. The second mode also includes

regulating the first output voltage at a first regulated level and regulating the second

output voltage a second regulated level, wherein the second regulated level is higher

that the first regulated level, and wherein the second regulated voltage of the second

mode is higher than the second regulated voltage of the first mode.



[0008] Various aspects, advantages, features and embodiments of the present

invention are included in the following description of exemplary examples thereof,

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 conflict in 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

[0009] The various aspects and features of the present invention may be better

understood by examining the following figures, in which:

Figure l a is a simplified circuit diagram of the charging half cycle in a generic

charge pump.

Figure lb is a simplified circuit diagram of the transfer half cycle in a generic

charge pump.

Figure 2 is a top-level block diagram for a regulated charge pump.

Figure 3 is an example of a multi-pump, multi-output charge pump system.

Figure 4 illustrates the operation of the system of Figure 3 .

Figure 5 is a exemplary embodiment for a charge pump system having

multiple regulated output levels.

Figure 6 illustrates the operation of the system of Figure 5 .

DETAILED DESCRIPTION

[0010] The following presents a charge pump system to provide multiple regulated

output levels, including several concurrently, in an arrangement that can reduce the

area and power consumption of such a high voltage generation system. The charge

pump system can be dynamically reconfigurable based on output requirements. When

output level is low, but required for a large AC, DC load, the system is configured in

parallel to share the load. When a higher output is required, such as for a

programming voltage VPGM in a non-volatile memory, the system is configured in

serial to generate the desired high output level. The exemplary embodiment uses all



of the pump units in each operation and, hence, is able to be optimized for smaller

pump area and less power consumption, while still delivering the same pump ability

as larger, more power consuming arrangements.

[0011] To provide some context, before presenting the exemplary embodiment, an

example of an alternate charge pump system is discussed with respect to Figure 3 .

The system of Figure 3 is designed with three charge pumps to provide three

regulated levels boosted above the supply level. A low voltage chare pump LV 301

generates VOUT1 and is regulated by LVReg 3 11 that receives VOUT1 and regulates

the pump to the desired level. A high voltage charge pump HV 303 has as an input

VOUT1 from the LV pump 301, which it then boosts through one or more additional

stages to generate the output VOUT2, which is regulated by HVReg 313. A third

charge pump 305 generates at third level VOUT3, regulated by Reg 315. For

example, in a non-volatile memory system, such as a NAND-type flash memory, and

VOUT3 could be used as a supply for decoding read levels during verify operations.

Each of the three pumps is enabled independently by one of the corresponding signals

ENABLE 1, ENABLE2, and ENABLE3.

[0012] Figure 4 shows the values of VOUT1, VOUT2 and VOUT3 and the level on a

selected word line when these output levels are applied for a NAND memory during a

programming operation. VOUT1 is used for supplying column or bit line related

voltages, for example, and is enabled at the beginning of any operation and regulated

at the same level for all of the operation. VOUT2 is used to supply the selected word

line with the programming voltage VPGM and also for the decoding voltage used to

pass the VPGM level during the program operation. VOUT2 is kept in regulation

during verify operation between each programming pulse and increased by the step

size of the programming pulse (dVPGM) after verify, if needed. VOUT3 is regulated

to supplied to the decoding circuitry to (VREADH/VREADHH) to pass sensing levels

to the word lines during the verify phase and regulated at a lower level during the

programming phase for supplying unselected word lines in various boosting options

and also select gate levels for NAND strings. Note that under this arrangement,

VOUT2 is kept high during the whole of the program operation, even during the

verify phase, only being stepped up for each step of the programming waveform.



[0013] Figure 5 shows an exemplary charge pump system that displays many of the

aspects presented here. The charge pump system provides two regulated outputs,

VOUTl and a higher VOUT2, and is operable in two modes having different values

for VOUT2. The pump system of Figure 5 is constructed of a relatively low voltage

charge pump LV 501 and several higher voltage charge pumps with stages. The

higher voltage charge pumps stages are distinguished by the ability to delivery an

output with high voltage level without violated devices EDR (Electrical Design Rule).

The high voltage charge pumps are designed with ability to start with either the high

on-device supply level (VCC) as input or with the input from another pumps output.

In the example of Figure 5, the high voltage stages pumps includes or more (here 2)

MID stages 503 and 505 and a pump OUT 507 that can start with VCC when the

SW2 switches 521, 523, and 525 are OFF, or with previous pump's output when the

SW2 switches 521, 523, and 525 are ON. The switches SW1 531 and 533 are added

between the HV stages MID pumps 503, 505 outputs and VOUTl. This allows the

MID pumps to work parallel with LV pump 501 to supply the VOUTl load. The

SW2 switches between the pumps allows all the pump units to configured in series to

supply the sort of high output, such as needed to supply program.

[0014] The system of Figure 5 shows a particular arrangement for the enable signals.

A signal ENABLEl controls the LV charge pump 501, with ENABLEl=high when

VOUTl is required. Both ENABLEl and ENABLE2 are connected to control the HV

pumps MID 503 and 505. For example, in an application for a NAND, during a read

and verify the memory could set ENABLE 1=high, ENABLE2=0, and both SW1 531

and 533 are enabled. The pumps MID 503 and 505 have their outputs connected in

parallel to assist pump LV 501 to supply the AC/DC load connected to VOUTl. (The

MID pumps 503 and 505 can be designed to provide the same amount of boost, say a

factor of 4, as the LV pump 501, but capable of handling the higher voltages when

used in the high voltage mode.) During a program, when both ENABLEl and

ENABLE2 are high, the SW2 switches 521, 523, 525 are enabled. The pumps MID

503 and 505 take input from previous pump and generate a very high output for the

HV pump OUT 507. Both of ENABLE2 and ENABLE3 control HV pump OUT 507.

During read and verify, only ENABLE3 is high and ENABLE2 low, and the HV

pump OUT 507 generate VOUT2 from VCC for decoding for the switches to pass the

read voltage. During program, to generate the pulse level both ENABLE2 and



ENABLE3 are high, the HV pump OUT 507 takes input from pump MID 505 and

generates a very high VOUT2 for VPGM and also to supply the decoding circuits to

pass VPGM. The ENABLE signals can be supplied from a the state machine (not

shown) on the memory, for example, while switches can be internally controlled to

meet any timing constraints.

[0015] VOUTl is connected to the regulation circuitry LVReg 541, which then is

used to control the pump 501 and, when being used to supply VOUTl, the MID

pumps 503 and 505. The output VOUT2 is received at the high voltage regulation

circuitry HVReg 543 to regulate the high voltage pumps OUT 507 and, when being

used to supply VOUT2, the MID pumps 503 and 505. (Here, when , the MID pumps

503 and 505 are in serial with the OUT pump 507 to generate VOUT2, all of these

pump receive the same flag, but in other arrangements could be used, such as using

the different flags to differentially regulate the pumps as they are at different points in

the boosting chain.) In this arrangement, HVReg 543 detects VOUT2 and send a flag

signal to stop internal pump clock of MID pumps 503, 505 and OUT pump 507 when

connecting in serial. Since VOUTl already regulated by LVReg 541 and has its own

flag to control internal LV stages for pump 501, the system does need to send the

HVReg flag to LV pump 501. Similarly, during Read/Verify operations, since pumps

MID 503, 505 and LV stages 501 are regulated with the same regulators, the flag

from LVReg also controls the internal pump clocks (or however regulated) for MID

pumps 503, 505 during this Read/Verify operation. Examples of appropriate

regulation circuitry is given in the references cited below.

[0016] Consequently, by use of the switches SW1 and SW2 the system of can operate

in two modes. In each mode, the system provides two regulated outputs, VOUTl and

VOUT2. In the first mode, when the SW1 switches are on and the SW2 switches are

off, the MID pumps 503 and 505 contribute to VOUTl, generating this from VCC, as

does the LV pump 501 . In this mode, the HV pump 507 also uses VCC as the starting

point, but to generate VOUT2 by, for example, using more stages than the other

pumps. In the second mode, the SW1 switches are off, while the SW2 switches are

on. In this mode, the LV pump 501 is still generating VOUTl from VCC. The other

pumps are now connected in series, so that the VOUTl is now the input to the MID

pump 503, which is in turn to the input to the MID pump 505, with the HV OUT



pump 607 now starting with this already boosted level as its input to generate a higher

output. This is illustrated by Figure 6 .

[0017] During read operations, all SW2 are OFF, with the internal HV stages pump

MID and OUT are all starting with VCC as their input. The output of HV pump MID

are passed through the SW1 switches to help VOUT1 supply for its large AC and DC

load. Figure 6 shows the application of the system of Figure 5 to a write operation of

a NAND type flash memory, where the two modes are alternately used as verify and

programming pulse in the sequence as shown. Starting with an initial verify, the LV

pump 501 and the HV pumps MID 503, 505 are configured in parallel to help

VOUT1 carry a large AC and DC load for the verify operation. HV pump OUT 507

starts from VCC and generates a VOUT2 level that, while lower than used for a

programming pulse, is high enough to pass the voltages used on the word lines for the

sense operation of the verily, typically about 12V. After completing the first verify

and done assisting VOUT1 setup for the program phase, the HV stage pumps 503,

505, 507 are configured in serial to bring VOUT2 to very high level for the VPGM

level and also supply decoding switches the supply this level to the selected word

lines. The verify and pulse phases continue to alternate until the write operation is

complete, with the VOUT2 level during the program phase being stepped up as each

pulse.

[0018] The main aspects being discussed here relate mainly to the relation of the

different pumps and the topology of their connections to supply the different output

level. As to the specifics of the pumps themselves, various designs may be used. In

Figure 5, as well as in the preceding figures, only a block representation of charge

pumps and a basic implementation of regulation circuitry has been given. With

respect to the charge pump itself, any of the various designs (voltage doubler,

Dickson type, and so on) can be used. Similarly, there are may ways for how the

output is regulated based upon the control signal, such as varying the frequency of the

input clock signal, the amplitude of the input voltage, the number of stages, and so on.

More details on these aspects, which can be applied to the exemplary embodiments

below as well as to the examples above can be found, for example, in "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/ecel371/chargepumps.pdf. Further information on

various other charge pump aspects and designs can be found in US Pat. Nos.

5,436,587; 6,370,075; 6,556,465; 6,760,262; 6,922,096; 7,030,683; 7,554,31 1;

7,368,979; 7,795,952; 7,135,910; 7,973,592; and 7,969,235; US Patent Publication

numbers 2009-0153230-A1; 2009-0153232-A1; 2009-0315616-A1; 2009-0322413-

Al; 2009-0058506-A1; US-201 1-0148509-A1; 2007-0126494-A1; 2007-0139099-

Al; 2008-0307342 Al; and 2009-0058507 Al; and applications Nos. 12/973,641 and

12/973,493, both filed December 20, 2010. Examples of a pump system with a

variable number of branches can be found, for example, in US Pat. No. 5,781,473 and

with a variable number of stages can be found, for example, in US patents numbers

5,602,194, 6,151,229 6,369,642, 6,370,075 and 6,486,728 and in US Patent

Publication number 201 1-0133820-A1.

[0019] As discussed with respect to Figure 3 and 4, typical pump system designs

for providing high voltages uses several pumps, where each pump is independently

controlled and generates an output level when required. The charge pump which

generates the program voltage (VPGM level) is enabled during program and disabled

or not used in read and verify, while other lower voltage charge pump are needed to

supply the typically large AC/DC load. Such an arrangement requires a large layout

area and will draw a relatively large amount of power. The exemplary embodiment of

Figures 5 and 6 is arranged with two regulated outputs and two intermediate pumps

(the MID pumps 503 and 505), but other numbers of outputs and reconfigurable

intermediate pumps can be used depending upon the application. Whatever the

specifics of the embodiment, the approach described with respect to Figures 5 and 6

presents a design for a charge pump system that can be dynamically reconfigured

based on output requirements. When the output level is low, but require for a large

AC, DC load, the system is configured in parallel to share the load. When required

for a high output, such as VPGM, the system is configured in serial, taking the output

of one pump as input of the next, thereby being capable of generating a high output

level for VPGM requirement. This approach can use all of the pump units in each

operation and, hence, is able to optimize for smaller pump area and less power

consumption, but still deliver the same pump ability as previous approaches.



[0020] Although the invention has been described with reference to particular

embodiments, the description is only an example of the invention'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

invention as encompassed by the following claims.



IT IS CLAIMED:

1. A charge pump system connected to receive an input voltage and generate

therefrom first and second regulated output voltages respectively at first and second

output nodes, comprising:

a first charge pump connected to receive the input voltage and provide at the

first output node an output voltage generated therefrom;

a second charge pump connected to provide at a second output voltage at the

second output node and connectable to receive the input voltage;

a third charge pump connectable to receive the input voltage;

a first switch, whereby the output of the third charge pump is connectable to

the first output node;

a set of second switches, whereby the output of the first charge pump can be

supplied to the third charge pump and the output of the third charge pump can be

supplied to the second charge pump;

a first regulation circuit connected to receive the voltage at the first output

node;

a second regulation circuit connected to receive the voltage at the second

output node; and

control circuitry connected to the first and second switches whereby the

charge pump system can be operated in one of a first or a second mode,

where, in the first mode, the first switch is on and the second switches are off

so that the first and third charge pumps are connected in parallel to generate the

output voltage at the first output node from the input voltage and be regulated by the

first regulation circuit at the first regulated output voltage and the second charge

pump generates the output voltage at the second output node from the input voltage

and is regulated by the second regulation circuit at the second regulated output

voltage, and

where, in second mode, the first switch is off and the second switches are on

so that the first charge pump generates the output voltage at the first output node from

the input and is regulated by the first regulation circuit at the first regulated output

voltage and the third and second charge pumps are connected in series to generate the

output voltage at the second output node from the first output voltage and be regulated

by the second regulation circuit at the second regulated output voltage,



wherein the second regulated output voltage is higher than the first regulated

output voltage, and the second regulated output voltage is higher in the second mode

than in the first mode.

2 . The charge pump system of claim 1, further comprising:

a fourth charge pump connectable to receive the input voltage;

an additional first switch connected to the control circuitry, whereby the

output of the fourth charge pump is connectable to the first output node; and

whereby the second set switches can provide the output of the first charge

pump to the third charge pump through the fourth charge pump,

wherein, in the first mode, the additional first switch is on so that the fourth

charge pump is connected in parallel with the first and third charge pumps to generate

the output voltage at the first output node from the input voltage, and where, in the

second mode, the additional first switch is off and fourth charge pump is connected in

series between the third and second charge pumps to generate the output voltage at the

second output node from the first output voltage.

3 . The charge pump system claim 1, wherein said charge pump system is

formed as peripheral circuitry on a non-volatile memory circuit.

4 . The charge pump system of claim 1, wherein the first and third charge

pumps are responsive to a first independent enable signal, the second and third charge

pumps are responsive to a second enable signal, and the second charge pump is

response to a third enable signal, wherein the first, second and third enable signals can

be independently asserted.

5 . The charge pump system of claim 1, wherein can operate the charge pump

system in a sequence of alternating first and second modes.

6 . The charge pump system of claim 5, wherein level of the second regulated

output voltage is increased for each second mode of alternating sequence.

7 . The charge pump system of claim 1, wherein the input voltage is high

supply level of the circuit upon which the charge pump system is formed.



8. A method of operating a charge pump system to provide a first and a

second regulated voltage at respective first and second output nodes, comprising:

selectively operating the charge pump system in a first mode or in a second

mode, wherein the first mode concurrently includes:

operating a first charge pump and a second charge pump in parallel to

generate from an input voltage a first output voltage at the first output node;

operating a third charge pump to generate from the input voltage a

second output voltage at the second output node;

regulating the first output voltage at a first regulated level; and

regulating the second output voltage a second regulated level, wherein

the second regulated level is higher that the first regulated level, and

wherein the second mode concurrently includes:

operating the first charge pump to generate from the input voltage a

first output voltage at the first output node;

operating the first charge pump, the second charge pump, and the third

charge pump in series to generate from the input voltage a second output

voltage at the second output node;

regulating the first output voltage at a first regulated level; and

regulating the second output voltage a second regulated level, wherein

the second regulated level is higher that the first regulated level, and wherein

the second regulated voltage of the second mode is higher than the second

regulated voltage of the first mode.

9 . The method of claim 8, wherein the method includes operating the charge

pump system in a sequence of alternating first and second modes.

10. The method of claim 9, wherein the second regulated level is increased for

each second mode in the sequence.



11. The method of claim 8, wherein the first mode further comprises

operating a fourth charge pump in parallel with the first and second charge pumps to

generate from the input voltage the first output voltage at the first output node, and

wherein, in the second mode, the fourth charge pump is operated in series with

the second charge pump between first and third charge pumps to generate from the

input voltage the second output voltage at the second output node.
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