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ti-Level Ceil (MLC) non- volatile memory devices comprising a plur-
ality of lower pages and a corresponding plurality of higher-order
. pages. A controller may be configured to write data to and read data
from the plurality of lower pages and the corresponding plurality of
higher- order pages. A buffer may be coupled to the controller, which
may be configured to accumulate data to be written to the MLC non-
volatile memory devices, allocate space in the buffer and write the ac-
cumulated data to the allocated space, At least a portion of the accu-
mulated data may be written in a lower page of the MLC non- volatile
memory devices and the space in the buffer that stores data written to
the lower page may be de-allocated when ail higher-order pages cor-
responding to the lower page have been written in the MLC non-
volatile memory devices.
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METHODS AND DEVICES FOR AVOIDING LOWER PAGE CORRUPTION
IN DATA STORAGE DEVICES

BACKGROUND

18081} Flash memory is a non-volatile computer storage technology

W

that can be electrically erased and reprogrammed. Flash memeory is typically wrilten
in blocks and allocated, garbage collecied and erased in larger super blocks or S-
Biocks.
[60602] Flash memory comprises a plurality of cells, with each cell being
i0  configured to slore one, two or more bits per cell. SLC is an abbreviation of “Single-
Level Cell”, which denotes a configuration in which sach cell slores one bit. 3LC is
characlerized not only by fast transfer speeds, low power consumption and high celi
endurance, but also by relatively high cost. MLC is an abbreviation of "Multi-level

Cell”, which denctes a configuration in which each cell stores two or more bits per

Ju—
L

cell. The acronym MLC is often used to denote a Flash memory having celis that
stors two bils per cell.  That same acronym MLC is alse used, however, to
designated Flash memory having cells configured to store three bits per cell {aiso
calied "TLC” or Triple or Three Level Cell) or even a greater number of bits per cell.
When MLC is used {0 designate a memory that stores two bits in each cell, such an
0 MLC Flash memory may be characterized by somewhat slower transfer speeds,
higher power consumption and lower cell endurance than a Single-Level Cell
mermory. Such MLC memories, however, enjoy a comparatively lower manufacturing
cost per bit than do SLC memories.

[0003] in MLC NAND Flash memory, the same physical page of

N
v

memory celis may be used to store two or more logical pages of data, with each cell
being configured o store 2 or more bits.  When two bils per cell are stored, a first bit
of a lower page is stored first, and then the next bit or bils of ong or more higher-
order pages are stored. The lower page is programmed first, followed by the higher-
order page or pages. When programming the upper page, programming vollages are
30 applied to the same celis that already store valid data in the lowsr page. Should
power fail during the programming of the higher-order page or pagss, the stored data
in the lower page may be irrecoverably corrupted, as may be the daia intended to be
stored in the higher-order page or pages. This problem is compounded by the fact

thatl the host may have already received an acknowiedgment from the data storage
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device indicating that the data stored in the lower page has already been saved to
the Flash memory.
(66047 Fig. 1 is a block diagram of aspscis of conventional Flash data

storage device. As shown therein, the Flash data storage device 100 comprises a

L

controlier 104, The controller 104 is coupled to an array of non-volaliie memaory
(e.g., Flash memory devices), colleclively referenced at numeral 102,
Conventionally, to provide power-fall protection, conventional Flash data sioragse
devices include a backup power source, as shown at 106 in Fig. 1. As indicated at
106, super-capaciiors or an array of discrete capacitors are conventionally used (o
10 maintain the controller 104 and the non-volatile memeory 102 powered-up during a
power loss, typically only long enough to finish programming the data to the Flash
memory devices 102, Indeed, these super-capacitors or array of discrete capacilors
are configured to store a sufficiently large amount of energy {0 enable the controlier
104 o complete any firmware operation {such as a write operation) upon power loss,
i5  This is not optimal, however, because super-capacitors are large, unreiiable, prone

o problems and expensive.

BRIEF DESCRIPTION OF THE DRAWINGS
12005] Fig. 1 is a block diagram of aspects of a conventional Fiash data
20 storage device.
[0008] Fig. 2 is a diagram showing aspects of the physical and logical
data organization of a data siorage device according to one embodiment.
18087} Fig. 3 is a block diagram of an S-Block, according to one
embodiment.
25 164838} Fig. 4 is a block diagram of an S-Page, according o one
embodiment.
16009] Fig. 5 is a block diagram of a dala storage device according to
one embodiment.
(8018} Fig. 6 is a flowchart of a method of controlling a data storage

30 device according to one embodiment.

DETAILED DESCRIPTION
[0611] Within the scope of the present disclosure, the acronym "MLEY
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expressly denotes a Flash memory comprising celis that store two or more bils per
celi. In the case wherein such MLC Flash memory is configured to slore two bits per
celi, data is siored in & lower pags and a corresponding upper page. In the case

wherein such MLC Flash memory is configured to store three or more bits per cell,

L

data is stored in a lower page and one or more corresponding higher-order pages.
The phrase “higher-order pages” is expressly intended 1o cover the upper page
and/or the upper page and one or more pages of higher order.

18012} Fig. 2 is a diagram showing aspects of the physical and logical
data organization of a data storage device 200 according (o one embodiment. In
10 one embodiment, the data storage device is an 38D, In another embodiment, the

data storage device is g hybrid drive including Flash memory and rofating magnetic
storage media. The disclosure is applicable o both S8SD and hybrid
implementations, bul for the sake of simplicily the various embodiments are
described with reference o S&D-based implementations. A data siorage device
15 controller 202 according to one embodiment may be configured to be coupled to a
host, as shown at reference numeral 218. The host 218 may utilize a logical block
addressing (LBA) scheme. While the LBA size is normally fixed, the host can vary
the size of the LBA dynamically. For example, the physical data storage device may
be logically portioned 1o support pariitions configured for LBAs of different sizes.
20 However, such partitions are not required for the physical device to support LBAs of
different sizes at the same time. For example, the LBA size may vary by inlerface
and interface mode. Indsed, while 512 byies is most common, 4 KB is also
becoming more common, as are 512+ (520, 528 etc.) and 4 KB+ (4 KB+8, 4K+18
efc.}) formats. As shown therein, the dala storage device controlier 202 may
25 comprise or be coupled to a page register 204. The page register 204 may be
configured o enable the controller 202 to read data from and store data o the daia
storage device 200. The controller 202 may be configured to program and read data
from an array of Flash memory devices responsive {0 data access commands from
the host 218. While the description herein refers to Flash memory generally, it is
30 understood that the array of memory devices may comprise one or more of various
iypes of non-volatile memory devices such as Flash inlegraled circuils,
Chalcogenide RAM (C-RAM), Phase Change Memory (PC-RAM or PRAM),
FProgrammable Metallization Cell RAM (PMC-RAM or PMCm), Ovonic Unified
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Memory (OUM), Resistance RAM (RRAM)}, NAND memory {2.g., single-level celi
(SLCY memory, multievel cell (MLC) memory, or any combination theregof), NOR
memory, EEPROM, Fermroelectric Memory (FeRAM), Magnetoresistive RAM
(MRAM}, other discrete NVM (non-volatile memory} chips, or any combination

theraof,

L

[0013] The page register 204 may be conifigured o enable the
controfler 202 {o read data from and store data {fo the array. According o one
embodiment, the array of Flash memory devices may comprise a plurality of non-
volatite memory devices in dig {e.g., 128 dies}, each of which comprises a plurality of

10 blocks, such as shown at 206 in Fig. 2. Other page registers 204 (not shown), may
be coupled to blocks on other die. A combination of Flash Blocks, groupsd together,
may be called a Superblock or S-Block. In some embodiments, the individual blocks
that form an S-Block may be chosen from one or more dies, planes or other levels of
granularity. An &-Block, therefore, may comprise a plurality of Flash Blocks, spread

15 across one or more die, that are combined together. In this manner, the 5-Block
may form a unit on which the Flash Managemaent System (FMS) operates.  In some
embodiments, the individual blocks that form an 5-Block may be chosen according
to a different granularity than at the die level, such as the case when the memory
devices include dies that are sub-divided inlo structures such as planes {i.e., blocks

20 may be laken from individual planes). According to one embodiment, aliocation,
erasure and garbage collection may be carried out af the S-Block level. In other
embodiments, the FMS may perform data operations according io other logical
groupings such as pages, blocks, planes, dies, elc.

16614} According to one embodiment, the array of MLC non-voiatile

25 memory devices may comprise a plurality of lower pages and a corresponding
plurality of higher-order pages. That is, each lower page may be associaled with a
corresponding single upper page or with a corresponding plurality (i.e., two or more)
of higher-order pages. The MLC non-volatile memory devices may be organized in
Flash Blocks 206, with each Flash Block comprising a plurality of Flash Pages {F-

30 Pages) 207, as shown in Fig. 2. Allernatively, a different physical organization may
be employed. An F-Page, according to one embodiment, may be the size of the
minimum unit of program of the non-volatile memory devices. The controller 202

may be coupled to the plurality of non-volalile memory devices and may be
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configured to write data o and read data from the plurality of lower pages and o one
or more corresponding higher-order pages. To address the lower-page corruption
problem afflicting conventional daita storage devices, ong embodiment of a data

storage device 200 comprises a buffer 208. In one embodiment, the buffer

L

comprises a non-volatile memory. As write commands are received from the host
218 and executed by the controller 202, the data to be written to the MLO non-
volatile memory devices (i.e., Flash Blocks 206) may be accumulated. According o
one embodiment, the data {o be writlen may be accumulaled within & wrile siore
203. The write store 203 may be coupled o the controller 202, In one embodiment,
10 the write siore 203 is a siore that is infernal to the confroller 202
Contemporaneously with the accumulation of the data in the write store 203 {or at
least shortly before or after such accumulation), the controller 202 may allocate
mermory space in the buffer 208 and may write the accumulaled data to the allocated
space in the buffer 208. According to one embaodiment, the data to be written {o the
15 MLC non-volatile memory devices may be stored in both the write store 203 and the
buffer 208, such that the buffer 208 and the write slore 203 mirror or substantially
mirror each other. Indsed, according to one embodiment, the controller 202 may be
configured to accumulate data fo be written in the write store 203 and in the buffer
208 until a complete F-page is consiructed. According to one embodiment, a pariial
20 F-Page may be packed with a predelermined coded value and considered o be
complete. Completed F-Pages may be written io the MLC non-volatile memory
devices. Thatis, at least a portion of the accumulated data may be written to a lower
page of the MLC non-volalile memory devices. According to one embodiment,
previously-allocated space in the buffer 208 may be de-allocated when all higher-
25 order pages corresponding to the lower page have been wiitten in the MLC non-
volatiie memory devices. That is, the controller 202 may be configured to keep lower
page data in the buffer 208 until the upper page or high-order pages corresponding
to the lower page have been programmed. This ensures that a power-safe copy of
the write data is maintained in the buffer 208 until both the lower and higher-order
30 page or pages have been programed, after which the data may be considered o be
power-fail and corruption safe.
[6015] According to one embodiment, in the normal course of operation

of the data siorage device 200, as complele F-Pages are constructed {(and
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accumulated in the write store 203 and written out to the buffer 208}, they may be
writfen out to the MLC non-volatile memory devices. According to one embodiment,
it is the completed F-Pages stored in the write store 203 that are written out fo the

MLC non-volatile memory devices, Indeed, it may be preferable to wrile the

L

completed F-Pages out from the wrile store 203 rather than from the buffer 208, as
the write store 203 may be able {o support a greater bandwidth than the buffer 208,

[BG16] According to one embodiment, the buffer 208 may comprise

non-volatile memory. For example, the buffer 208 may comprise memory that is

non-volatiie and that is characlerized as having high access, read and write speeds.

10 According to one embodiment, the buffer 208 may comprise Magnetic Random

Access Memory (MRAM). Other memory types may alsc be used. MRAM may

exhibit performance thal is similar to that of SRAM, a density comparable to DRAM

and low power consumption. Morsover, MRAM is not known 1o degrade over time.

Although relatively costly, MRAM is well suited to the task of the buffer 208; namely,

15 {o store a power-safe copy of lower page data at least untll the corresponding higher-

order page(s) have been safely stored in the Flash Blocks 206. it is to be noted,

however that, as of this writing, the cost of implementing the buffer 208 in MRAM is

still less costly than the conventional use of super-capacitors or the use of an array

of discrete capacitors. In the implementation in which the buffer 208 comprises non-

20 volatile memeory such as MRAM, the data writlen thereto that has not yel been safely

stored in the Flash Blocks 206 (such as lower page dala whose comesponding

higher-order page{s} were not stored o Flash before a power-fail event) may be read

out from the buffer 208 by the confroller 202 and stored in the Flash Blocks 206 upon

restoration of the power to the data storage device 200. That is, the controller 202

25 may be further configured o read data from the buffer 208 and write at least a

portion of the read data to the non-volatile memory devices of the Flash Blocks 208,

after power is restored to the dala storage device 200 subsaquent o a loss of power

thereto.

80171 According to one embodiment, the buffer 208 may be configured

30 io be at least sufliciently large to enable recovery from lower page corruption after a

power loss to the dala slorage device. The size of the buffer 208, thersfore, may

vary with, for example, the number of pages belween lower and higher-order pages,

the size of the F-Pages, the number of planes and dies of the data storage device.
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For example, the size of the buffer 208 may vary from a few MB fo a few hundreds of
MB, although other implementations may utilize other sizes io good effect
According to ons embodiment, the buffer 208 may comprise a plurality of buffers for

each die, as each die completes its programming at a different fime. This enables

L

multiple pages per die o be managed independently, leading fo an efficient
configuration of the buffer 208. The buffer 208 may, for example, be implemented as
a plurality of buffers from which the controller 202 allocates space, stores daia and
de-aliocates space, as the higher-order page({s) of corresponding lower pages are
stored in the Flash Blocks 208, Such a buffer configuration is well suited 1o buffering
10 the stream of write data from host write commands until the probability of lower page
corruption upon power fail is acceptably small or zero. According to one
embodiment, the controller 202 may be configured to generale and send a write
acknowledgement {o the host 218 after {e.g., as soon as} the ageoumulated data is
written o the allocated space in the buffer. That is, from the host's perspaciive, the
15 data may be considered {o have been safely stored in Flash as soon as it is stored in
the buffer 208. According 1o one embodiment, the MLC non-volatile devices may be
run in lowsr-page only mode or in “SLC” mode. In that case, since there are no
higher-order pages to contend with, de-allocation of space in the buffer 208 may be
carried out as soon as the page in MLC lower-page only mode or the page in SLC
20 mode is programmed and need not be delayed while wailing for any higher-ordered
pages to be programmed.

(8018} Fig. 3 is a block diagram of an 8-Block, according to one
embodiment. As shown therein, an S-Block 302 may comprise one Flash block {F-
Biock) 206 per die. An S-Block, therefore, may be thought of as a collection of F-

25 Blocks, one F-Block per dis, that are combined togsther {o form a unit of the Flash
Management Dystem (FMS) of the dala storage device. According fo one
embodiment, allocation, erasure and GC may be managed at the S-Block level
Each F-Block 208, as shown in Fig. 3, may comprise a plurality of Flash pagss (F-
Page)} such as, for example, 256 or 512 F-Pages. An F-Page, according fo one

30 embodiment, may be the size of the minimum unit of program for a given non-volatile

memory device. Fig. 4 shows g super page (S-page)}, according to one embodiment.

As shown therein, an S-page 402 may comprise one F-Page per F-Block of an &-

Biock, meaning that an S-page spans across an entire S-Block. According o one
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embodiment shown in Fig. 2, the data may be accumulaled, writlen and siored in
units of S-Pages 402. The buffer 208 may be configured to store write data
organized differently than 3S-Pages 402, dspending upon the specific

implementation,

L

[8818] Fig. 5 is a block diagram of another data storage device 500,
according fo one embodiment. With reference to Fig. 2, like reference numerals
dencie like elements and the description of such like elements omitted for brevily. In
this embodiment, the controller 502 need not {(but may} comprise a write store, such
as write store 203 in Fig. 2. A volatile memory buffer 504 (or a plurality of such
10 volatiie memory buffers) may be coupled o the coniroller 502, For example, the

volatile memory buffer 504 may comprise or be configured in a Dynamic Random
Access Memory (DRAM). The volatile memory buffer 504 is shown in Fig. & as
being external io the controller 502. However, the volatile memory buffer 504 may
also be infernal to the controller 502, which may transiate inio faster access times by
15 the controlier 502. However, size and/or other considerations may recommend that
the volatite memory buffer 504 be configured as an external memory buffer coupled
to the controller 502. The dala siorage device 500 of Fig. 5 may also comprise a
backup source of power such as shown at 506 and a non-volatile memory, as shown
at 508. The backup source of power 508 may be coupied to the volatile memaory
20 buffer 504, o the controlier 502 and to the non-volatiie memory 508. The backup
source of power 506 may be configured o Keep at least the volatile memory buffer
504, the controller 502 and/or the non-volatiie memory 508 powsred-up for a period
of time upon a power fail event, without loss of data in the volatile memory 504 {(at
least until the contenis thereof can be saved to the non-volatile memory 508).
25 According to one embodiment, the backup power source 506 may be configured to
power at least portions of the data storage device of Fig. 5 at least as long as
necessary for the controller 502 to write the dala from the volatile buffer 504 {o the
non-volatile memory 508. The backup power source 506 may comprise capacitors,
super-capacifors and/or any energy storage elements. In one embodiment where
30 the data storage device is a hybrid disk drive or a solid state drive coupled with a
hard disk drive, the power source 500 may be provided by the BEMF (back
electromotive force) generated from the spindie molor of the hard disk drive.

[Q020] indeed, during normmal operation, as wrile commands are
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recelved from the host 218 and execuied by the controller 502, the data to be writlen
o the MLC non-volatile memory devices {i.e., Flash Blocks 208} may be writlen (o
both the volatile memory buffer 504 and to the MLC non-volatile memory devices.

According to one embodiment, the controller 502 may be configured to accumulate

L

data to be wrilten {as direcled by write commands issued by the host 218, for
example} internally (in a write store 203, for example) until a complele F-page is
constructed. Alternatively and according to one embodiment, a partial F-Page may
be packed with a predetermined coded value and considered 0 be complete.
Completed F-Pages may then be written both to the volatile memory buffer 504 and
10 1o the MLC non-volatile memory devices. According to one embodiment, the data
may also be accumulated, written and stored in units of 3-Pages 402 or any other
data organization unil. Indeed, the volatile memory buffer 504 may be configured fo
store wrile dala organized differently than S-Pages 402, depending upon the specific
implementation. According to one embodiment, therefore, in addition o wriling the
15 accumulated data (or a poriion thereof} to volatile memory buffer 504, the
accumulated data {or a portion thereof} may be writlen {o one or more lower and/or
upper pages of the MLC non-volatile memory devices (the Flash Blocks 208).
According o one embodiment, previously-allocated space in the volatile memory
buffer 504 may be de-allocated and the de-allocated space therein reused for new
20 write data when all higher-order pages corresponding to a previously-programmed
lower page have been written in the MLC non-volatile memory devices and thus may
be considered {o be effectively corruption-safe. That is, the controller 202 may be
configured {o keep lower page data in the volatile memory buffer 504 at least until
the upper page or high-order pages corresponding io the lower page have been
25 programmed in the MLC non-volatile memory devices.

[06021] in the event of a power loss, the backup power source 508 may
supply power al least (o the controller 502, the volatile memory buffer 504 and/or the
non-volatile memory 508. During the time the confroller 502, the volatile memory
buffer 504 and/or the non-volatile memory 508 are powered by the backup power

30 source 508, the controller 502 may cause data stored in the volatile memory buffer
504 to be copled o the non-volalile memory 508, thereby saving the dala that has
not vet been saved to the MLC non-volatile memory devices in a corruption safe

manner, thereby enabling the controller to acknowledge the write to the host 218.
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When power to the MLC non-volatile memory devices is restored, the data saved in
the non-volatile memory 508 may be programmed into the MLC non-volatile memory
devices.

166221 ft is to be noted that the non-volatile memory 508 may,

L

according fo one embodiment, be written o only in the event of a power failure.
Moreover, by powering only the controlier 502, the volatile memory buffer 504 and
the non-volatile memory 508 in the event of a power failure, comparatively less
power is required than would be required 1o also power the dies of the MLC non-
volatile memory devices {e.g., Flash Blocks 206). U is to be noted that the non-
10 volatile memory 508 may draw its power from the controlier 502 that is powered by
the backup powser source 508. According to one embodiment, the non-volatile
memory 508 may comprise MRAM. According fo one embodiment, the backup
power source 500 need only be coupled io the controller 502 and fo the volalile
meamory buffer 504. In addition, by using the volatile memory buffer 504 as the
15 primary write location in the datfa path and the non-volatile memory 508 in the event
of a power failure, the wear on the non-volatiie memory 508 is reduced.
10623] Fig. 6 is a flowchart of a method of controlling a data storage
device according to one embodiment. The data siorage device may comprise a
buffer and a plurality of Mulli-Level Cell (MLC) non-volatile memory devices
20 {comprising, e.g., the Flash Blocks 206). The MLC non-volatile memory devices
may comprise, as described herein, a plurality of lower pages and a corresponding
plurality of higher-order pages. A conirolier, such as shown at 502, may be
configured fo write and read data to and from the plurality of lower pages and the
corresponding plurality of higher-order pages. According to one embodiment and as
25 shown in Fig. 6, the method may comprise accumulaling data to be written o the
MLC non-volatile memory devices, as shown at Biock B61. Block B6Z calis for
allocating space in a buffer 208, 504 and writing the accumulated data to the
allocated space in the buffer 208, 304. As shown at BG3, at least a portion of the
accumulated data may be written o one or more lower pages of the MLC non-
30 volatile memory devices. it is understood that a portion of the accurmulated data may
also be writlen 1o one or more upper pages of the MLC non-volatile memory devices.
When all higher-order pages corresponding to the lower page have been written in

the MLC non-volatile memory devices, space in the bufler that stores data written {o

10
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the lower page may be safely de-allocated, as called for in Block Bo4.
180241 According to ong embodiment and as shown in Fig. 2, the buffer
may comprise or be configured as a non-volalile memory such as, for example,

Magnetic Random Access Memory (MRAM). As described relative to Fig. 2 and as

L

shown at B6S in Fig. &, the method may also comprise reading data from the buffer
208 and wriling at least a portion of the read data {o the MLC non-volatile memory
devices, after power is resiored o the dala storage device subsequent fo a loss
thereof. As described relative o Fig. 5, the method may also comprise reading data
from the volatile memory buffer 504 and writing at least a portion of the read data o
10 the non-volatile memory 508, after power is restored (e.g., by the backup power
source 506} to the data siorage device after a power loss, as shown at B65 in Fig. 6.
According to one embodiment, the buffer 208, 504 may be at least sufficiently large
to enable recovery from a possible lower page corruption afier a power loss to the
data slorage device. According io one embodiment, the buffer 208, 504 may be
15 configured as one or more buffers. A write acknowledgment {o the host 218 may be
generated and sent after the accumulated data is written to the allocated space in
the buffer 208, 504, as the dala may be considered, from that point in time Torward,
to be corruption-safe. According to one embodiment, the MLC non-volatile memory
devices may be comnfigured to comprise a plurality of blocks, sach of which
20 comprising a plurality of physical pages. A collection of such blocks may define a
superblock (8-Biock). A collection of physical pages with one physical page per
block in an S-Block may define a superpage (S-Page), which may be the unit by
which the coniroller 202 accumulaies, writes and stores host and/or other data.
Other data organizations and uniis may be implemented within the present coniext.
25 [6625] As shown in and described relative fo Fig. 5, the method may
also comprise providing & backup source of power 508 and a non-volalile memory,
such as a non-volalile memory, such as shown at 508. The buffer 504, in this
embodiment, may comprise volatile memory. The method may, according to one
embodiment, further comprise powering at least a portion of the data storage device
30 500 for at least as long as necessary for the controller 502 {o write the data from the
buffer 504 to the non-volatile memory 508, According to one embodiment, after
power is resiored to the data siorage device afier a loss thereof, atl least a portion of

the data in the non-volatile memory 538 may be written to the MLC non-volatile

11
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memory devices. A wrile store {203 in Figs. 2 and 5) may be provided, and the
conirofler 202, 502 may be configured to write the accumulated data o the write
store 203 as the accumulated data is wrilten o the allocated space in the buffer 208,

504. According to one embodiment, the controlier 202, 502 may also be configured

L

to de-sliocate space, in the buffer 208, 504, thal stores data writlen o the higher-

order pages when all higher-order pages coresponding o the lower page have been

written in the MLC non-volatile memory devices, as such data may be considered {o
be corruption-safe.

[6626] While certain embodiments have been described, thess

10 embodiments have been presenied by way of example only, and are not infended to

limit the scope of the present disclosure. Indeed, the novel methods, devices and

systems described herein may be embodied in a variety of other forms.

Furthermore, various omissions, substlitutions and changes in the form of the

methods and systems described herein may be made without departing from the

15 spirit of the present disclosure. The accompanying claims and their equivalents are

intended to cover such forms or modifications as would fall within the scope and

spirit of the prasent disclosure. For example, those skilled in the art will appreciale

that in various embodiments, the aciual structures may differ from those shown in

the figures. Depending on the embodiment, certain of the sleps described in the

20 example above may he removed, others may be added. Also, the features and

attributes of the specific embodiments disclosed above may be combined in different

ways fo form additional embodiments, all of which fall within the scope of the present

disclosure. Although the present disclosure provides certain preferred ambodiments

and applications, other embodiments that are apparent to those of ordinary skill in

25 the art, including embodiments which do not provide all of the features and

advaniages set forth herein, are alsoe within the scope of this disclosure.

Agcordingly, the scope of ihe present disclosure is intended to be defined only by

reference o the appended claims.

36
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CLAIMS:

1. A data storage device, comprising:

a plurality of Multi-Level Cell (MLC) non-volatile memory devices comprising a
plurality of lower pages and a corresponding plurality of higher-order pages;

a controller coupled to the plurality of MLC non-volatile memory devices and
configured to write data to and read data from the plurality of lower pages and the
corresponding plurality of higher-order pages; and

a buffer coupled fo the controlier;

wherein the controller is configured to:

accumuiate data to be written 1o the MLC non-volatile memory devices;

allocate space in the buffer and write the accumulated data io the
allocated space in the buffer;

wriie al least a portion of the accumulated dala in a lower page of the
MLC non-voiatie memory devices; and

de-allocate space in the buffer that slores data written o the lower
page when all higher-order pages corresponding o the lower page have been

written in the MLC non-volatile memory devices.

2. The data storage device of claim 1, wherein the buffer comprises non-

volatile memory.

3. The data storage device of claim 2, wherein the non-volatile memory

comprises Magnetic Random Access Memory {MRAM).

4, The data storage device of claim 1, wherein the controller is further
configured {o read daia from the buffer and write at least a portion of the read data fo
the MLC non-volatile memory devices, after power is restored to the dala storage

device after a loss of power,
5. The dala storage device of claim 1, wherein the buffer is at least

sufficiently large 1o enable recovery from lower page corruption after a power loss o

the data slorage device.

13
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6. The data storage device of claim 1, wherein the MLC non-volatile
devices are configured o operate in lower page only mode or in Single Level Celi
{SLC) mode.

7. The dala storage device of claim 1, wherein the controlier is further
configured to generate and send a wrile acknowledgement o a host afler the

accumulated data is wrilten {o the allocated space in the buffer.

8. The data storage device of claim 1, wherein the MLC non-volatile
memory devices comprise a plurality of biocks, each of the plurality of blocks
comprising a plurality of physical pages, a collection of blocks defining a superblock
{S-Block), a collection of physical pages with one physical page per block in an &-
Biock defining a superpage (S-Page), and wherein the data is accumulaled, wrilten

and stored in units of 5-Pages.

9. The daia storage device of claim 1, further comprising a backup source
of power and a non-volatile memory, wherein the buffer comprises volatile memory
and wherein the backup source of power is configured o power at lsast a portion of
the data siorage device al least as long as necessary for the coniroller to write the

data from the buffer to the non-volatile memory.

10.  The data storage device of claim 8, wherein the non-volatile memory

comprises Magnetic Random Access Memory {MRAM).

11.  The daia storage device of claim 9, wherein the controlier is further
configured to write at least a portion of the dats in the non-volatile memory to the
MLC non-volatile memory devices, after power is restored to the data storage device

after a loss of power.
12.  The data storage device of claim 1, further comprising a write siore and

wherein the controller is further configured to write the accumulated dala to the write

store as the accumulated dats is wrillen 1o the allocated space in the buffer.

14



WO 2014/077962 PCT/US2013/062725

13.  The dala storage device of claim 1, wherein coniroller iz further
configured to aiso de-aliocate space in the buffer that slores dala wrilten to the
higher-order pages when all higher-order pages corresponding o the lower page

have been written in the MLC non-volatile memory devices.

14. A data storage device controller, comprising:
a processor configurad to couple o a buffer and to a plurality of Multi-Level
Ceil (MLC) non-volatile memory devices that comprise a plurality of lower pages and
a corresponding plurality of higher-order pages, the processor being further
configured to:
read data from the plurality of lower pages and the comresponding
plurality of higher-order pages; and
wrile data io the pluralily of lower pages and the corresponding piurality
of higher-order pages by at least
accurmulating data {o be wrilten to the MLC non-volatile memory
davices;
allocating space in the buffer and writing the accumulated data
o the aliccated space in the buffer;
writing at least a portion of the accumulated data in a lower page
of the MLC non-volatile memory devices; and
de-aliocating space in the bufler that sfores data writlen to the
iower page when all higher-order pages corresponding to the lower

page have been writlen in the MLC non-volatile memory devices.

15. The data storage device controller of claim 14, wherein the buffer

comprises non-volatile memory.

16.  The dala siorage devica controller of claim 15, wherein the non-volatile

memory comprises Magnetic Random Access Memory (MRAM).
17.  The data storage device controlier of claim 14, wherein the processor

is further configured to read data from the buffer and wrile at least a portion of the

read data to the MLC non-volatile memory devices, after power is restored to the

15



WO 2014/077962 PCT/US2013/062725

data storage device after a loss of power.

18.  The data siorage device controlier of claim 14, whersin the buffer is at
least sufficiently large to enable recovery from lower page corruption afier a power

loss {o the data storage device.

18.  The daia storage device controller of claim 14, whersin the MLC non-
volatile devices are configured o operale in iower page only mode or in Single Level
Cell (SLC) mode,

2(0.  The daia storage device controller of claim 14, wherein the processor
is further configured o generate and send a wrile acknowledgement fo a host after

the accumulated data is writlen {o the allocated space in the buffer,

21.  The daia storage device controller of claim 14, wherein the MLC non-
volatile memory devices comprise a plurality of blocks, sach of the pluralily of blocks
comprising a plurality of physical pages, a collection of blocks defining a superblock
{S-Block), a collection of physical pages with one physical page per block in an &-
Biock defining a superpage (5-Page}, and wherein the data is accumulated, wrilten

and stored in units of 8-Pages.

22, The data storage device controller of claim 14, further comprising a
backup source of power and a non-volatile memory, whergin the buffer comprises
volatile memory and wherein the backup source of power is configured to power at
least a portion of the data storage device at least as long as necessary for the

conirolier to write the data from the buffer to the non-volatile memory.

23. The dats siorage device controller of claim 22, wherein the non-volatile

memory comprises Magnetic Random Access Memory (MRAM).
24, The data storage device controlier of claim 22, whersin the processor

is further configured to write at least a portion of the data in the non-volatile memory

to the MLC non-volatile memory devices, after power is restored to the data storage
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device after a loss of power.

25. The data storage device confroller of claim 14, further comprising a
write store and wherein the processor is further configured to write the accumulated
data to the wrile slore as the accumulated data is wrilten to the allocated space in
the buffer.

26. The daia slorage device controller of claim 14, wherein processor is
further configured to also de-allocate space in the buffer that slores data writlen {0
the higher-order pages when all higher-order pages corresponding to the lower page

have been written in the MLC non-volatile memory devices.

27. A method of controlling a data slorage device, the data storage device
comprising a buffer and a plurality of Multi-Level Cell (MLC) non-voliatile memory
devices that comprise a pluralily of lower pages and a corresponding plurality of
higher-order pages, the method comprising:

reading data from the plurality of lower pages and the corresponding plurality
of higher-order pages; and

writing data to the plurality of lower pages and the corresponding pluratity of
higher-order pages by al least:

accumulating data fo be written to the MLC non-volatile memory
devices;

aliocating space in the buffer and writing the accumulated data o the
allocated space in the buffer;

writing at least a portion of the accumulated data in a lower page of the
MLC non-voiatile memory devices; and

de-gllocating space in the buffer that stores datg writien to the lower
page when all higher-order pages corresponding to the lower page have been

written in the MLC non-volatile memory devices.

28. The msthod of claim 27, wherein the buffer comprizses non-volatile

memory.
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29.  The method of claim 28, wherein the non-volatile memory comprises

Magnetic Random Access Memory (MRAM).

30, The method of claim 27, further comprising reading data from the
buffer and writing at least a portion of the read data to the MLC non-volatile memory

devices, after power is restored 1o the data siorage device after a loss of power.

31, The method of claim 27, wherein the buffer is at least sufficiently large
o enable recovery from lower page corruption afier a power loss o the data storage

device.

32. The method of claim 27, wherein the MLC non-volatile devices are

configured {o operate in lower page only mode or in Single Level Cell (ELC) mode.

33. The method of claim 27, further comprising generating and sending a
wrile acknowledgement to g host afler the accumulated datg is wrilten (o the

aliocated space in the buffar.

34.  The method of claim 27, wherein the MLC non-volatile memaory devices
comprise a plurality of blocks, sach of the plurality of blocks comprising a plurality of
physical pages, a collection of blocks defining a superblock {S-Block), a collection of
physical pages with one physical page per block in an S-Block defining a superpags

{(S-Fage), and accumulating, writing and storing is carried out in unils of 5-Pages.

35. The method of claim 27, further comprising a backup source of power
and a non-volalile memory, wherein the buffer comprises volatile memory and
wherein the method further comprises the backup source of power powering at least
a portion of the data slorage device at least as long as necessary for the controller o

write the data from the buffer {o the non-volatile memory.

36.  The method of claim 35, wherein the non-volatile memory comprises

Magnetic Random Access Memory (MRAM).
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37.  The method of claim 35, further comprising writing at least a portion of
the data in the non-voiatlile memory to the MLC non-volatile memory devices, after

power is restored o the data sforage device after a loss of power.

38. The method of claim 27, wherein the data storage device further
comprises a write storg and wherein writing data further comprises writing the
accumulated data o the wrile siore as the accumulaled data is wrillen o the

allocated space in the buffer.

39, The method of claim 27, further comprising de-allocating space in the
butfer that stores data written {o the higher-order pages when all higher-order pages
corresponding to the lower page have been written in the MLC non-volatile memory

devices.
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