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Two Levels of Voltage Regulation Supplied for Logic and Data

Programming Voltage of a Memory Device

TECHNICAL FIELD

YVarious implementations may relate generally to non-volatile memory devives,

£

gsnd particular implersentations may relate to systems and methods for operating mult-

leved Hash cells.

BACKGROUND

A gu* ing devices have increased in capabilities and features, demand for

data storage devices has grown. Data storage devices have been used, for example, o
1 slore program instuctions (e, vode} that may be exceuted by processors, Data

storage devices have also been used 1o store other types of data, including audso, mnage,
andior text information, for example. Recently, systems with data storage devices
capable of storing substantial data content {e.8., songs, music videos, ete.} have hecome
widely available in portable devices

Such portable devices inchade data storage devices {DSDs) that have small fonn

7

ctors and are capable of operating from portable power sources, such as batlertes.

s
2’

ffJ

Rome DS in portabie devices may provide non-volatile memaory that is capable of
vetaining dats when disconnected from the power source. Portable devices have used

various non~volatile data storage devices, such as hard dise drives, BEEPRL I

3]
L]

{electrically evasable }m}grmnmahia read only mumory}, and Hash memery.
Flash mewmory has become o widely used type of DSI. Flash memory may
provide a non-volstile memory in portable electronic devices and consumer

applications, for example. Two types of Hlash memory are NOR tlash and NAND

4=

flash, NOR flash ‘i\,pu;ai provides the capacity to execute code in place, and 1

25 randomly accessible (1o, like a RAM). NAND flash can typieally erase data ot
quickly, access data in bursts {o.g., 512 byte chuuks), and may provide more fetime

prase cyoles than comparable NOR flash. NAND flash may geverally provide non-

fom
g

volatile storage at & Jow cost per bit as a high-density file storage medium for consumer

devices, such as digital cameras and MP3 players, for example.

o
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Typical flash memory stores a unit of information by storing an electrical

charge in cach memory cell at a vollage representative of g digital data value. Single

v

Yria
&

evel colls store one bit of information based on the cell being charged o a “high”
voltage, or being discharged to 2 “low™ voltage. NAND flash memory has been
developed that stores up o two bits of information in a single cell by decoding the
charge s being within one of four different voltage ranges. NOR flash memory has
heen doveloped that can store up to & bits of information in a single cell by decading

the charge as heing within one of 236 different voltage ranges.

SUMMARY
[eserthed apparstus and associated systems, methods and computer progrant

products relate to multi-level data storage in flash memory devices.

1

In one general aspect, ¢ fash memory deviee inchudes multiple flash memory

£y

cells, A frst interface iy adapted to recetve power for selectively programning sach
flash memory cell. A second interface is adapted to receive power supplied o logie
level cironitry fo pecform the selection of flash memory cells {o be supplied with power

from the first input during a wrile operation.

st
e

Implementations may inchude one or more of the following features. Th

sevond interface further supplies power to logic level cirenitry for selecting flash

-f"

memory cells during @ read operation. The memory cells are NAND flash mamory
cells or NOR fash memory cells. The first interface is adapted to recetve a voltage of
between approximately 12 to 20 volts. The second interface is adapted to recetve
voltage of hetween approximately ! to 3 volts, Fach memory cell is adapted to recetve
a charge o a voltage representing @ data value having more than 4 bits, A flash
memory die includes the fash memory colls, the first interface, and the second
interface. A fivst power sowrce external to the flash memory die provides PIOETRMIHDE
power to the st interface. The first power souree is coupled o multipie flash memory
dies, and each fash memory die includes muliiple flash memory cells. A second power
source sxternal 1o the fash memory die provides logic-level power to the second
interface. The second power sotroe is coupled to multiple flash memory dies, sach
neluding muitiple flash memery cells. A controller controls access to the flash
emory die by controlling the seeond power source. A flash disk controller external to

the flash memory die is operable to control access to the flash memory cells, The flash
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disk controller is coupled to the first interface and the second 1nterface to provide the

§ wnteriace and the second Interface.

In another general aspect, & flash memory die includes muitiple flash memory
cells, a first input adapted {or receiving programming power, and a second inpul
adapted for recetving logic-level power. A first power source external o the flash
memory die provides programmuing power to the first input, and a second power source
extamal to the Hash memory die provides logic-level power to the second mput.

Implementations may include one or more of the following features. The first
power source 18 @ churge pump. The second power source is & low dropout regulator.
A power supply v electrically connected to the first and second power sources. The
second power source regulates the voltage to less that a 3 % tolevance or 1o less that a
1.0 % tolerance. A controiler dic inclodes an interface operable to send and receive
signals sssociated with the flash memory celis to a host device. A package contains the
flash memory die and the controller dig.

In vet another general aspect, power i3 externally supplied to @ memory die for
srogramming operations af a first voltage from a first power source, and power i3

a

externally supplied to the memory die for logic-lovel operations at a second voltage

from a second power source. The second voltage is different than the first v uhag
In some implomentations, the first and secoud power sources are each coupled

to ¢ single power supply, and the first and the second power sources are coupled to the
power supply {n paraliel

Some implementations may provide one or more advartages. For example,
some implementations may provide high performance data storage functions, Storags
density andfor capacity may be increased. Some examples may provide improved
reliability and/or reduced data error rates. Various implementations may permit
increased fevels of intepration, minjaturization, reduced electromagnetic noise and/or
improved noise marging, Some implementations may realize lower system cost in
auxiliary systems, such as voltage supplies to logiv and/or programming/erase eireuits.

The details of one or more implementations of the invention are set forth in the
accompanying drawings and the description below. Other features of the meention will

4

be apparent from the description and drawings, and from the clavms.

T2



WO 2007/134281 PCT/US2007/068859
DESCRIPTION OF DRAWINGS
FIG. 1 shows an example of an architectore of a multi-chip package that

includes a NAND flash memory die and a Hash disk controller,

FIGR, 2A-2B collectively show a mapping hetween a cell voltages and digital
o ] o] be

§  valoes siored in a memery cgll
FIGS. 3A-38 show How charts that illustrate examples of processes for reading
pages of data from a anbii-level cell flash memory.
FIG. 4 shows a flow chart that ilustrates an example of a process for reading 8
page of data from fiash memory.
18 FI03. § shows & fow chart that illustrates an example of a process for

verforming rror cotrection operations to correct @ page of data contanung bil erross,
FIGSE. 6460 collectively show cxamples of operations for execuling an
alternative value command,
FIGS, 7TA-7H show flow charts that tlustrates an examples of processes for
18 writing data to a Hash wemory page.

FIGS, BA-EB show flow charls iltustrating examples of progesses for adjusting

poses

cell resolotion of & memory page.
FIG. 9 shows a fow chart Hlustrating an example of a mainienance process,
FIG 10 shows a Bow chart illustrating an example of @ process of logival
26 addressing in U Hash disk controiler
FIG. 11 shows an example of a system that includes a charge pump and ap
analog to digital converter external to the NAND flash memory die.
FIG. 12 shows an example of a systen that includes decoupled power input at a
NANTD Hlash monwwy die.

v

25 Like reference symbols in the vasious drawings indicate tike clements.

DETAILED DESCRIPTION OF ILLUSTRATIVE EXAMPLES
Various fmplementations relate to flash memory capable of storing txformation
in deop mutti-level cells (MLCs). Deep multi-level cells may encode at least several
bits of data sevording to a cell voltage. Some implementations relate fo archifectures

for implementing systoms that include deep MLC flash memory, Some

Ley
]

implementations relate to techniques for performing data storsge operations with deep

ML Hash momory.
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FIG. 1 shows an example of a multi-chip package (MUP} 100 that provides data
storage Tor a host device {not shown), The MCP 100 includes & NAND flash memory
die 103 for storing data and a fash disk controller (FDC) 106 that facilitates access o
the Hash memory in response to read and/or write commands from the host. In some

faplomentations, the NAND flash memory die 103 stores data in deep MLCs, For

=

example, cells in the flash memory die 103 may hold 3,4, 5,6, 7, &, 9, 10 or more bifs
of information. The MUP 100 may provide data storage in varions portable devices,
snch as digital cameras, other image storing devices, portable audio devices, personal
digital assistants (PHAY, and digital video recorders, for example. Some
implementations may alse be used in other applications, examples of which may
include deskiop computers, servers, wireless routers, or embedded applications (2.,
sutometive, particalarly in sitafions where quick access to data is desirable. In
general, apparatus and technigques according to examples described herein may be
implemented to increase flash memory density and/or to realize high performance

andfor reliable non-volatite data storage upm‘atims,
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Hash memory. Some sther ﬁ};amp}es may have resolutions such as 16-bit, 22-bit, 64
bit, or more. I some implementations, resolution may be determined by single or
multipte electron detection on a gate of a cell. In other implementations, any practical
suniher of bits of fnformation may be encoded in a voltage to which an individual flash
memory cell is charged.

%]

The FOC 106 includes a host interface 109, a processor 112, and a flash

A%

interfave 115, The FUXC 106 receives conunands and/or data {2.g., ©oftware code
updates or user data) from and/or transmits data to a host device, such as 2 processor on
5 dosktop computer, server, or portable computing device, via the host interface 109,
Communicating with the host may use custom or standard protocols, such g8 Advanced
Technology Attachment {ATA)Y, Serial ATA {(SATA), Block Abstracted NANI, Sveure
Heital (SDY, or Multi-Media Card (MMC), for example. In some implemeniations, , the
MOP 100 may be part of the same product as the host device. In other
implementations, the host device may be in operative communication with the MCE
104 through 2 commurtication Hnk (e.g., USB, Firewire, Bluetooth to at foast one other

orovessor-based device, For example, 2 host may access the MOUP 108 remotely by

L
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sending control messages and sending and receiving data messages over at least one
setwork, which may includs wired, wiveless, or {iber optic links, or a combination of
these. Such networks may support packet-based communications, and may inciude a
tocal network or a wide area network, such as the Internet.

& The processor on the host device may read data from andfor wrtte data to the
NAND Hash memory die 103 using a logical addressing scheme that 18 processed by
the FDC 108 © identify physical addresses in the flash memory. In some
implementations, the host interface 109 may be configured to communicate with the
host device using an ATA/TDE fnterface. The processor 112 may process the received

1¢ command and use the flash interface 115 to access the NAND flash memory dig 103
The FDU 106 may be configurad to provide functionalities, such ay wedr managment,
Block managemenst, error corvection, and logical addressing management
functionalities, lo improve performance of the NAND flash memory die 103, such as
increasing reliability, decreasing read and write time, improving power e efficiency, and
15 increasing capacity per chip volume. Certain techniques and apparatus deseribed
herein may bo applicshle to NAND andfor NOR flash memory, o other types of
clectrically crasable or electrically writable memory, or to memory in which data
socess resolution is in pages or blocks,

Although onty one NAND flash memory die 103 s shown in FIG. 1, the MCP

20 100 may includs more than one NAND flash memory die 103, Some implementations
aay include any combination of nen-volatile memories, which may inchude NAND
Stash, NOR flash, or slectrically erasable programmable read only memory (EEPROM).
in some ihustrative examples, the MOP 100 can inclode two, three, Tour, oral feast
eiete NAND flash memory dies 103, For example, the MCP 100 may tactude o Hash
o5 disk controller 106 on a die that is packaged with {e.g., in a stack} four NAND flash

memory dies 103,
fnt some implementations, the flash disk controller 106 and the Hash memaory
die 103 may be implemented on a single die. In other implementations, one or more of
the components in the flash disk controller 106 may be implemented in past ot entirely
30 exiemnal to a single die or the MCP 100. For example, some or all of the syachronons
dynamic randost aceess memory (SDRAM]} 151 andfor the non-volatife memory
{NVM} 154 may be implemented external to the MCP 100, In som ¢ implementations,

some or all of the fash disk controller 106 may be packaged separately from the Hash

&
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memory die 103, In an Slustrative example, the NVM 154, the SDRAM 151, the host
mterface 109, and at least a portion of the processor 112 may cach be implomented
externally to the MCP 180, In other implementations, the analog and/ or digital signals
hetween the fash interface 115 and the flash memory die 103 may be externally routed
to an integrated package.

Remote or distributed sransmission stroctures {e.g., shislded and/or controlled
mpedance signal paths) may be implemented to transport signals to andfor from al
least one fash memory die 103, In some implementations, memory expansion may be
wovided by wstalling additional packages of non-volatile memory. Buffering andfor
routing devices may be used to support distribution of analog and/or digital signals toa

‘\ 3

ariable number of memory dies 103, Furthermore, functions of the provessoy 112 may
be performed external to the MCP 100, In various examples, the processor 112 may be
implemented, in whole or in part, in & clrouit on the same substrate {e.g., printed cirsut
board) or in the same product as the MCP 100, The processor 112 may be
implemented from another computing device in operative communication with the
MOP 100 through & communication lnk {e.g., wired, wireless, fiber optic, or &
combination of any of thesel The MCP 100 may have any practical memory

size, such a8 up to at least 100 gigabytes or more, In the depicted example, the NAND

o

flash memory die 103 s organized 1o include a sumber of flash memory blocks 118 &
some implementations, the NAND flash memory die 103 may include hundreds or
thousands of Hash memory blocks 118, Bach flash memory block 118 includes &
sumber of flash memory pages 121, As shown, each flash memory page 121 includes
cells that may store data 124 and cells that may store error corvection codes {ECCxzy 127
associated with the data. As an example, the flash menory page 121 muay store 2043
bytes of datg and 64 bytes of BOC data. The data cells 124 stare information recerved
from the flash disk controlier 106, The BCC cells 127 store additional integrity meta-
data {e.5., BOC data) that is associated with the data stored i the data cells 124, In
various implementations, the ECC data allows the flash disk controller 166 1o detect
and/for correct bt errors in the data.

In the ilustrated example, each flash memory block 118 alse includes one ar
more reference cells 130a, 130b, 130c.  In some implementations, the FDU 106 may
monitor the voliags in the reference cells 130a, 130b, 130¢ to sstimate the degree of

voltage sag or duift, in the cells 124, 127, In each hlock 118, the reference cell 130
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may be located at the beginning of the block 118, and the reference cell 1300 may be
focated at the end of the block 118, Each flash memory page 121 may include the
reference cell 130¢. In some unplementations, a greater ov lesser nomber of reference
cells may be distributed in any pattern across the pages, blocks, and dies of the memory
103 {o delenmine the likely performance of the cells 124, 127,

In some tmplementations, reference cells way be located in or around celis that
sxperionce read/write usage levels that are representative of the usage level of cerfain
data cells of interest. Compensation methods may be based on comparing non-
referance cells to other non-reference cells. For example, if voltages in a number of
cells in the same page or block are refatively low, then compensation may nclude
adiusting thresholds {e.g,, voltage thresholds between different value lovels iu a cell)
downward aceording to the messured valoes so that read errors may be substantially
reduced. Other examples include dc,tvz:;mmlm“ a correction function based upon the
detocted voltages in reference colls, the correction function adjusting the detected
voltage prior to converting the detected voltage into the digital data value represented
by the memory cell

In some implementations, memory cells may be refreshed by applying
additional charge to a plurality of cells to correct for detected voltage sag. Foy

xample, if the voliage level of one or more reference cells indicate more than some
threshold amount of voltage drifl, then the memory cells in the page(s) or block(s}
associated with the reference cell{s) may be either adjusted by applying additional
charge or rewrilten fo vestorad the cells to appropriate voltage levels ae cording to the
stored data. Sucll adbustments can be performed immediately upon detecting the
voltage drift in the reference cell {8) or as part of & later maintenance operation. In
some implementations, additional charge may be applied or the memory cells may be
rewritien hased on the difference betwoen the detected reference cell voltage(s) and the
target referenve coll voltage(s), which may be assumed to indicate the gporoximate
amount of voltage drift or sag for both the reference cell(s) and the corresponding data
pells

In other hnplementations, applying additional charge or rewriting of the
memory cells may be performed by reading all of the cells, performing any necessary

adjustments to thresholds {e.g., using a correction function based on the reference well

8 &

voltages andfor using other techniguoes deseribed hereiny, and performing error

»

s
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correction on the detected data to obtain the stored data. Thereafler, the data can be
used o deternyine appropriate voltage levels or how nuuch additional charge is needed
for the varicus memory cells to correct for the identified voltage dutt or sag. In some
implementations, the amount of additional charge applied may be determined based on
5 acorrection function that is the same or similar to the correction function uged o adjust
detected voltages prios to converting the detected voltages into digital data values.
fo some implemantations, cells in the flash memory may be adaptively re-
assigned. For example, reference cells may be added, removed, relocated, andfor
redistributed as needed in response to read or write usage information, leroperature,
1 product age, supply voltage {e.g., low battery, AC-Hne powered), and/or detected error
fovels, [ervors i certain blocks or pages of memory are low, thean fewer cells may be
assigned a T eells 127 andior reference cells 130, which allows for more data cells

The relative asstpnments of cells to reference, dats, and BCT functions, as well as

the resolution.of mdividual cells, may be dynamically adjusted based on current

.5
o

operating conditions, sndfor according to predetermined conditions. For example, the
resolution may be adiusted based on ervor rates, the number of ECC cells per page may
he hased on rror rates and read and wriie history information, and the location and
distribution of referenve cells may be based on exror rate and product age. This
sxample mersly illostraies that the controller 106 and the flash memery die may b
20 dvnamically adjusted sccording to various criteria. Other eriteris may include
critivality of the data, power source availability {e.g., AC line power, battery power),
snd defined eriteria shout the relative buportance of maximizing memory size, speed
verformance, and dats integrity. For example, maintaining a high cell resolution that
requires g substantial number of software corrections may result in fonger gcess Hmes.
@5 The oriteria may be fatlored by the user, product manufacturer, or software, according
1o the needs ot the appHeation.
In some implementations, data that requires a substantial number of software

o

orrections may he rewritien n a maintenance operation to corveet for variations i

g

charge associated with the passage of time or to vogrect for pages of memory vells that

have begun to degrade. Typically, when changing the resolution of one or more

[
Lo

3

memory cells, the data will be written to a different page of memory cells, and may be
written at the same or o different resolution. o some implementations, the original

page of mamory cells will he downgraded to g lower resolution, which will often b

Q
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required as the memory cells age and degrade. When rewriting of data i performed as
a result of identificd voltage drift or sag, it is possible to write the data to the same or
ditferent page or block of memory cells,

The flash interface 115 provides divect control, handshaking, and data transfer

access to the {lash memory die 103, The fash interface 115 fncludes a control interface

[}

£33 and an analog interface 136, In some implementations, the control inferface 133
may send control, address, and data signals to the flash memory die 163, The
commands and the memory addresses may be transmitted in digiial signals or analog
signals, The flash disk controller 106 can also receive analog sig gnals fron the flash

1 memery dic 103, The flash disk controller 106 may inclade a processor for interfacing
with flash memory logic on the flash memory die 103, and this processor for

tnterfacing with the flash memory logic on the flash die may be integss stedd into the flash

ery

’J'!

mterface 115
Tn responae to a vead command, the Sash memory die 103 may output cell
15 voliages representing data stored in individual data cells 124, The Hash disk controtler
106 can receive the snalog voltage signals output from each memaory eell on the Hash
memory die 103, These analog cell voltages or analog voltage signals may be
vansmitted 1o the snalog interface 136 in the FDC 106, In some implementations, the
flash interface 115 may also include a dats bus separate from the control interface 133
o0 and snalog interface 136 for communicating with the flash memory die 103,
The analog interfece 136 may include an analog front end {analog FE} 138 and
an anatog-te-digital converter (ADC) 142, Upon recetving the ana atog signals, the
analog FE 139 may condition the signals as needed, for example, to provide oftset,
cotrective level shift, gain, buffering, filtering, or controfled impedance to mimmize
o5 roflections. The analog FE may provide a high impedance input to minimize loading of
the flash memory cell, and a low impedance putpet to drive a sample and hold or track
and hoid ciruit that is coupled to an input of the ADC 142, In some implement ations,

the analog FE 139 may further include an analog multiplexer {not shown) to seicet one

af a mumber of analog output Iines from one or more {flash memory dies.
K The ADC 142 processes the analog value to determine & corresponding digital
dats value reprosentation of the voltage in the data cells 124, 127 The ADLC 1Al

reocives the conditioned analog signal and convert the analog signal into a digita al

reprosentation of the analog veltage. The ADC 142 {or a processar rin the ADC) then

10
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a

converts the digital representation into a digital data valoe represented by the voltage
stored on the memory cell based on, for example, 8 mapping function, The provessar
112 could also be used © convert the digital representation into a digital data value.
The dipital reprosentution of the analog voltage may include enough information 1o
atlow the ADC 142 or & processor to distingeish among 8 plurality of anatog voltage

fevels each reprosenting a particular digital data value. The digital representation may

sy

comprise a grogter mumuber of bits of data than the digital data value. In some
fmplementations, the ADC 142 may be integrated into the {lash memory die 103 rather
{han being included in the flash disk controller 106, In such'a case, the flash interface

115 may roveive digital represontations of cell voltages or digital data values from the

An example of a mapping function 143 is shown. Based on the mapping

he ADC 142 or the processor 112 may convert an analog cell voltage

e
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oar 1
f]
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into digital reprosentation andior a digital data value. For example, there may be s

series of analog veltape thresholds that can be used to map an analog veltage to g

digital representation andior digital data value. Likewise, the mapping functicn 145

may alse iHhustrate the conversion of g digital reprssemta‘iim of the analog voliage into 8
voltage may map i a particular d}gﬁdl data value, with each digital date value having ¢

corresponding distinet set of one or more digital representations.
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ome implementations, the ADC 142 or the processor 12 may receive
parameters that change the mapping function 145, For example, the FDO 106 may
adapt the mapping function 145 based on current temperature, supply voltage, number
of reads and write of the page data, and/or the voltage in the reference eells 130a, 1300,
andfor 130¢. In sowme implementations, adaptations to the mapping function may be
based on voltugs characteristics of neighboring data cells 124, ECC cells 127 , andfor
ather cells. The mapping 145 between cell voltages and digital data values is described
in further detall with reference to FIGS. 2A-2B. In some implementations, the ADC
147 or 4 provessor may also operate responsive to an altorative value compy wnd to
retriove altomative valuss for the recetved analog signals or digital represemtations of
the analog signals. Bxample implementations of the alternative value command are

T

described In forther detadl with reference to FIGS. 6A-0C.
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The fash disk controlier 106 also includes an ECC engine 148, In various
implementations, the ECC engine 148 may perform hardware and/or software exror
chegking and correction using ECC cells 127, In some implementations, the BCC
engine 148 may provide state machine-based data recovery. For example, the BCC
engine 148 may defect the number of arvor bits in 4 page of data. Then, the ECC
engine 148 may determine which BCC algorithm s used, As an example, the ECC

engine 148 may be configured to fivst mtompt a hardware BECC algorithan using, for

sxample, Hameming or Reed-Solomon codes. I the hardware BOC algorithm i3

wnsuceesstul in recovering the page of data, then g software BOC corsection may be
attempied. Au exarnple method Hustrating use of hardware ECC, software BCC, and
ather technigues n combination is described with reference to FIG. 5. In some

3
%

fmplementations, the BCC engine 148 may provide ervor corvection for up o at least
gbout 10% or more of the size of a page of data. In some examples, a provessor may
determine which BUU algorithm o use.

in some tmplementations, the processor 112 will rewrite or refresh the dala
stored in 2 flash memwory page if an ECC algorithm is used fo recover data that includes
more than some predetermined number or perventage of errors. In other
implementations, the processor 112 will record the location, physical andfor togieal, of
data that included such erross in a malntenance log. The processor 112 will then
rewstte or refresh that data during 8 maintenance operation {See FIG. 9} Maintenance
operations may be performed when the host device is operating under a predetermined
power condition, when the processar 112 bas a predetermined amount of excess
bandwidih, sndor af scheduled intervals,

The flash disk controlier (FDT} 106 may inclede dynamic random aceess
senory {DRAM). The flash disk controller 106 of this example also mcludes &
synchronous dynamic random aveess memory (SDRAM) 151, For examply, the
KDRAM 151 may be a single data rate SDRAM or a double data rate SDRAM. in
some implementations, the FDC 106 may use the SDRAM 151 as 2 high spead and
high density buffer for storing tempnrary data such as output data for the host device
and alternative digital vatues for 2 page of data, for example. FDU 106 may also
inclode other types of RAM, such as DRAM. As an example, the FDC 106 may

receive analog dats from the NAND flash memory die 103,
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The FDC 106 may then convert detected analog voltages into digital date,
inchading, in some cases, alternative digital data values for one or more of the cells,
Then the BCC engine 148 checks and corrects the digital data, possibly checking
suultiple different combinations of dats values and alternative data valoes for the cells
on each flash memory page 121, 1 the error correction is successiul, then the processor

I

yta

2 vy store the digital data into a host output buffer in the SDRAM 151, In some
inplomentations, the host device may retrieve data from the host output buller.
Alternatively, the flash disk controller 106 may forward data from the host output
huffer to the host devive. The SDRAM 151, or other cache memary, may further be

store data to be written to the flash memory die 103,

e
27
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The FOC 106 alse includes a non-volatile memory (NVM} 134, In this
exaraple, the NVM 154 includes wear management software code 157, block
management softwase vode 160, logical addressing software code 163, and well
resolution registers 166, each of which contain instructions {or pointers te instractions

in the flash memeryd that, when executed by the processor 112, perform cerfain
operations. In some inplementations, the NVM 154 may be separate from the NAND
flash memory die 103, For example, the NVM 154 may be a NOR flash memory or
another NAND fHash memory. In other implementations, the NVM 154 may be one or
more pages 1 the NAND Hash memory die 103, In other implementations, the KVM

154 may stove pointers or memary locations to the data stored in the NAND flash

memory die 103, In some implementations, the processor 112 may execute the wear
managemerd software code 157, the blovk management software code 168, and the
togical addressing software code 163 to improve of fficiency, performance, and/or

retiability of the MCP 100,

The processar 112 may use the wear management soffware code 157 to manage
the wear of pages 121, blocks 118, or die 103 tn the MCP 100, For exarmpls, the wear

management software code 157 may include instructions that, w hen executed by the

.

progessor 112, porform operations that include load balancing operations o swap the
data in the most Sequently used memory page to a less used memory page. The

.

swapping operations may also ineclude an updating of the logicat addregsing software
gote 163,
The wear wanagement software code 157 may be activated during a

natatenance operatinn. In some implomentations, the physice 3} anddor logical sddresses

st
Lok
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of cach read operation is recorded in @ maintenance log. Each write operation may also
be recorded in & maintenance log. The wear management software code 1537 may then
use predetermined thresheld values for determining hew o rearrange stored data
smong the pages of memory cells. These threshold values, for example, might include
100 or 1000 reads of the page of memory cells during the course of 2 week o month.
In other implementations, the threshold values might be based upon a percentage of the
total number of read operations, or based upon deviation from the average number of
veads per page per fime. An example of & maintenance operation is depicted in FIG. 9,
The block management software code 160 may include code for managing bad

blocks in the Bash memory die 103, For example, the block management software

code 160 may include historical ervor information about the flash memory blocks 118,

fn some implementations, the error information may be used to maintain the cell
resolution in each of the flash memory pages. An example of the block management
software code is deseribed in further detail with reference to FIGS. SA and 3B,

The block managementd software code 160, passi‘biy in conjunchon with the
logical addressing software code 163 and/or the cell resolution registers 14, may alse

be uzed o pair seis of bad blocks or bad pages having reduced resolutions (updated in

the cell resolution registers 166} in the flash memory die 103 and have the set of bad

“,

Hlocks or bad pages be treated for logical addressing purposes {perhaps updated m the
logival addressing software code iﬁ 1 anddor the cell resolution rogisters 165G} as

cquivalent to 2 single hlock or single page of memory olls having the initial higher

g

resclution. The block management software code 157 may be activated during &
maintenance operation. An example of @ mainienance aperation is depreted 10 FIGUY
The logical addressing software code 163 may include code o convert a logical

adddvess in 8 host command o phystcal addresses in the NAND flash memaory die 143,
' some examples, & logical page may be associated with muitiple physical memory
pages in the NAND flash memory die 103, The logical addressing software code 1635
sanages the conversion and update of the logical address table in the NVM 154, han
example, the logiead addressing software code 163 may dynamically maistain Hnks

hetwesn logival block addresses frote the host and physical page addresses as the pages

<

“

¢ downgraded from 10 bit resolution to 8 bit resolution, for instance, or a8 the
mapping of logical ock addresses to diffevent physical page addresses are changed for

purposas of wear management. Intermediate forms of addresses may be generated in
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the process of converting between logicsl and physical addresses, for example,
Intermediate address forms may be generated, processed, stoved, used, and/or otherwise
mandpulated to perfonm various non-volatile miemory operations. An examyple of the
fogical sddressing software code 18 deseribed in Rurther detail with reforence 1o FIGL 10,
The el resolution registers 166 store information about cell resolution in cach
flash memory page 121, For example, the NAND flash momory die 103 may be an 8-

bit MLO flash memory. In some implemeniations, some of the 8ash memory block

@&

18 may be downgraded or up~graded in response to various cenditions, Hustrative

exampies of such conditions clude error performance, temperature, voltage
conditions, number of read or write Cyeles of individual cells, groups ofcells, pages,
colls in & neighboring location, reference cells, cells with comparable read andfor write
usage history, or other factors, such s age of the device. Information about some or all
of these conditions tay be stored in a data storage device, or determined or estimated
from one or more other bits of stored information. In one example, stored information
migy inchude historical road and write usage data that ropresents usage levels for at least

ome of the cells in the memory die 103, The processor 112 may update the cell
resclutinn registess 166 1o reduce a cell reselution of & down-graded memnory page o,
for exampls, £-4, so that the flash memory page 121 may still be usable with & smaller
memory size. In other implomentations, the cell resolution registers 166 may also store
the cell resohstion for each Hash memory block 118,

in somg implementations, the cell resolution registers 166 are downwardly

adiusted to a single bit resclution or another low number bit resalution prior to
transferring data from a host device to memory cells in the MOP 108, This process is
depicted in furder detall in FIG. 7B, Lowering of the cell resolution registers 166 prior
10 ir**mierring data may allow for faster data transfer rates because less precision 8
nocded in charging each memory cefl. The transferred data may subsequently be
rewriiten 1o memory cells at a higher resolution. In some implementations, the
transferred duta may be rowritfen at a higher resolution doring & maintenance operation
{1, during a later ime when sufficient processing resources are available and the
rewriting does not interfere with other reading or writing operations). In some
tniplementations, a record of the low cell resolution data transfer is made ina

maintsnance og,
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in somne implementations, the logical addressing software code 163, the
resolption registers 186, and/or the block management software code 160 will group
down-graded memory pages {or down-graded memory blocks) together and treat the
group for logical addressing purposes as a single non~down-graded menory page (ot
block), The memory pages of the group of down-graded memery pages do not need to
be mljacent memory pages. The group of down-graded memory pages can include

~

memory pages from different blocks and even from different memory dies. In some

b

Yo

implementations, each down-graded memory page or block in a group of down-graded
memory pages or blocks is down-graded in response to an exror condition associated
with the page or block,

FIGS. 2A-28 collectively show mappings between cell voltages and digital data

values stored in the memory cell. As shown in FIG. 24, an illustrative digital data
vahis distribution 200 of an 8-bit memery cell is shown, An 8-bit memory cell would
include 256 possible digital data values; a 4-bit memory cell would include 16 posatbic
dats values, The mumber of possible data values is equal to 2° (where n equals the
rumsber of bitsd, but the mumber of possible digital data values need not correspond o
an n-bit number of possible digital data values, Each memory ve 1 could have any
integer number of possible digital data values greater than 1, for example, some
memory cells could have 10 possible data values. The digital value distribution 200
inchudes digital vabue distribution curves 205-210 that represent the voltage distribution
for each digital data vahee, Each digital value distnibution curve {e.g., 205-2103
ropresents & range of digital voltage values corre sponding to voltage levels agsociated
with each possible digital dats value.

During a write operation, each memory cell receives a charge o an analog
voltage corrmsponding 1o a digital data value selected from one of the possitde digital
dats values. This corresponding voltage typically falls within the distribution curves
305-210 for the desired digital data value. This corresponding voltage could slsa be a

target voltage corresponding to the digital data value. For example, i a coll voliage hes
within the disteibution 207, then the digital value stored in the cell may be (2n. During
a read operation, an analog voltage signal is detected from sach gell. The ADC 130
then converts the analpg voltage signal into a digital represeniation of the analog

voltage signal. This digital representation is then compared with at {east oue digital

i
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value distribution cwrve 1o determine the digital data value represented by the analog
voliage siored in the read memory cell.

The ﬁigimi data value distribution 200 includes grey areas 215 between the

ADC 142 receives a vell voltage or detects an analog voltage signal that e within one
of the grey aveas 215, the ADC 142 may, for example, convert the cell voltage 1o the
nearest adjacent digital data value. For example, if the ADC 142 recetves a eoll vollage
substantally near & voltage lovel 220, then the ADC 142 may resolve fo the nearest

adjacent digital dats value, namely FEy. In some implementations, the FDC 106 may
alzo incluade an alternative value conumand that instructs the ADC 142 o reselve o an
altervative value other than the pearest adjacent value based o some pavameters.

In some buplementations, the FBC 106 may use both the nearest adiacent

I

digital data value and one or more alternative values in an error correction process that
attornpts to resobve g page or block of data values. Furthermore, the FDC 106 may
assign an unceriainty to particular cell voltapes or corresponding data values
the location of the cell voltage within the digital data value distribution curves 205-210
or the groy arcas 215, The assigned uncertainty may be used by an algorithm that

atiempts fo resobve & page of block of data valoes. Some examples of these parameters

may include one or more of temperature, number of reads to the cell, number of writes

sears

o the cell, supply voltage, and voltage in the reference cells 1304, 130b, 1300, nsome
exampies, the cell voltage may drop below a mintmum cell voltage (Vaun) The FRXC

106 may implement & correction by adding an offvet to the recetved cell voltage. This
offset may be added by cither the analog FE 139 or added digitally by either the ADC
142 or the processor 112,

{n some implomentations, the FDC 106 may dynamically adjust Tocations and

the widths of the grey areas 215 by altering the digital data value distnbution 200, For
example, the FOBC 106 may include maintenance software code that adjusts the grey
arcas 215 based on pavameters such as one or more reference cell voltages, the usage of

’T‘

HE

the memory cell, and other heuristics that may be preloaded in the NVM 15
maintenance sofitware code may also perform updating of the cell resolulion registers

X

166, For exarnple, each die 103, analog interface 135, and/or MCP 100 may be
charscterized at manwfacturing Hme and a Gnearization table, correction factoss, or

other correetive adiustment may be stored in non-volatile memory in the MCF 108, In
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some cases, the maximum and miniraom voltage levels {Vmax and Ymin} as well as
the digital valne distribution curves 205-210 may be adjusted and/or redistributed based
on empirical testing of the cells during their ifetime of use.

As shows in FIG, 2B, a cell voltage to digital value graph 250 is shown. The
graph 230 includes an ideal voltage characteristic 253 that the ADC 142 uses to convert
analog voltages o dighal vahues. In some examples, the data cell 124 may stove digital

values according o non-ideal voltage characteristics 260, 263 due to, for example, the

heuristics of im‘npcmﬁm. age of the cell, charge pump or supply voltage tolerances,

o

'»J

non-linearity of the ADU 138, detected errors in the memory cell, andfor the number of

reads and writes of the cell, The FDC 106 may compensate in various ways for the
voltage characteristics 260, 265 to be closer to the ideal characteristivs 255, Example
compensation methods are described with reference to FIGE, 34,38, 4, §, 8A-C.

FIGR. 3A and 3B show flow charts that tHlustrate examples of processes 350 and
300 for reading a page of data from a NAND flash memory. The processes 3580 and
300 include operations that may be performed generally by the processor 12 1o some
implementations, the processes 330 and 300 may also be performed, supplemented, or
sugmented by other processing and/or control elements that may be incorporate od with
she ADC 142, For example, there may be a controller or compensator in the analog
interface 136 that performs some or all of the operations in the processes 350 and 300,

FIG. 3A deplets a process of converting detected voltage levels from multi-leval

memory cells into digital data values, The process 350 beging with detecling an an atog
H L - § 2ERY  This ur A avy ke datecte
voltage level from a mulii-lovel memory cell {step 3538}, This voltage may be detected

by the analog interface 136, for example. The analog interface 136 may include an
input operable to receive analog sigeals from a Hash memory die 103, The flash disk
controfier 106 may further include a control modale to select memory cells from which
the fnput reocives analog signals. In step 360, the analog voltage signal s copverte il
jnte a digits] represensation of the detected apalog voltage. This conversion may be
verformed by the ADC 142, The digital representation may have suffioient data to
allow for the ADC 147 or the processer 112 to distinguish the level of the anslog
voltage stoved by a memory coll among a plurality of possible voltage levels
representing a dightal data value. This may be accomplished by having a digital
representation comprising more bits of data thau the digital data value represented by

the voltage staved on the memary cell
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FIG. 2A helps Slustrate this concept. The range of possible analog cell voltages
miay be segregated into multiple segments (¢.g., such as represented by valtage level
220) that each correspomd 1o a digital representation of the analog cell voltage. Esch
digital value distribution curve 205-210 and each grey area 215 may include multiple
such segments, allowing for the use of digital representations having a lugher resolution

than the digital value distribution curves 205-210, which can provide additional

formation reiatmg to, for cmmph where a cell voltage Hes within a digital value

In step 363, the digital m_;:amasmaiim is converted into a digited data value based
wpon & dightal data value distribution. The digital data value distribution may be stored
in the coll resclution registers 166 and may be the Jigital data value distribution 200
shown in FIG. 3A. In step 335, a processor or controller determines whether there are

more memory cells to read. I so, then the process retorns to step 335, Otherwise,

FICG. 3B depicts in greater detail a process of storing identified digital data
values and marking the location of nncertain digital data values. The process 300
heeins when, for example, the processor 112 receives a command to vetrieve a page of
data From the NAND Sash memory die 103, In step 303, the processor 112 reirteves

el resotution information for a page from the cell resolution registers 166, Then, in

prs

step 310, the provessor 112 receives from the ADC 142 a digital output value for g slata
cell. The digital outpnt value for the data cell is a digital representation of the voltage
detected from the data cell. The ADC 142 determines the recelved digiial data value
Sased on stored thresholds in step 310, In some implementations, the provessor 112
may we nformation in the cell resolution registers 166 to determine which sef of
thresholds are used, These thresholds may refate to the digital value distribation curves
205210 discussed above in regard to FIG, 2A.  For example, the processor 112 may
ase one set of thresholds for an 8-hit cell and another set of thresholds for a 2-bit cell,
1 some cases, the processor 112 may use one set of thresholds for one - hit cell and
ancther set of thresholds for a different &-bit cell. Bach set of thresholds may

correspond o a possible digital data value distribution and may constitute ranges of

digital reprosentations of analog voltages that correspond to possible digital data values.

g

In step 324, fhe processor 112 determines whether the digital data values for

recoived analog voltage values are uncertain. In some implementations, the processor
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112 may determine that a digital data value 1s uncertain 1 the cell woltage Hes n a grey
zone 215 of the digital value distribution 200 or if the cell voltage is near the boundary
Betweon a digital value disiribution curee 205-210 and a grey zone 215, In some
unplementations, different fevels of ancertainty can be assigned depending on where
&  the vell voltage Tulls within the digital value distribution 200 {e.g., higher voltages may

ignd o have greater ancertainy andfor uncortainty may be higher for cell voltages that
are closer to the middie of & groy zone 215} In step 320, if the processer 112
detormaines that the recstved digital values are not unceriain, then the processor 112
stores the recerved digital value in a host output buffer in step 335, Wihe processor 112

10 deternunes that the recerved digital value 1s uncertain in stepy 3208, then the processor
112 may mark the focation of the unvertain digital value in @ mask table in step 334,
and then executes step 323 [n some tmplementations, one or more aliemative vahies
may also be stored for subseguent use in vesolving which value {e.g., the
value or one of the alternative values) is correct.

12 stores the received digital valoe, the processor 112
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determines, in step 333, whether there are more cells to read. For example, the
srocessor 112 may check whether the end of the memory page ts reached. 1 there are
more vells to read, then the process returns to sfep 310, I there are no more cells o
read, the provess 300 ends. In some implementations, the process will alse record the
28 number of nncertain dats values associated with a page or block of memory cells fn a

log. In other tmplementations, the precess will record the location,

vhysical andfor logical, of a page and/or Mook of memory cells i the number of

uncertain data values exceeds g predetenmined threshold.

FIG. 4 shows a flow chart that illustrates an example of a process 400 for

o~

25 reading a page of data from an MLC flash memory, such as the NAND flash memory

4

die 103, using a correction function to adjust mapping of the cell voliages 0 the digital
values, The process 400 may be performed by the processor 112, for example, The

T

ss 4K} begins i step 405 when the processor 112 determines whether a read

s

coramund is recelved. For example, the FDC 106 may recetve a read command from

evice through the host interface 109, I, in step 403, the processor 112

=

36 the host
determines that no read conumand is recetved, then step 4035 is repeated.
if the processor 112 determines that g read command is recetved in step 403,

2

then the provessor 112 updy

m

tes @ correction function in step 410 based on temperature,
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number of reads or writes in the memory page, supphied voltage, andfor other operating
conditions of the NAMD flash memory die 103, In some implementations, the ADC
142 or the analog wterface 136 may use the correction function o adjust measured cell
voliages at the analpg front end 139 before the cell vollages are converted nisto digital

values. In other impiammﬁaiim}s, the processor 112 may vse the corvection funchion o

fomirn

sejust the thresholds in the mapping function, se the ADC 142 may convert analog

-

.

voltage into adjusted digital values. The correction function can be different for
difterent cells. Fov example, memory cells having higher detected voltages can have g
greater adjustment due to the correction function.

Mext, the processor 112 selects a reference cell instep 415, For example, the
wracessor 112 may select one of the reference cells 130a, 1306, or 130¢. Then, the

-gads, iy step 420, a reference voltage stored in the selected reference

EE
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coll In stop €25, the processor 112 updates the correction function based on the
veference voltnge. For example, if a reference voltage appears {0 be sagging by ten
percent, then the processor 112 may adjust the correction function o compensate the
sag voltage in the date. In some implementations, the correction function will now-
finearly adjust detected voltage levels, The comection function may adjust higher
detected voltages levels meore than lower detected voltage levels. The vorrection
fanction may adiust delected voltages at different voltage levels by differens adiustment
amounts or by different adjustment percentages.
fu sowe implementations, thresholds may be dynamically adjusted on the fly

during operation. In some implementations, the provessor 112 may store a fixed
surnber of previous samples, such ax one hundre(ﬁ samples, of previously read reference
voltages and use a moving average of the stored reference voltages to update the

correction function. The correction flunction may also be updated based on other
fanctions, which mayv invelve mean, median, mode, or weighted averaging, for

112

v

exampie, For exampie, s weighted moving average may be used, The processer
then, in step 430, detenmines whether to seleot another reference cell. As an example,
the processor 112 may determine whether there is enough information to sdjust the

correction function. As another example, the processor 112 may be configured to read
all the refersnce colls in some memory blocks as well as in some memory pages based

o the read command.

T
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If, in step 430, the processor 112 determines that there is another reference oelt
to be read, then the process 400 retums to step 415, In some implenientations, the
process of adiusting the vorrection function by reading the voltage in reference vells is
triggered by detected errors in data retrieved from a groap ol memory cella. In other
implementations, delected errors will result in a shift of thresholds for determming &
data value assoviated with a detected voltage. These thresholds in some
iiplementations may be muomatically shified down, but in other tmplementations the
thresholds are adjusted based upon the voltage In one or mere reference vells, The

error may be detected by the use of BOC 127 assoctated with the group of momary

sefis.

et
sy

If the processor 112 determines in step 430 that there is no other reforence ool
to he read, then the processor 112, in step 435, selects a page to read based on the read
command. Then, in step 440, the processor 112 reads the selected page of data from

flash memory using, for example, the process 300 (FIG. 3B). In step 445, the processor

{1‘

%

112 perrects the page data using the correction function. For example, the processor
112 may set some parameters in the analog interface 136 to adjust the mapping

function. As another example, the processor 112 may adjust the digital representation,
cusput from the ADC 142, using the correction function. Next, the processor 112 can

pm‘ﬁam& error cheoking @perations to check if there is any error in the page i step 458

engine 148 using hardware error detection cirouits. In other implementatious, he error

checking operations may be done in software, where the processor 112 may exesute an

error detectinn code stored i the NVM 154 to check for errors in the page. After the

e,
$odor

ersos cheeking operations, in step 435, the processor 112 can determing i¥ any emoy 18
detected.

If thers is no orror detected, then the processor 112 may, in step 480, ranstait

o

the read data 1o the host device. Then the processor 112 may determine whether there
is avother page to read in step 463, U there are more pages to read, then the step 438 18
repeated. Otherwise, the provess 400 ends. I there are one or more errors detected n
astep 433, then, in step 470, the processor 112 may perform error corraction operations,
an exanple of which is described with referance to FIG. 5. Then the processor 12

error corvecting nperation is successful, then the step 460 is rﬁpmtmi. if the eyror

p3
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corvecting operation is not successiul, then the processor 112 may store error
information {e.g.. an error log) in the NVM 154 in step 480 and the provess may
continue at siep 465, The ervor information may also be stored in a maintenance log.
The stored srror information may be used for block management operaticns, for which
an example is described with reference to FIG. A, In some implementations, the
processor 112 will record the variation in sag between reference cells in a page or block
of memory cells in a waintenance log in NVM 154, In other implementations, the
processor 112 will only revord the location, physical andior logical, of a page andior
block of memory cells in a mainienance log if the degree of sag in reference colls meets
a predetermined condition. For example, if the sag in the reference cell excceds 10% or
if the difference between the degree of sag in different reference calls exceeds 10%, the
data stored i the page and/or block of memory cells may be refreshed by applying
additional charge 1o the memory cells or by completely rewriting the page duning a
maintenance eperation. An example of a maintenance operation is deseribed with

N

reference to PIGL 6.

FiCx S shows a flew chart that tHustrates an example of a process 50 for

performing srror correction operations to correct a page of data containing bit errors.

arpeess SO0 hesins when, for example, the processer 112 defects bit ervors in g

fe)

They

'U

page of data read from the flash memory and sends a conunand to the BECC engine 148
i perform a hardwers BCC algorithm to correct the bit errors in step 505, In some
.impi snentations, the BOC engine 148 and the ADC 142, andior the analog interface

136 may cooperate (0 correct the bil errors,

A

Next, the BOC engine 148 may check, in step 510, whether the hardware BCC
algorithm is saccessfol. I the hardware BCC algorithm is able to correct @ i1 the errors
5 the page of data, then the hardware BCC glgorithm is successful. Then, inste 315,
the BOC ongine 148 stores the ECC result in, for cxample, the SDRAM 151 Nexy, the
BOC engine 148 generates a message to indicate “Error correction successiul” in step
318 and the process S
i the mumber of existing ervor bits exceed the number of error bits that the
wardware BOC algorithm can correct, then the BCC engine 148 sends a message to the
analog interface 136 fo re-read, in step 520, the page of data trom the flash memory.

Next, in step 525, the BCC engine 148 performs a hardware ECC glgortthm again, In

step 530, the ECC ongine 148 checks whether the hardware ECC algorithan is

T
A
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i zpccessful, and the process continues with step 315,

in step 534, if the ECC engine 148 determines that the number of existing error
bits exceed the mavber of grvor bits that the hardware BOC algovithm can correct, then
the BCC es‘;gj.zw {48 executes an alternative value conunand to correct the bit ervors,
Example implomentations of the altermative value command are described with
reference to FIGR. 6A-6C. Then, the ECC engine 148 may check whether the
slternative value command corrects the bit errors in step 335, the BCC engine 148
determines that the bit ervors ave corrected, then the process continues with step 315,

i the BCOC engine 148 determines that the bit errors are not corrected, then the
BOC engine 14R may perfonm an extended software ECC alponithun i step 34 o
recover the page of data. For example, the exiended software ECC algorithm may
include deeper BCC algorithms that use more ECC bite. For example, the hardware
FOC algorithm may require foor BOC bits and the extended software BOC algorithm
may use 128 B8O bits, Then, the BCC engine 148 may check whether the extended
software BOC algorithim s snceessfl in step 5500 If the ECC engine 148 determines
that the extended software ECC algorithim 15 successful, then the process continues with
step S15, I, in step 330, the extended software ECC algorithm is not successiul, then

the BOL wenﬂ 148 generates, in step 555, a message: “Error correction unsuccesstud™

FIGL A shows a flow chart that Hlustrates an example of a process 600 tor
generating and using alternative data values. The processor 112, the BCC engine 148,
the Hash interface 115, or other combinations of the gbove and other elements may
perform the operations in the process 500, At step 603, the processor H retrieves
information from a mask table to identify uncertain digital data values n a data page
{see, e, FEG. 3B, step 330) and, in some cases, 1o retrieve infonmation regarding
{iagref: of uncertainty.

Then the processor 112 may, in step 810, retrieve correction data based on
parameters {o.g., temperatare, number of reads from the data page, number of writes to
the data page, information in the cell resolution registers 166, supply voltage, charge
pump voltage, the refersnce voltage inthe data page, cfc.). For cxample, the processor

112 may computs a correction function to determine the correction data for the dala

sage. I1n addition or as an alternative, the processoer 112 uses the correction dats to
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determine aliernative digital values for each uncertain data value in step 615, The
alternative digital values fur each uncertain data value will olten include the nearest
adfacent digital value and the next nearest adjacent digital value. It might also include

the digital data values two digital data values away front the digital representation of

%

Vs

the detected analog voltage of the memory cell. Typieally, not every memory cell wil
have an uncertain date value. In step 620, the provessor 112 stores the identified
alternative digital values in a buffer along with stoved digital dats values for memory
cells having certain digital data values.

After the alternative digital values are stored, the processor 12 selects, m step

4,

e
A2, &

combination of altemative digital values from the buffer. The combination of
slternative digitad values may iself be selocted based on an algorithm that, for example,
atterapts to identify those alternative digital values more likely o be correct. This
selertion algorithm may wse data relating to @ degree of uncertainty sssociated with
each digital data velue. Moreover, regardiess of whether such a selection algorithm

~

sed, the selecterd combination of allemative digital values need not include all of the

s
‘i,,

possible aliermative digital values. In other words, even among the data values
identified as being unoertain, some of the original data values may be used slong with
somae subset of aliernative data values

MNext, the processor 112 stores the page data in a buffer using the selected
combination of slternative digital values in step 630 glong with the digital dats values
detersained with adequate certainty. Then, the processor 112 performs ECC slgorithm
on the stored page data in step 835, For example, the processor 112 may perform the
operations as described in the process 500, In some cases, the sxecution of as ECC
algorithm may result in changes 1o one or more of the aliernative digital values and
even {o one or more of the dighal data values determined with some presumption of
certainty, In \iw 640, the processor 112 determines whether the ECC algorsithm is
successful, I¥ the processor 112 determines that the BUC algorithim s successiul, then,
in step 645, the processor 112 stores the page data with the result of the suceessfid BCC
and the process S0U ends.

In step 840, if the processor 112 determines that the BCC algorithw is not
suceeastul, then, in step 650, the processor 112 deternuines whether another
combingtion of aliermative vahes is available to try. The number of possthie

combinations of alternative values will depend upon the number of memory cells with

Pt
LA
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3

uncertain digital data valoes and the number of identified alterpative digital valugs.,
Typically, most of the memory cells will not have uncertain digital data values, {the

processor 112 determines another combination of alternative values s available o &y,
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have been tried, then the progessor 112 generates an error message m step 633 and the
process 600 ends. In some implementations, it may also be possible to generate
additional alternative values and/or 1o adjust voliage thresholds for reading the various
data vahies and 1o retry performing the ECC slgorithm to identify corrset values for the

o~

1 pagedata. For example, aliernative values may be identified for voltage levels that
were provicusly determined to represent a particular value with adequate certainty but
that are relatively near a threshold for one of the digital valoe distribution curves 203-
o

210 {discussed shove in vegard to FIG. 24). Alternatively, the voltage thvesholds for

the various digial value distribution curves 205-210 can be adjusted as disay asand

e
o

shove, and the data values can be repenerated, including identifving new aliernative

~

In some implementations, the ervor message in step 635 is recorded In &
maintenanee log in NVM 134, Then, during & maintenance operation, such as that
shoswn in FIGL 9, it may also be possible to generate additional alternative values 2 o

20 to adjust voltage thresholds for reading the vartous data values and 1o retry performing

the BECC algorithm to identify correct values for the page data, The identified correst
vatues then may be used to rewrite the data.
FIG. 6B shows a flow chart that ilustrates another example of a process 66{ for

ponerating and using alternative values. The process 660 has some steps in comumon

-

with the process 600, In this example, after identifying uncertain dats values through

Fo3
o

¥

use of @ mask table ar otherwise at step 605, the processor 112 determines, in step 663,
an alternative value for cach uncertain value using the nearest adjacent digital value,
For example, the processor 112 may use the digital value distribution 200 (FE3. 24)
and select a second nearest adjscent digital value instead of the nearest adjacent digital
30 value to the ool voltage. Then, the processor 112 continues the provess 860 by
performing operations described in connection with FIG, 6A beginning with step 620,
FICHL 60 shows a flow chart that Hlustrates another example of 2 process 670 for

gencrating and using alternative values. In this example, the processer 113 does not
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necessarily retrieve nneertain digital value intormation from the mask table. The
process 670 beging in step 672 when the processor 112 receives a command {o perform

an aliernative value identification and analysis on g selected page (see, eg, FEI S,

’Ar

\ep

’«J;

2353

5

The proceasor 112 {nitiates, in step 674, reading of the selected page. o step
576, the processor 112 selects a cell in the page to read a cell voltage. In step 678, the
nrocessor 112 deternuines whether the cell voltage 18 uncertain. For exaniple, the
processor 112 may use the digital value distribution 200 as shown n FIG. ZA o
determine whether the recelved cell voltage 18 in one of the grey arcas 220, Hthe
1w processor 112 determines that the cell voltage is in the grey ares, then the provessor 112
dutermines a dighal data valse of the cell using a second closest digital data value tn

step 680, In other implementations, the processor 112 determines a digital data value

of the cell nsing the Grst closest digital data value, Next, the processor 112 stores, i
step 682, the digital data values in a buffer.
15 $, i step 878, the processor 112 determines that the cell voltage {s not in the

arey area, then the processor 112 determines a digital data value of the cell based on
stared thresholds in step 684 and the processor 112 performs the step 682, After the
step 682, in step 684, the processor 112 determines whether to read another ol in the
page. If the processor 112 determines to read another cell, then the process retums 1o

20 step 676, 1 the processor 112 determines that there are no further <o el
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writing data o the flash memory page 121 using the veference cells 130a, 130, 130¢.
The process 700 may be generally performed by the processor 112 The process 700

T

o hegiog in step 705 when the processor 112 recetves a write cornmand. For exampie, the

~

weite command may inchude a write Instruction, data to be wrilten, and 2 monry
address that the data ¥ going to be written ©, which may be received, for oxample, as a
togical Block address from the host. Then, based on the write command, the procossor

112 selocts & memory page in the flash memory in step 718,

o

30 Next, the processor 12 way copy, in step 715, the data to be written to a buffer

such as the SDRAM 151, The data tmay either be transferved from an external host

f

evice or from another memory page. In some implementations, the data stored on the

selected memory page is copied into the buffer for recopying back inte the selected
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page. Inother implementations, the data te be written o a selected memory page s not
copted into the buffer, but rather written directly from the dala source (either from an
sxternal host deviee or from other memory cells) o the selected memory pags.
the processoy 112 erases, v step 723, any data stored in the selected page.
In step 734, the processor 112 writes the data from the buffer to the selected memory
sage by, for example, applving charges to the data cells 124 and the reference celi
k FHig A

Ty vex cox
30 applies different amounts of charge to the memory cells depending on
the desired data value and corresponding analog voltage level for cach celll In some
implementations, 8 charge pump ruay be used to apply charges to memory ceils in the

selected memory page. Then, the processor 112 reads g reference voltage in the

740, whether the refevence voltage is less than a target mhagt:, i the processor 112

determines that the reforence voltage is less than the target voltage, then the process

(',

30 1o apply additional charge and increase the voliage stored in th

cells in the selected memory page. The amount of apphied additional charge may be

ed depending upon how the destred voltage level compares pera‘;c:nmg,ﬁw;- Ase to the

voltage of the roference cell(s) (e.g., if the detected reference coll voltage is 1% lower

than targeted and a particelar memory coll should have a voltage level double that of

1e referense vell, then the amount of addiional charge applied to the parficular

rosst

3
mernory ool may be twice that ﬁppiied to the reterence cell).
In step 740, i the processor 112 determines that the reference voltage i not less

than the target voliage, then the processor 112, in step 745, selects a data cell and reads

Erd
)n‘

voltage of the selected data cell in step 730, Then, in step 755, the processor 112
determines whether the vead voltage is too high. For example, the processor 112 may
compare the read coll voltage to the digital value distribution and check whether the
cell voltage Hes within a voliage range of the targeted digital value. 1 the processor
112 determines that the voltage is not oo high, then the processor determines, 1 step
760, whether 1o sefoct another data eell. I the processor 112 determines that 1t 1s ot
necessary 1o select another data cell, then the process 700 ends. Otherwise, the proves
0 retarns o step 745 1o lest an additional data cell.

in some implementations, it may alse be possible to tost the data cells selected

2t step 745 to determine if they wre too Jow. If so, the process 700 may retwrs o step
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730 to apply additional charge to one or mote of the data cells. Insome
nplementations, once the testing of one or more reference cells at step 740 18
complete, the voltage level of all data cells may be selected at step 745 {or in Heralive

.,

repetitions of stop 743} o determine if the levels are too high and/or too low. In this
manner, the reference cells may be used to perform an initial charging of the page or
block, followed by testing and possible tweaking of voltage levels in the cells.
Furthermors, i some implementations, the target voltages for reference cells used at
step 740 may be set g Httle lower than the treshold voltage for g desired data value o
attemipt o aveid sverrharging, followed by checking actual data cell values and
tweaking the voltage levels to reach voltage levels corresponding to the desired data
vahues for the actual data cell

8 o

. i slen TE3,

X

Pz,
o

he processor 112 determines that the voltage $s too high, then
the processar 112 determines whether it is necessary fo rewrite the selected page. For
example, the processor 112 may compare the number of bit errors to & dweshold that is
fesy than or equal to the number of correctable errors using one of the correction
algorithms deseribed with reference to FIG. 5. If the number of bit errors is greater
than the threshold, then the selected page is re-written, Otherwise, the processor 112
may determine that a rewrite of the selected page is not required. In step 765, i the
processor 112 determines that rewrite of the page is not required, then the process 706
continues with step 780, 1f the processor 112 determines that rewrite of the page 18
reguired in step 763, thes the process 700 retwens to step 725 w0 reinitiate writing of the
memory page. In some implementations, the target voltage may be decreased
incrementally after step 763 to reduce the likelihood of overshooting the target voltage.

FIG. 7R shows a Bow chart illustrating an example of g pmc-es-& 770 that

achieves a ligher data transfer rate between a host device and the MCP 100, The

process 770 bogins in step 772 when the processor 112 receives a write command from
a host device. Por sxample, the write command from a host device may inchede a write
instroction, data fo be written, and a memory address that the data Is going to be writien
to, which may be received, for example, as a logical block address from the host,

Next, the provessor 112 determines whether to proceed 0 & guick weite progess
{e.gq., writing at a single level cell resolution or other relatively low resolution} or to use
A more Hme, power, and processor intensive writing process of writing at & higher

resolution, In step 774, the processor 112 determines if there is @ command from & host
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interface 1o perform a guick write. In some implementations, a host device way also
specify the resolution of the quick write. If a host device does not speaify a quick
write, then the processor 117 may independently detervaine i a whether a quick write s
warranted, Riep 776 then determines if the MOP 100 or the host device connected o
the MUOP 100 meets a predetermined power supply conditions. In the shown
implementation, step 776 determines whether the host devies is supplied with AC
powet, In other implementations, step 776 instead determines if a battery supplying
power 1o the host device is charged ©© g predetermined charge. {n some
implementations, step 776 will determine whether a battery supplying charge to the
fwost devics is charged to maximan capacity or at least 909 of capacity. Step 778 then
deternvines whether the processor 112 has excess bandwidth meeting » predetenmined

bandwidth condition. In some implementations, step 778 is satistied i the provessor

112 is otherwise idle. In other implementations, step 778 is satisfied if a prodetermined

percentage of bandwidth of the processor 112 be unused, IFboth 776 and 778 wre
satisfied, then the process uses process 700 to write to memory cells at a hugh
resolution, step 780, If one or both of conditions 776 and 778 are unsatisfied, then the
mrocess proceeds 1 8 guick write procedure.

T2 guick write procedure, the processor 112 in step 782, selects one or more
svasilable memory cell pages o write data from the host device to. In some
implomentations, the processor may copy data from the host device inte & buffer, such
as the SDRAM 151, Inother implementations, data from the bost device is not copied
into the huiler, hat rather written direct]ly to the selected memory page in step 786 alter
steps 725 and T84, In step 725, the processor erases any data stored in the selected
page(z). In step 774, the processor 112 updates any cell resolution registers associated
with the selected memory page(s) 1o a low resolution. In some implementations, the
fow resolution will be a resotution of one bit per memory cell. In other
implomentations, the low resolution will be 2, 3, or 4 bits per cell. Writing at # lower
resolution when copying data from a host device to the MCP 100 increases the data
trasfer rate because less precision is needed when charging each memary cell and,

thus, the degree of care and the amount of voltage adjustiments needed when writing o

o

the memory cells can bo reduced. After writing the data to the memory celi{s) al a low

resolntion, step 784 will record & maintenance fog entry indicating that the data stored

k3t
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in the selected memory page should be rewnifien at ¢ higher resohetion during a
maintenanee process {process §00).

FHG. 84 shows a flow chart ilustrating an example of a process 800
adjusting g cell resohstion of a memory page. The process 800 may perforn the
operations inn the process 840 when, Tor example, the processor 112 executes s

maintenance program o update the cell resolution registers 166, The process 800

oy

hegins in step 805 when the processor 112 reads stored error information in step RG3.
The ervor information may be stored during read ervors or write srrors, for example, as
described at step 480 in FIG. 4, Next, the processor 112 selects a page in step 818 In
step RE9, the provessor 112 determines whether the error count of the selected page is
greater than a threshald, I the ervor count of the selected page is not greater than the
threshold, then the processor 112 checks whether there are more pages to check in step
820, I the processor 112 determines that there are no more pages o check, then the
process R00 ends. 1] in step 820, the processor 112 determines that there are wove
pages to check, then the process returns to step $10. In some implementations, the

processor 112 may cheek all the memory pages with ervors. In other impimn,sm‘at‘;ans,

information.
I stop 815, i the ervor count of the sclected page is greater thau the threshold,
then the provessor 112 copfes a page of data from the selected page into & buller in step
8§25, Next, the processor 112 updates the cell resolution registers 166 to reduce the cell
resolution of the selected pape. For example, the flash interface 113 may cheek the cell
resoiution registers 166 to find that the cell resnlution is reduced and the flash interface
115 may then read and wrile 1o the selected page using the new reduced cell resolution

D

Then, the processor 112 can assign physical addresses for the copied data in

two, four, or other number of physical memory pages to store the copied data, Nexy,
the processor 112 updates in step 840 a logical address table to corvespond the
assigned physical addresses, The logical address table may be used to map 2 jogical
page to one or more physiedl pages. An example use of the jo 1l address table during
a memary aceess operation is described with reference to FIG. 10, Instep 845, the

srocessor 112 moves the copied data from the buffer to the pages at the assig gned

physical addresses, Nexi, the provessor 112 determines whether there are mare pages

ok
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to check instep ¥20, I so, the process 800 returns to step 810, Otherwise, the process

FIG. 88 depicts a simtlar process to that in FIG. 8A that s focused on
downgrading groups of pages ur blocks of memory cells and logically treating the
group a8 8 single page or bloek of memory cells having the original resolution. kn FIG
BB the process §60 also reads stoved error information 8035, selects a page 810, and

letermines whether an error count associated with the page is in excess of a threshold

o
-

815, 1T the ervor count associated with the page is in excess of a threshold, then the data

stored in the page i3 copied 1o a buffer §25 and the cell resolution register(s) associated

e

X

seith the page are updated to reduce the resolution of the page 830, In the
implementation depicied in FIG. 8B, however, a processor also selects another page of
data having a reduced cell resolution 835 and updates the block management code
andior the logizal addressing code to pair the two pages together. The two pages

having reduced coll reselution are then loglcally treated as a single page with the hgher

oripinal resolution. This process may group together more than two pages of memory
cells.

In some implementations, this process will downgrade entire blocks of memory
colis and pair or otherwise associate thern. In some implementations, each paired page
will have the same downwardly adjusted cell resolution and include the same number
of memory cefls, For example, a page of memory cells downgraded from each memory

doring § bits of data to sach memory cell storing 4 bits of data is grouped with

’iﬁ‘.

cell
another page of memory vells with each memory cell storing 4 bits of data. The
combination of these two pages of memory cells is then logically trented by the flash
disk controller as a single page {or as 3 single block) storing & bits of date per memory
cell. These paired pages of memory cells need not be on the same block and could
poasibly be on different flash memory dies. The process 860 next performs step 820 of
determining whether there are more memory pages to check and proceeds n the same
manner as desoribed in FIGL 8AL

FIC 9 is o flow chart that Hustrates a maintenance process 900, One possible
funetion or mainenance process 900 is for rewriting, at a relatively high resoluti

R &

data stered in a fash memory at o relatively low resolution {e.g., see FIG. 7B) The

N

aintenance process can be used, for example, fo maximize the battery bife of a host

devics while also maximizing data storage capacity, In some implementations,
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maintenance process 900 is triggered by the processor as part of a routinely scheduled
maintenance nperation. In some implamentations, maintenance process 900 13

triggered by a signal from a host device signaling that the host device 15 suppiie{i with

AC power, 1o other implementations, other conditions may cause & host device or the
provessor 112 fo trigger the mantenance process 900, such as, an wdle processoy T

Process 800 beging with step 903, which may determine whether the MOP 100
is operating under a predetenmingd power condition. In some waplementations, this

power condition s met by g host deviee recetving AC power, Insome

predetermined amount of charge, for example, the battery being fully "naz ged. A fully
charged battery toay indicate that a host device is being supplied with AC power. I the
MOP 100 doss not meet the predetermined power condition, process 900 ends.

Next, i step 919, the processor 112 may determine whather the processor 112
has sufficient bandwidik to folly perform the maintenance process 900, In some
implementations, the maintenance operation merely runs as a background proc
which requires minimal bandwidth. In some implementations, the mamtenance
operstion requives an idle processor 112, In other implementations, process 900 does
not determine whether the processor 112 has sufficient bandwidth, In some
implementations, the bandwidth requirement changes based upon the need for the
maintenance operations, which may be messured by the tme between successiul
maistenance processes or by the ameunt of available space on the Hash memory, ihe
processor 113 does not have sufficient bandwidth, process 900 ends.

{f the prodetermined power vondition is met and the processor 112 has sufficient
bandwidth, process S0{ then may read stored maintenance logs, step 915, In som
implementations, the stored maintenance logs are stored in NVM 154, in some
fmplementations, stored maintenance logs indicate the prierity of possible maintenance
operations. 1 sere implementations, the stored maintenance iogs ¢ usad o
determine whether sny maintenance steps (such as steps 920, % 2 935) can by
performad in g simplified operation. For examyple, maintenance logs ray indicate the
need to hoth downgrade 2 particular page of memory cells and to rewrite the data on the
same page of memory cells. In other implementations, the maintenance operations e
2 predetenmined seqnence of, for example, rewriting transferred data at  higher

3

resolution {step 9201 downwardly adjosting cell resolutions and pairing groups of

]
L]
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DREES, ©.8., by performuing processes 80 and 850 {ﬁs’zep 925 rewriting data that meet g

k‘r

predetermined ervor condition {o.g., using process 700) (step B30} swapping the most

frequently acoossed datg with the least frequently used data using the wear management
software code 137 {step 935); updating the logica! addressing software code 163 for

gach maintenance operation that meved data from one physical location o another
physical lovation {¢.g., using process 1000), {step 940); and refreshing pages of data
that exceed 2 threshoild ameunt of voltage sag by applving additional charge to the page
of memory cells {step 945 Other sequences including some, all, or additional
operations may also be used. In sorne implementations, the process B0 repeats step
G085 and/or step 910 between each maintenance step 920, 935, 930, 935, or 943, and
may end i sither of condition 903 or Y10 change. Process 900 then ends.

FIG, 1045 3 fow chart that illustrates an example of & process 1000 of logicd
addressing in the FDO 106, Por example, the FDC 106 may map a received read or

OIS

fh

write command with 2 logival address to one or more physical pages. In:

X

implementations, the FDU 106 may dynamically map a logical page to one or more

¥

variable physical page(s). For example, the FDC 106 may change the mapping to

salance the Joad of s phivsical memory page. In some implementations, the mapping

st
<

hetween logical pages and physical pages may be stored in s logical address table. In
some implementations, the process 1000 may be performed by the procassor 112 when
the processor 112 is executing the logical addressing code 163, The process 1000
heging when the FDC reveives a command from the host device that a memary page is
to be accossed {eg., read, written to, or erased). Then, in step 1005, the processor 112
receives a logioal page address to access a page in the flash memory.

Wexd, the procsssor 112 determines, in step 1010, one or more physical page
addrosees associated with the received logical address. In one example, the received
fogical page address may be sssociated to only one physical page address. In another
example, the veceived logical page address may be associated with two or more
physical pages because the physical pages have a lower cell resolution thaa normal, of
the physical pages are not contiguous in the Hlash memory, or they ave i different
blocks or on different dies.

Then the processor 112 selects a first of the detormined physical page addresses

s

in ‘:‘-i&p (015, In step 1020, the processor 112 reads the page data at the selected

. The processer 112 then stores, o step U ‘325, the page data m the host

.
%
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oatput buffer. In sfep 1036, the processor 112 determuines whether it is necessary 1o
access another mentory page. For example, if there is more than one physical page
addressys associated with the logical page address, then the processor 112 may access

another memery page. 1f, i step 1030, the processor 112 determines that it is
necessary o acouss another memory page, then the processor, in step 1035, selects a

next determined physical page address and the process retums o step 1020, Otherwise,

E

the process 1000 ends.

FIGL. 11 shows an example system 1100 that includes multiple NANED flash

nemory dies 103 and the FDC 106, The FDC 106 includes  multiplexer (MUX) 1105

irs the analog interface 115 and a charge pump 1110, Although the system 110013
shown using NAND flash memory dies 103, some of the technigoes nsed in the sysiem
1100 may also be applicabls to NOR flash memory dies, or a combination of NAND
and KOR dies. The system 1100 may be mplomented using discrete 103, or it may be
partially or fully integrated in a single package.

The FDXC 106 receives analog data from the NAND flash memory dies 103
throngh the analog interface 115, In this example, the MUX 1103 receives muitiple

slog fnpats. In some implementations, the MUX 1103 receives the multiple analog

#on
o

inputs from muitiple flash memory dies 103, The analog interface 1S can control he

p

MUK 1105 o select one analog nput to be transmitted to the ADC 142, For example,
the analog interface 1135 may control the MUX 1105 based on & received read
comnand. During # write operation, the FDC 106 uses the charge pump 111010 apply
charzes to the memuory cells in one of the NAND flash memaory dies 103, In zome
implementations, the charge pump 1110 is adapted to supply ¢ hargs to memory colls on
a plurality of flash memory divs 103, For example, the FDC 106 may send a control
signal o select & designated memory die to receive charges from the charge pmp

Doc

1110, Then, when the charge pump 1110 apphies charges, the selected memory die

recetves the charges.

 sharing the ADC 1105 and the charge pump 1110 between multiple dies

ke

103, the storags size of the memeory dies 103 may be mereased. Additionally, the Hash
menury dies 103 may be manutactured with a lower cost without the ATXC 142 and the
charge pump 11100 In some implementations, the charge pump 1110 may be integrated
on 3 die with the FDC 108 o separately mounted on a different die or on a different

wubsirate, such as a printed circuit board,

LX)
i
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I order to facilitate the use of ap ADC 1108 and a charge pump 1110 adapted

to be used with multiple flash memory dies 103, some flash memory dies 13 may

include an input adapted to receive a programiming ;,}mrg\, from an exdiernal supply
node, The Jash memeory dies 103 are then not reguired o include any additional

& circutlry to alier or regalate the supplied programming charge. The flash memory dies
133 may alse inclode an output adapted to send an analog voltage signal to g flash disk
controller 106,

in some inpismentations, the FDC 106 may also include a charge pomp

E

interloaving method 1o write data to the memory dies 163,

14 FIG, 12 shows gn oxample system 1200 flustrating an architecture o separasely
provide programming and logic-level power to the NAKD {lash memwory die 103, The
system 1200 includes the charge pump 1110 and 8 low dropowt regulator (L0} 1208
that receive elscinival power from a power supply 1216

As shiown, the NAND flash memory die 103 meludes two power wputs. A

power inpit Tor charge pump voltage (Vo) and a power input for logic voltage (Vb

ki
L&
wi

In some examples, the V, may be substantially higher than the Vg, For example, the

Ve miay be approximately 12-20'V or approximately 12-30 V and the Vg maybe
spproximately 1-3 V. In some implementations, the regulation and carrent
requirements for the ¥, may be substantially different from those for the Vige.

26 As an example, the NAND flash memory die 13 may require that the Vi to

have a tightly remudated {e.g., 0.5%, 1.0%, §%} voltage tolerance at a low logie veltage

1o minimize power consumption, switching times, ete. Furthermore, the logic voltage

s

may call for high frequency bypass capacifance at a low voltage level, In contrast, the

f:';\)

chawge pump supply regulation requirements may be between about 3% and 10%, with

a need for substantdally low fregoency, lgher voltage capacitance.

]
o

In order o faciiitate the system of FIG, 12, the flash memory die 103 may
inchade a frst interface for receiving power for selectively programming each Hash
memory cell, and a second interface for receiving power supplied 1o logic level
circuitry to perform the selection of flash memory cells o be supplied with power from

o the first input during a write operation. The flash disk controlfer 106 may comprise a

(&)
£

first power source for supplying power to the first inferface al 8 programming voltage
aund 2 second power source for supplying logic-Jevel power to the second interface.
3.

poeit

The first and second power sources may be external o the Hash mumory die
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Although various implementations of processes and techrugues have been
described, other implomentations may perform the steps in different sequence, ora
mndified srrangement io achieve the same primary function. In addition, although
operations in the various processes are sometimes described as being performed by a
s parbicular device or component, such devices or components are merely sxamples, and
the operations van be performed using alternative devices or components in some
nnplementation
In some examples, the NAND flash memory die 103 may also have any
practical number of bits of resolution, such as, for example, §, 7, 10, 12 bits of
10 resolution. Various implementations may be used to perform ECC operations with
Hash memory that may include NAND flash memory, NOR Hash memory, ¢
combination of these or other non-volatile memories. Flash memory die of one or more
tvpes may be stacked mid/or mounted adjacent cach other in the MCP 100, Those of
‘Q

skill in the art will recognize that some examples of technigues described

ordinary

herein may be applied to particular advantage with NAND flash technology, and some

b,
fo1]

methods desorided hereln may be generally applicable to non-volatile memonies such as
NAND and/or NOR flash,

Although an cxample of a system, which may be portable, has been describec
with veference 1o the above Sgures, other implementations may be deployed in other

20 processing applications, such as deskiop and networked instafiations.

u‘

Although particular foatures of an architecture have been deseribed, oth
features may be incorporated to improve performance. For example, caclung {e.g., LY,
2, eto...) technigues wmay be used in the FIXC 106, Randors access memory may be

o~

included, for example, to provide seratch pad memory and or to load exentable code or

3

L5

parameter information stored in the flash memory for use duning runtime operations.
Other hardware and software may be provided to perform operations, such as network
ar other communications using one of more protocols, wireless {e.g., nfrared;
communications, stored oporational energy and power suppliss {¢.g., batteries},
switehing and/or linesr power supply circuits, software maintenance (8.8, self-test,
30 upgrades, etc...), and the like. One or more communication interfaces may be provided
ins support of data storage and related operations.

In some implementations, one ora combination of mothods may be used to

improve data integrity. For example, cell voltage errors may be addressed by adjusting

L
wk
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thresholds andfor rewriting cells at least once. Cell re-writing may be performed m
respounse {0 deviations from ideal cell voltage and/or as a background activity, For
crample, multi-level coll voltages may be rewritten to refresh the voltage 1 one or

b

more Jossy calls in g page. For cells that have been characterized as fending {o lose
viltage over time, the voltage level to which such cells are charged may be boosted to
near an upper threshold of each cell’s range o compensate for antrcipated loss of |
charse in those vells aver time. The boosted voltage level may initially be near or
above the upper threshold of the intended range, which may be in a gray xone between

X

ranges. Based on estimated or deternsined loss rates, the data way be re-writien

st

frequently enough o substantially maintain the cell voltages within a desired range.
Similar compensation may be used to compensate for colls characterized as having an
ppward drift. Such rewriting procedures may be performed, for example, as & low
priorify backpround provess that is exoouted as respurces are available. For data
identified as high value data, rewriting may be scheduled to ovenr frequently encugh o
matmiain the cell voltages within a desired range, the frequency being based on an
sxpected voltage drifi rate and the size of the voltage range associated with esch bit
level. In some aplementations, rowriting may be configured ©© be performed maore
froguently when 2 portable device is coupled 1o an external power Source, Such as &
power source derived from the electric wtility grid. Rewriting gpergtions gy be
porformed in response 1o being coupled to such a power source. In addition, rewriting
may be configured to be performed less frequently under certam gonditions, such as,
for example, while in a power conservation mode, during s low battery condition, or
when storing short duration or non-critical data {.g., streaming andio/video}.

Seme svstems may be implomented as a computer system that can be nsed with
implementations of the invention. For example, various implementations may include
digital andfor analog circuliry, computer hardwase, firmware, software, or
combinations thereef. Apparatus can be implemented in a computer program product
tangibly embodied in an information carvier, e.g., in a machine eadable storgge device
or In & propagated signal, for execotion by a programmable processor; and methods ean

he performed by a programmable processor executing a program of justructions to
perform fnctions of the | inveniion by operating on input data and genorating an outpt.
The invention san be fuplemented advantageously in one or more computer programs

that are executable on & programmable system including at least one programmable

hak
i
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processor coupled fo receive data and instructions from, and to fransmit date and
instructions to, a data storage system, at least one input device, andior at least one

gutput device. A compuder program 18 & set of instructions thal can be used, divectly or

indivectly, in 3 computer fo perform a cértain activity or bring about a certain resull. A

1911

computer pwogram can be written in any form of programming language, mcluding
compiied or inderpreted languages, and i can be deployed m any form, includimg as 4
stand-alone program or &3 3 module, component, subroutine, or other unit suttable fo
use i & cornputing environment.

Suttable processors for the execution of 2 program of instructions inchude, by
1 way of example, both general and special purpose microprocessors, which may include
a single processor ot one of multiple processoers of any kind of computer, Generally, a

provessor will recetve instructions and data from a read-only memory or a random

access memory or both, The essential elements of 8 computer are & processor for
exepuling instructions and one or more memories for storing nstructions and data,

18 Generally, & computer will also inchade, or be operatively coupled to comumunicate
with, oue or wmore mass storage devices for sloring data files; such devices fuchude
magnetic disks, such as internal hard disks snd removable disks; magneto-optical disks;
and optival disks. Storage devices suitable for tangibly embodying computer program
instructions and data inchude all forms of non-volatile memory, including, by way of

20 example, semicondactor memory devices, such as EPROM, EEPROM, and flagh
memary devices, magnetic disks, such as internal hard disks and removable disks;
magneto-optical disks; and, CD-ROM and DVD-ROM disks. The processor and the
memory can be supplementad by, or incorporated in, ASICs (application-specific

integrated civcuis),

25 In some implementations, sach system 100 may be programmed with the same
or suwilar information andfor inttalized with substantially identical information stored
i volatile andfor non-volatile memory. For example, one data interface may be
confipured to perform suto configuration, anto download, andfor aute update functions
when coupled {o an appropnate host device, such as a deskiop compuisr 0r & server.

3¢ i some implementations, one or more user-interface foatures may be custom

configured to perform specific functions, The invention may be implemented in &
compreter systern that includes a graphical nser fnterface andfor an Internet browser. To

vrovide for interaction with a user, some implementations may be tmplemented on a



L5

]

<

P

WO 2007/134281 PCT/US2007/068859

computer baving a display device, such as a CRT (cathode ray tubey or LCD {hquid
crvstat display) monitor for displaying information to the user, & keyboard, and a
pointing device, such as a mouse or a trackball by which the user can provide fnput to
the computer

in varioas inaplementations, the system 100 may commnnicate using suifable
communication methods, equipment, and techniques. For example, the system 100
may commuticate with compatible devices {e.g., devices capable of wansforming data to
andfor from the svstem 100) using point-to-point communication in which a message 1
travsported divectly from the source to the receiver over a dedicated physical link {o.g,,
fiber optic Hnk, poini-to-point wiring, daisy-chair). The components of the system
may exchange information by any form or medinm of analog or digital datg
comnunication, including packet-based messages on 8 communication network.
Examples of comnmnication networks include, ¢.g., 8 LAN {local area network], 2
WAN {wide svea network), MAN (metropolitan area network), wireless andfor optical
networks, aad the computers and networks forming the Internet. Qther
implementations may ransport messages by broadeasting to all or substantially all
devices that are coupled together by 8 communication netwark, for example, by usmg
omni-dirsotional radio frequency {RF) signals. Sull other tmplementations may
transport messages characterized by high directivity, such as R signals transmitted
using dirpetional (Le., narrow beam) antennas or infrared signals that may optionally be
used with focusing optics. S61l other tmplementations ave possible using appropriate
interfaces and protocols such as, by way of example and not intended to be limiting,
USE 2.0, Firewire, ATA/IDE, RS-232, RS-422, RS-485, 802.11 a/b/g, Wi-F, Ethernet,

DA, FDDI {Bber distributed dats interface}, token-ring networks, or multiplexing

X

techntques based wa frequency, Ume, or code division. Some implementaions may
optionally incorporate features such as ervor checking and correction (ECC) for data
intogrity, or security moeasures, sach as encryption {¢.g., WEP} and passwead
profection.

A smber of implementations of the Invention have been desoribed,
Nevertheless, i will be understood that various modifications may be made withouat
departing from the spirit and scope of the invention. For example, advantageous resalts
say he achieved i the steps of the disclosed technigues were performed ina ditferent

sequence, ¥ components in the disclosed systems were combined in & different munner,

40



WO 2007/134281 PCT/US2007/068859

or if the components were veplaced or supplemented by other components. The
functions and processes (ncluding algorithms) may be performed in hardware,
software, or & combination thereof, and some implementations may be performed on

moduies ¢r hardware not identical 1o those described.

41
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What is chimed i

i. A flash memory device comprising:
a phurality of Hash memory cells;

a first interfhce fur receiving power for selectively programuming each flash

5 saemory eell; and
a second interface for recetving power supplied to logic level ciromtry to

perform the selection of flash meemory cells to be supplied with power from the first
input during a wiite operation

w3 The Sash memory device of claim 1, wherein the second interface further
sunplies nower to loaie level eireutiry for selecting flash memory cells during a read

§ w & &3 o x

operation,
3. The flash momaory device of claim 1, wherein the plorality of memory cells

15 comprise NAND flash memory cells,
4, The flash memory device of claim 1, wherein the plurdlity of memory cells
: The {ia x ’ i 3 3
comprise NOR Hash memory cells,

20 3 The flash memory device of claim 1, wherein the first interface is adapted to
reccive a voltage of between approximately 12 1o 20 velts,
6. The flash memory device of claim 1, wherein the second interface is adapted to
receive @ volisge of between approximately 1 1o 3 volts.

25
7. The Sash memory device of claim 1, wherein each memory cell is adapted 1o
receive a charge to & voltage representing a data value having wore than 4 bits.

o S, The Hash memory device of claim 1, further comprising:

%}

a flash memory die comprising the plurality of flash memory oclls, the first

interfare and the sevond interface.
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9, The Hash memory device of claim ¥, further comprising:

a first power source external o the flash memory die to provide programming
power 1o the first interface.
10, The fash memory device of claim 9, wherein the first power source 1§ coupled

to & plurality of Hash memory dies, cach flash memory die comprising a phaality of

Hash memary eells.

11, The flash memory device of cluim 8, further comprising

a second power source extemnal to the flash memory die to provide logie-level

power {0 the second interface.

12, The Sash memory device of clatm 1, wherein the second power source 53
soupled to a plarality of flash memory dies, each flash memory die comprising a

plurality of {lash memory vella,

b‘/

sk

The fash memory device of claim 11, further comprising:
a controller 1o control access to the flash memory die by controlling the second

POWOT SOUTCE.

t4.  The flash memory device of claim 8, further comprising:
a3 flash disk controllier external o the Hash memory die for controiling access to

the flash memory cells, the Hash disk controller coupled to the first interface and the

second interface to provide the power o the first interface and the second interface.

15, A memwory devies comprising:

g flash memaory die comprising a plurality of fash mermory cells, the flash
memory die Surther comprising a first input adapted for receiving programuning powst
and a sscond jnput adapted for recetving logic-level power;

a fivst power source external 1o the flash memory die to provide programming
power o the first input; and

evl

nmm

3 second power source external to the flash memory die to provide logie-

power to the second inpyt,
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16, The memory device of claim 15, wherein the first power source Comprises 8

charge punp.

foe

17, The memory device of claim 15, wherein the second power souree comprises a

fow dropout regulator,

a power supply slectrically connecied te the first and scvond power seurces,

19, The memory device of claim 15, wherein the first power sowee supphivs a

voltage of between approximately 12 fo 20 volts,

20, The memory device of claim 15, wherein the second power souree supplies a

oltage of between approximately 1 to 3 volis,

31, The memory device of claim 15, wherein the secoud power source regulates the

voltage to less that 2 § % wierance.

22, The memory device of claim 15, wherein the second power source regulates the

voHagee to loss that a 1.4 % inlerance

23 The memory device of laim 15, wherein the flash memory celis comprise
MAND flash momory die.

34, The memory device of elaim 15, wherein sach flash memory cell in the flash

'J“T

memory e s adapted to receive a charge to @ voltage representing a data value haviag

more than 4 hits,

44
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25, The memory device of clainy 15, further comprising:

2 plurality of memory dies, cach memory die comprising a plurality of memory
cedls, wherein the Hrst power source is adapled to provide programming power o each
memory die, and wherein the second power source is adapted to provide logic-level

power to each moemory die,

26, The memary device of claim 13, wherein the flash memory die uses the Jogie-

tevel power for addressing operations to aceess select memory colls,

37, The memory devioe of claim 13, further comprising:

a controbler dis comprising the first power source and the second power soure

2R, The memory device of claim 27, the controlier die further comprising 8

srocessor for controlling access to the {flash memory cells on the tlash memory die.

39, The memory device of elaim 27, the controller die further comprising an
interface opevalbie to send and receive signals assoctated with the Hush memory cells to
3L The mewmary device of elatm 27, huther comprising:

A package comprising the flash memory die and the controller die

A method for supplying power to a memaory die comprising:

L]
s

externaily supplying power to & memory die for programming operations at a

first voltage from a firsf power source; and

externally supplving power 1o the memery die for logic-level operations at a

’:,

second voliage from 8 sccond power source, the second voltage different than the firat

v mm:

2. The method of claim 31, wherein the first and sceond power sources are each
conpled to & single power supply, the first and the second power sources coupded to the

0,0 o
power supply i parallel

(»/’
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