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array of flash memory devices coupled to the flash controller. The array may
comprise a plurality of S~Pages that may each comprise a plurality of
K F~Pages, In turn, each of the plurality of F~Pages may be configured to store
a variable amount of data and a variable amount of error correction code. The
flash controller may be configured to generate an error correction code across
each F-Page of an S~Page and to store the generated error correction code
within one or more F-Pages having the largest amount of data.
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METHODS, SOLID STATE DRIVE CONTROLLERS AND DATA STORAGE DEVICES
HAVING A RUNTIME VARIABLE RAID PROTECTION SCHEME

CROSS-REFERENCE TO RELATED APPLICATIONS
{00017 This application claims  priorily o provisional U.S. Patent
Application Serial No. 61/732,830 (Alty. Docket No. T5861.P), filed on December 3,

2012, which is hereby incorporated by reference in iis entirety.

BACKGROUND

(00062} In any die of a solid-state drive (85D), there are likely fo be a
number of bad memory blocks, due 1o process technology and manufacturing
variations, among other faciors. Moreover, every block’s endurance varies. in the early
ife of a die, most of the blocks are good. There are, however, some inilial failures.
Buring the bulk of the life of the die, random bil errors occur. Eventually, towards the
end of life of the die, a wear effect manifests iiself, in which the error rale increases.
Every block goes through this lifecycle, albeilt polentially at a different rate.  Indeed,
some blocks take a long time 1o go through this lifecycle, while others take a
comparatively shorter period of time. To provide an adequate safety margin, however,
conventional SSD systems are provisionead according to the worst-performing blocks.

[0003] Bils in a fiash memory may be read incorrectly {i.e., develop bil
errors) after being programmed. The charge level on a flash cell will change due to
several condilions (&.q., ime, temperature, accesses (o other pages in the block, elfc.).
Eventually, when an affecled cell is read, the wrong value is returned.  Flash
manufacturers specify a maximum number of bit errors for a flash page based on the
process technology, cell design, lab testing, simulation, operaling conditions, and the
like. The bit error specification is usually specified as P errors per M byles. In some
cases, the controller manufacturer is responsible for implementing an Error Correcting
Code (ECC), which salisfies or exceeds the specification. Types of ECC include Reed
Solomon, BCH and Low-Density Parity-Check (LDPC) codes, which are methods of
correcting bit errors in g block of data bits. The life {measured in Program/Erase (PE)
cycles) of a flash device specified by a flash manufaciurer is based on the

implementation of the specified error correclion requirements.  Flash manufacturers
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provide extra byles in a flash page to accommodate the number of expected ECC biis
plus a small amount of space for other metadata such as, for example, Cyclic
Redundancy Checlk {CRC) field, sector number, and the like.

10004] The Open NAND flash Interface (ONF1) specification, version 2.3,
defines a flash Page as conlaining a data area and a spare area. The spare area is
intended for use in holding ECC checkbits and metadata, while the data area is
assumed o contain sector {e.g. logical block) data. Errors can occur in data portions of
specific pages and in entire pages. Different ECC codes and different error correction

strategies are required for each type of error.

BRIEF DESCRIPTION OF THE DRAWINGS

{0005] Fig. 1A is a diagram showing aspects of the physical and logical
data organization of a data storage device according to one embodiment.

{0006} Fig. 18 is a diagram of an F-Page in which the data portion and
ECC portion of each E-Page are physically separated, according to one embodiment.

(00067] Fig. 10 is a diagram illustrating that the F-Page data portion and
the F-Page ECC portion are variable in size within a given F-Page.

{00068} Fig. 2 shows a logical-to-physical address translation map and
Hustrative entries thereof, according to one embodiment.

00097 Fig. 3 shows a graph showing a percentage of bad blocks versus
FProgram /Erase Cycles for both conventional devices and methods and according o
one embodiment.

00107 Fig. 4 is a diagram showing a relationship between block failure
rates over the lifetime of a data storage device, and the manner in which the ECC and
data porlions of an E-FPage may be varied o exiend the useful lifetime of the data
storage device, according (o one embodiment.

100113 Fig. & is a diagram of a block information data structure, according
io one embodiment.

10012} Fig. © is a block diagram of a superblock (S-Block), according to
one embodiment.

{0013} Fig. 7 shows another view of a super page (5-Page), according to
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one embodiment.

10014} Fig. 8 is a diagram of an S-Page iliustrating the generation and
storage of Check Pages, according o one embodiment.

10015] Fig. 9 is a diagram showing a relationship between block faliure
rates over the lifelime of a data storage device, and the manner in which the number of
Check Pages may be varied (o extend the useful lifetime of the data siorage device,
according fo one embodiment.

{0016} Fig. 10 is a flowchart of a method of generating and storing Check

Pages in a dala slorage device, according fo one embodiment.

DETAILED DESCRIPTION

(0017} Fig. 1A is a diagram showing aspects of the physical and logical
data organization of a data slorage device according to one embodiment. In one
embodiment, the data storage device is an §&D.  In ancther embodiment, the data
storage device is a hybrid drive including lash memory and rotating magnetic storage
media. The disclosure is applicable to both S50 and hybrid implementations, but for
the sake of simplicity, the various embodiments are described with reference to 55D-
based implementations. An &&D controller 132 according to one embodiment may be
configurad to be coupled o a host, as shown at reference numeral 118, The host 118
may ulilize 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 LBA size
may vary by interface and interface mode. Indeed, while 512 Byles is most common,
the 4 KB size is aiso gaining favor, as are the 512+ (5§20, 528, elc.) and 4K+ {(4K+§,
4K+16, elc.) formats. As shown therein, the 58D coniroller 102 may comprise or be
coupled o one or more page regisiers 104. The controller 102 may be configured o
program and read data from an array of flash memory devices responsive (o data
access commands from host 118, While the description herein refers {o flash memory,
it is understood that the array of memory devices may comprise other types of non-
volatile memaory, such as flash integrated circuits, Chalcogenide RAM (C-RAM), Phase
Change Memory (PC-RAM or PRAM), Programmable Metallization Celi RAM (PMC-
RAM or PMCm), Ovonic Unitied Memory (OUM), Resistance RAM (RRAM), NAND
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memory {e.q., single-level cell (SLC) memory, multi-level cell (MLC) memory, or any
combination therecf), NOR memory, EEPROM, Ferroelectric Memory (FeRAM),
Magnetoresistive RAM (MRAM]), other discrete NVM {(non-volalile memory) chips, or
any combination thereof,

{0018] The page register 104 may be configured {o enable the controller
102 to read data from and store data o the array. The array of flash memory devices
may comprise a plurglity of flash memory devices in one or more die {(e.g., 128 dig).
The flash memory devices may comprise a plurality of flash blocks, such as shown at
1089 in Fig. 1A, A combination of flash blocks, grouped together, may be called a
Superblock or 5-Block. In some embodiments, the individual blocks that form an 5-
Block may be chosen from one or more dies, planes or other leveis of granularity. An
S-Block, therefore, may comprise a plurality of flash blocks, spread across one or more
die, that are combined together. In this manner, the S-Block may form a unit on which
the Fiash Management System (FMS) operates. In some embaodiments, the individual
blocks that form an S-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 into structures such as planes (i.e., blocks may be taken from individual planes).
According to one embodiment, aliocation, srasure and garbage collection may be
carried out at the S-Block ievel. In other embodiments, the FMS may perform data
operations according to other logical groupings such as pages, blocks, planes, dies, elc.

10019} fach of the flash blocks 109 may comprise a plurality of physical
pages such as flash pages {(F-Pages) 208. Each F-Page 208 may be of a fixed size
such as, for example, 16 KB. The size of the F-Page 208, according to one
gmbodiment, may be defined as the size of the minimum unit of program for a given
flash device. As also shown in Fig. 1A, each F-Page 208 may be configured o
accommodale one or more physical sub-pages, such as ECC pages, hereinafter
denoted as E-Pages 210. As used herein, the term "E-Page” refers to a data structure
configured o store data, in non-volatile memory, over which an error correcting code
has been applied. According to one embodiment, the E-Page 210 may form the basis
for physical addressing within the 55D and may constilule the minimum unit of flash

read data transfer. That ig, each E-Page 210 may be configured to store the minimum
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amount of data readable by the coniroller 102, The E-Page 210 may be of a
predetermined fixed size {such as 2 KB, for example) and determine the size of the
pavicad (e.g., host or cther data) of the ECC system. The size of the physical pages
{e.g., E-Pages), however, need not be fixed. In one embodiment, the address of an k-
Page uniquely identifies the location of the E-Page within the flash memory. For
example, the E-Page’s address may specify the flash channel, a particular die within the
identified flash channel, a particular block within the die, a particular F-Page and, finally,
the start of the E-Page within the identified F-Page.

(00207 According o one embodiment, each F-Page 208 may be
configured to fit one or more E-Pages 210 within its boundaries. For example, given 16
KB wide F-Pages 208 and a fixed size of 2 KB per E-Page 210, eight E-Pages 210 {it
within a single F-Page 208, as shown in Fig. 1A, In any event, according to one
embodiment, an integer number of E-Pages, such as a power of 2 mulliple of E-Pages
210, including ECC, may be configured o #if into an F-Page 208, As also shown in Fig.
1A, each E-Page 210 may comprise a data portion 114 and, depending on where the &-
Page 210 is located, may also comprise an ECC portion 116, The ECO portion 116
may be configured {o store the ECC that was applied o the daia stored in the data
portion 114 of the E-Page 210. According to one embodimenti, neither the data portion
114 nor the ECC portion 118 needs to be fixed in size. Therefore, according to one
embodiment, for a given E-Page size, the ratic between the size of the ECC portion and
the size of the data portion within an E-Page may be varied.

00211 The E-Pages, data portions, and ECC portions need not be
arranged according to the example arrangement of Figure 1A, For example, the data
portion and ECC portion of gach E-Page may be physically separated, so thal the data
portions are grouped together and the ECC portions are grouped together within an F-
Page, as shown in Fig. 1B, Within F-Pages, the data portions and the ECC portions
may be variably-sized. indeed, Fig. 1C shows an F-Page whose constituent data
portions are relatively larger than the dala portions of the E-Pages shown in Fig. 1B.
Correspondingly, the ECC portions of the F-Page of Fig. 1C are relatively smaller in size
than the ECC portions of the E-Pages shown in Fig. 1B. it follows, therefore, that in the
aggregate within an F-Page, the F-Page data portion of the F-Page of Fig. 10 is larger
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than the F-Page data portion of the F-Page shown in Fig. 18.  Similarly, in the
aggregate within an F-Page, the F-Page ECC portion of the F-Page of Fig. 1C is smaller
in size, as compared to the F-Page data portion of the F-Page shown in Fig. 1B. That
the data portions and ECC portions of F-Pages are variably-sized will be used {o good
advantage in the storage of F-Page error correcting codes, as is developed iully herein
below. Other arrangements of E-Pages, data portions, and ECC portions are possible
in various embodiments, and the size adjusiment methods disclosed herein are
applicable to those embodiments as well. In one embodiment, an F-Page may include
just one E-Page.

(0022} Indeed, to bridge belween physical addressing on the 55D and
logical block addressing by the host, a logical page (L-Page) construct is introduced.
An L-Page, dencted by the reference numeral 212 in Figs. 1A and 2, may comprise the
minimum unit of address translation used by the flash management system. Each L-
Page 212, according to one embodiment, may be associated with an L-Page number.
in one embodiment, data is logically stored in L-Pages 212 and L-Pages 212 are
physically stored on the 55D in E-Pages 210. Whereas E-Pages 210 are, according to
one embodiment, of a fixed size {(an integer number of them may fif within an F-Page),
the size of L-Pages 112, according o one embodiment, may be variable, due o
variability in the compression of data {o be siored. Since the compressibility of data
varies, a 4 KB amounti of dala of one type may be compressed into a 2 KB L-Page while
a 4 KB amount of data of a different type may be compressed into a 1 KB L-Page.
Because of this compression, according to one embodiment, the physical and logical
sizes need not be agligned, as is developed further herein. L-Pages 212 and their
associated L-Page numbers, therefore, may be configured to enable the controller 102
to logically reference dala (such as host dala, for example) stored in one or more of the
E-Pages 210. The L-Page 212 may alsu be utlilized as the basic unit of compression.
indeed, unlike F-Pages 208 and E-Pages 210, L-Pages 212 are not, according (o one
gmbodiment, fixed in size and may vary with a range defined by a minimum
compressed size of, for example, about 24 byles {o a8 maximum uncompressed size of,
for example, about 4 KB or 4 KB+,

(0023} As shown in Figs. 1A and 2, L-Pages 212 need not be aligned with
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the boundaries of E-Page 210. Indeed, L-Pages 212 may be configured to have a
starting address that is aligned with an F-Page 208 and/or E-Page 210 boundary, but
also may be configured to be unaligned with either of the boundaries of an F-Page 208
or E-Page 210. That is, an L-Page starting address may be located at a non-zero offset
from either the start or ending addresses of the F-Pages 208 or the slart or ending
addresses of the E-Pages 210, as shown in Fig. 1A, As the L-Pages 212 are not fixed
in size and may be smaller than the fixed-size E-Pages 210, more than one L-Page 212
may fit within a single E-Page 210. Similarly, as the L-Pages 212 may be larger in size
than the E-Pages 210, the L-Pages 212 may span more than one E-Page 210, and may
aven cross the boundaries of F-Pages 208, shown in Fig. 1A at numeral 117, As
detailed further below, L-Pages 112 may also span block boundaries, such as would be
the case wherein one of the boundaries 117 represented a block boundary.

0024} Where the LBA size is 512 or 512+ byies, a maximum of, for
example, eight sequential LBAs may be packed into a 4 KB L-Page 212, given that an
uncompressed L-Page 212 may be 4 KB to 4 KB+, {tis 10 be noted that, according o
one embodiment, the exact logical size of an L-Page 212 is unimporiant as, after
compression, the physical size may span from few byles at minimum size o thousands
of bytes at full size. For example, for 4 TB 55D device, 30 bits of addressing may be
used {o address each L-Page 112 to cover for an amount of L-Pages thal could
potentially be present in such a 88D,

10025] Fig. 2 shows a logical-to-physical address translation map 250 and
flustrative entries thereof, according to one embodiment. As stored data is referenced
by the host in L-Pages 212 and as the SS8D stores the L-Pages 212 in one or more E-
Pages 210, a logical-tu-physical address translalion map is required o enable the
controller 102 {o associate an L-Page 212 to one or more E-Pages 210. Such a logical-
to-physical address translation map (effectively, an L-Page to E-FPage address
translation map) is shown in Fig. 2 at 250 and, in one embodiment, is a lingar array
having one entry per L-Page 212. Such an address translation map 250 may be stored
in a volatlile memory, such as a DRAM.

[0026] Fig. 2 also shows eniries in the address translation map 250 for
four different L-Page numbers, which L-Page numbers are iabeled in Fig. 2 as L-Page
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1, L-Page 2, L-Page 3 and L-Page 4. According to one embodiment, each L-Page
stored in the SSD may be pointed to by a single and unique L-Page number entry in the
address franslation map 250. Accordingly, in the example being developed herswith,
four entries are shown. As shown, gach eniry in the map L-Page lo E-Page transiation
250 may comprise an L-Page number, which may comprise an identification of the k-
Fage containing the start address of the L-Page being referenced, the offset of the start
address within the E-Page and the length of the L-Page. in addition, a plurality of ECC
bits may provide error correction functionality for the map entry. For example, as shown
in Fig. 2 and assuming an E-Page size of 2 KB, L-Page 1 may be referenced in the
address transiation map 250 as follows: E-Page 1003, offset 800, length 1,624, followed
by a predstermined number of ECC biis {not shown). That is, in physical address
terms, the siart of the L-Page referenced by L-Page number L-Page 1 is within (not
aligned with) E-Page 1003, and is localed at an offset from the siarting physical location
of the E-Page 1003 that is equal {0 800 bytes. The compressed L-Page associated with
L-Page number L-Page 1, furthermore, exiends 1,624 byles, thereby crossing an k-
Page boundary to E-Page 1004. Therefore, E-Pages 1003 and 1004 each siore a
portion of the L-Page associated with L-Page number L-Page 1.

(00271 Similarly, the compressed L-Page associated with L-Page number
L-Page 2 is stored entirely within E-FPage 1004, and begins at an offsetl therein of 400
bytes and extends only 696 bytes within E-Page 1004, thereby remaining entirely within
the starting and ending address range designated as E-Page 1004, The compressed L-
Page associated with L-Page number L-Page 3 starts within E-Page 1004 at an offset of
1,120 bytes (just 24 bytes away from the boundary of L-Page 2) and extends 4,096
bytes past E-Page 1005 and into E-Page 1008. Therefore, the L-Page associated with
L-Page number L-Page 3 spans a portion of E-Page 1004, all of E-Page 1005 and a
portion of E-Page 1006, Finally, the L-Page associated with L-Page number L-Page 4
begins within E-Page 1006 at an offset of 1,144 byles, and extends 3,128 bytes to fully
span E-Page 1007, to cross an F-Page boundary into E-Page 1008 of the nexd F-Page.

10028} Collectively, each of these constituent identifier fields (E-FPage,
offsel, lengih and ECC) making up each entry of the address transiation map 250 may
be, for exampie, 8 bytes in size. That ig, for an exemplary 4 TB drive, the address of
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the E-FPage may be 32 bils in size, the offsel may be 12 bils {for E-Page dala portions
up to 4 KB) in gize, the length may be 13 bits and the ECC fieid may be provided. Such
an 8 byie entry may be created each lime an L-Page is writlen or modified, {0 enable
the controller 102 to keep track of the dala {(written in L-Pages) within the flash storage.
As illustrated above, this 8-byle eniry in the address transiation map 250 may be termed
a logical page number or LPN. It is to be noled thal, in the case of a 4 KB sector size,
the LBA is the same as the LPN. The LPN, therefore, may constituie the index of the L-
Page within the logical-lo-physical address tfranslation table 250 and comprise the
address of the entry within the non-volatile memory. Therefore, when the controller 102
receives a read command from the host 118, the LPN may be derived from the supplied
LBA and used to index into the address translation map 250 to extract the location of
the data to be read in the flash memory. When the controller 102 receives a wrile
command from the host 118, the LPN may be constructed from the LBA and the
address franslation map 250 may be modified. For example, a new entry therein may
be created. Depending upon the size of the volatile memory storing the address
franslation map 250, the LPN may be stored in a single entry or broken into, for
example, two entries. For example, a first entry may identify the E-Page containing the
starting address of the L-Page in question {pius ECC bils) and a second entry may
identify the offsel and length (plus ECC bits). Together, these two enfries may
correspond and point 1o a single L-Page within the flash memory. In other
embodiments, the specific formal of the address franslation map eniries may be
different from the examples shown above.

10029} The variable daia portion sizes within the E-Pages are used in
various ways (o accommodate changing conditions of the memory biocks in the array of
fiash memory devices. The condition of the blocks is further discussed below with
reference to Figs. 3 and 4. Fig. 3 shows a graph showing a percentage of bad blocks
versus PE cycles for both conventional devices and methods and those devices and
methods according to varicus embodiments. Fig. 4 is g diagram showing a relationship
between block failure rates over the lifetime of a data slorage device such as a 88D,
and the manner in which the ECC and data portions of an E-Page may be varied (o
extend the useful lifetime of the data storage device, according to one embodiment.
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The life cycle of blocks varies from block to block and die to die, with some blocks aging
{(becoming less able {o reliably store data) quicker than other blocks. Such variations
may be caused by process variations from die to die, the block location on the die and
by use palterns and uneven PE cycles from one block o the next, among other reasons
for uneven aging.

[0030] According to one embodiment, a data siorage device may be
configured o determine which of a plurality of ECC profiles to apply andior to adjust the
size of the ECC portion 116 and to correspondingly adjust a size of the data portion 114
of the E-Pages 210 in one or more F-Pages and/or one or more blocks, based at least
in part on a condition of the block(s}. The condition of the block may include, for
gxample, a Pk count of the block, an ECC error rate, flash error information,
temperature, dwell time (time between erasure events), and internal flash stale
information, or most any other measurable physical characteristic such as operating
conditions, temperature, age and the like. According to one embodiment, the controiler
may be configured o adjust the size of the ECC portion and/or the size of the dala
portion, based on host-provided metadata (generated as a resuit of host-specified data
set management commands such as the TRIM command, for example) and/or overall
free space in the data siorage device. In doing so, one embodiment may operate {o
extend the useful life of the blocks from an initial PE count PE; as shown at 300 in Fig. 3
to a greater PE count of PR, where "X is greater than zero, as shown at 302, Thisis
because a block that has degraded can be prolected with a greater amount of ECC)
thus extending its useful life. In addition, the variability of ECC at a block/page level
also means that the applied ECC can be isilored {o the unique condition of the
individual blocks/pages and can irack the degradation paths experienced by those
individual blocks/pages.

0031} As suggested in Fig. 3, the useful life of the 58D exlends lo a PE
count at which the percentage of bad blocks reaches a predelermined maximum. In
practice, this predetermined maximum may be dictated by the SSD’s ability to garbage
coliect. When garbage collection is no longer possible, because of an insufficient
number of free blocks, the S5D has effectively reached the end of ils useful life, or at
least has reached the end of ifs ability to store new data. According o one
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gmbodiment, by judicicusly adjusling the size of the ECC portion 116 and by
correspondingly adjusting the size of the data portion 114 of the E-Pages 210 in one or
more blocks, based al least in part on a condition of the block{s}, the number of memaory
blocks deemed to be “bad blocks” may rise more slowly with respect to PE cycles,
resuling in the life of the SSD being increased as measured by the number of PE
cycles. i is to be noted that, according to one embodiment, the selected ECC profile for
a block may be maintained until at least the block in guestion has been garbage
coliected.

{0032] As shown in Fig. 4, the percentage of bad blocks observed may be
different for different points in the life cycle of the S8, In early life {(when the PE cycle
count is low), the faillure rale may be somewhat high; thal is, there may be a
comparatively higher incidence of page/block related failures. Al least some of these
early life page/block failures may be effectively uncomreciable using the ECC of the k-
Pages. To address these ECC uncorreciable instances, some embodiments provide for
an additional error correction mechanism in one or more F-Pages termed “Check
Pages,” which have check data calculated from data across multiple F-Pages, as will be
further described in conjunction with Figs. 8-10. Because of the use of Check Pages (o
address these early ECC-uncorrectable fallures, in early life, E-Pages may be
confiqured with comparatively weaker ECC than in later stages of life. A weaker ECC,
moreover, may pe provided in fewer byles than would otherwise be necessary for a
comparatively stronger ECC. Therefore, as shown, the ECC portion 116zary may be
adjusted o occupy a comparatively smaller number of bytes in the E-Page. In turn, this
allows a correspondingly larger data portion 114garuy, given the fixed size of the E-
Pages. Advantageously, such larger data portions 114¢an v frees up extra bytes, vields
greater free space for data storage and garbage collecling and  increases
gverprovisioning. Alternatively, to accommodate the higher incidence of failure rate, a
higher amount of ECC may be used in some embodiments.

{0033} in mid-life, the S50’s ability to balance the size of the daia portion
and the strength of the ECC is al its peak, resulling in an efficient use of E-Pages to
optimize lfespan. As shown, mid-life is a relatively stable period in the lifespan of the
35D, as shown by the relatively flat failure rate curve. Therefore, a somewhat greater
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number of byles may be ulilized for the ECC as shown at 116wp as compared fo
116eariy. The space within an E-Page at mid-life reserved for the data portion 114y
may then be, according {o one embodiment, comparatively smaller than the space
reserved for the dala portion of an early life E-Page, as shown at 1ideary. A
comparatively smaller data portion 114up, moreover, may only vield a relagtively smaller
amount of additional free space, and consequently, only resull in a relalively small
increase in overprovisioning. Yet, this comparatively smaller data portion 114wp may
nevertheless, be greater than would be the case if the block had been provisioned for
worst case failure rate, as is conventionally done.

(0034} Toward late or end of life, the daia portion 11447z may be adjusted
smaller siill, to make room within the E-Page for an even stronger {e.q., larger) ECC
portion 116iate. As one embodiment increases the useable life of the SSD through
adjustments of the sizes of the data and ECC portions and selection of the ECC proiile,
the ECC strength, in late life / end of life, may need {0 be increased relative to the ECC
portion size conventionally used. Through judicious selection of the ECC strength at the
time of generating, therefore, the maximum PE count of the S8D may be increased over
that conventionally possible in the case in which the sizes of both the data portion and
the ECC portion of the E-Pages are static. This is because in early and mid-life, the
space allocated o ECC is smaller than may be required according o conventional
practice, in which the sizes of the ECC and dala portions are sialic. According to one
embodiment, even the increase in the ECC portion size and corresponding decrease in
the data portion size in late / end of life is not sufficient to negate the gains achieved
through the increased size of the dala portion in early and mid-life, resulting in a net
increase in the PE count over the useful lifelime of the dala siorage device. Morgover,
according to one embodiment and as described below, leveraging the variably-sized
data portions of F-FPages and the use of cross-F-Page error correction {also called
‘outer” error correction, as opposed to the ECC portions which are called “inner” error
correction), the useful life of an 55D, as measured by the number of PE cycles, may be
increased still further.

f0035] One embodiment supports and iracks block-level configuration of
the ECC dvnamically, over the life cycle of the 55D, Beyond adjusting the ECC over
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the lifecycle, different ECCs may be used for different blocks based on block quality.
Weak blocks may be provided with additional ECC, whereas comparatively sironger
blocks may be provided with a relatively weaker ECC in a relatively smaller ECC portion
116, thereby vyielding additional free space and a consequent increase in
overprovisioning.

{0036} According to one embodiment, the controller 102 may be
configured {0 increase the size of the ECC portion and correspondingly decrease the
size of the data portion of one or more of the E-Pages when the PE count reaches a
first pre-determined threshold Pkryq, as the 55D transitions from early life to mid-life.
Also gecording to one embodiment, the coniroller 102 may be configured to further
increase the size of the ECC portion and again correspondingly decrease the size of the
data portion of one or more ¢f the E-Pages when the PE count reaches a second pre-
determined threshold PEyg, as the S50 transitions from mid-life o late life / end of life.
The second pre-determined threshold PErap may be higher than the first predetermined
PE threshold PRy, s (o be undersiond that the life stages (early, mid and late/end)
described and shown herein are but exemplary stages and that a lesser or greater
granutarity {e.g., number) of life stages may be defined, with a correspondingly reduced
or increased number of predetermined PE thresholds.,  Allernatively, the threshold
governing the adjustments in the ECC portion and the dala portions of the physical
pages may be wholly independent of (or not solely dependent on) the PE count. Thus,
embodimentis are not {o pe limited o adjusiments in the relative sizes of the data and
ECC portions of physical pages based on a PE count. Indeed, other faciors may drive
or contrivute such adjustments, such as the overprovisioning amount, free space,
operating modes, operating temperatures, criticality of the data, safely margins and the
ke,

f0037] According (o one embodiment, the choice of the strength (and the
size} of the ECC portion may be made by a selection, by the controller 102, of cne of &
plurality of ECC profiles. According to one embodiment, such selection may be made at
runtime. This selection may determine which of the plurality of ECC profiles to apply t
one or more of the blocks, F-Fages or E-Pages. At least some of the ECC profiles may
define different ECC strengths and, therefore, correspond to error correction codes that
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occupy a greater or lesser number of bytes and that are able to correct a greater or
lesser amount of data {e.q., number of bitg, symbolg} stored in the physical pages.
Given a fixed physical page size, the ECC profiles may dictate how many bytes are
allocated to data in the data portion 114 and how many bytes are allocated to ECC in
the ECC portion 116, Each profile may be associaled with a different number. For
exampie, 16 ECC profiles may be defined, which 16 ECC profiles, therefore, are
addressable using 4 biis. The ECC profiles may be stored within or may be otherwise
accessible o the controller 102 and may be selecied based upon the condition of the k-
Page(s}, F-Page(s) or block(s) t¢ be programmed.

[0038] According o one embodiment, the controller 102 may be further
configured o determine which of the plurality of ECC profiles is {0 be applied across the
E-Pages within the F-FPages of a block 109, al the time of generating the block 108,
This, in tumn, implies the ability for the controller 102 to apply different ones of the
plurality of ECC profiles to different ones of the plurality of blocks 108, F-Pages 208
and/or E-Pages 210, For example, the controller 102 may be configured 1o select a first
one of the plurality of ECC profiles to generate F-Pages 208 of a first block 1089 and o
select a second one of the plurality of ECO profiles to generate F-Pages 208 of a
second biock 108, In early and/or mid-life, the coniroller 102 may be configured io
increase overprovisioning of the 58D by decreasing the size of the ECC portion 116
and correspondingly increasing the size of the daia portion 114 of E-Pages 210 of a
block 109 when, for example, the PE count of the block 109 is below a pre-determined
or dynarically-selected or calculated threshold (2.9., PErqs or PEH2)

10039] According (o one embodiment, the controller 102 may be further
configured o determine which of the plurality of ECC profiles to apply to a block 109, F-
FPage 208 or E-Page 210 based on an error rate. When the error rale within a particular
block 109, F-Page 208 or E-Page 210 is low, upon the next programming, the controller
102 may select an ECC profile defining a relatively smaller ECC portion 116 and a
correspondingly greater dala portion 114 for the particular E-Page 210, or E-Page(s)
residing in the particular block 109 or F-Page 208. For example, the error rale may be
based on a prior occurrence of ECC errors within g block 109, F-Page 208 or E-Page
210.
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100407 With reference back to Fig. 2, the L-Page associated with L-Page
number L-Page 4 {(L-Page 4) spans two F-Pages. Moreover, with continued reference
o Fig. 2, dashed line 117 may indicate a block boundary, meaning that L-Page 4 spans
two different blocks. According to one embodiment, the data portion of the E-Pages
within a first F-Page may be comrected using the ECC according to a first ECC profile
and the data portion of the E-Pages within a second F-Page may be corrected using the
ECC according 1o a second ECC profile that is different than the first ECC profile.
Theretore, it follows that the controller 102 may be further configured {o read L-Pages,
such as L-Page 4 of Fig. 2, thal span across biocks {e.g., from a first block to a second
block) and to accommodate two or more of the plurality of ECC profiles within a single
read operation involving an L-Page. For example, the first F-Page may belong to a
block that has transitioned into late life or end of life and whose E-Pages, thersfore,
comprise ECC portions 116 that may be of comparatively greater size than the ECC
portions 116 of the E-Pages of the block to which the second F-Page belongs, which
block may still be calegorized as fiting within the mid-life stage, for example.
Therefore, as the SSD is processing random host reads, there can be a plurality of
different size ECC portions in the E-Pages present in the page register(s) 104.

{0041} According o one embaodiment, any given block 109 may comprise
a first E-Page having an ECC portion of a first size and a second E-FPage having an
ECC portion of a second size that is different from the first size. The second size,
according o one embodiment, may be selected based on the location of the second E-
Page within the block. In one embodiment, the different ECC portion sizes are selected
based on the physical location, within a memory block of the F-FPages in which the first
and second E-Pages reside. This F-Page location-based ECC profile selection may be
useful in selecting the ECC profile {o apply (o particular F-Pages within a block. For
gxampie, the first F-Page of a block {such as F-Page 0 in Fig. 1A} and the last F-Page
of a block {such as F-Fage 255 in Fig. 1A) may be the worst F-Pages of the block, in
terms of the occcurrence of errors. Therefore, according 1o one embodiment, the ECC
profile selected for the first and last F-Pages of a block may result in the controller 102
applying an ECC having a stronger error correcting capability to data stored in the
physical pages {e.g., E-Pages) of the first and last F-Pages of a block. However, such
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location-influenced ECC profile selection is not limiled to the first and last F-Pages of a
block, but may be widely applied as needed {o mosl efficiently extend the useful lifetime
of the SSD and/or for any other purpose.

10042} Fig. & is a block diagram of a block information data siruclure,
according to one embodiment. In one embodiment, every block 108 may be associated
with, for example, about 32 bvtes of information thal may be stored, for example, in a
block information data structure, as shown at 500 in Fig. 5. This or a similar block
information daia structure 500 may be saved by the coniroller firmware to the flash
memory, so that the block information is stored in a non-volatiie manner. As shown
therein, the Block Type field may be configured o store which ECC profile has been
applied o the data portions of the E-Pages of that particular block., Indeed, the ECC
profile for each block should be tracked, as it is pulled oul for every read, {0 enable the
controller 102 to properly decode and error correct the data stored in the data portion of
the E-Pages of that block. As shown, the Block Type field may occupy, for example, 4
bits to address a possible 16 ECC profiles. However, a greater or lesser number of
ECC profiles may be provided, which may be selecled using a greater or a lesser
number of bits. The different ECC formats themselves may be stored in an ECC profile
table, as shown at 502. The ECC profile table 502 may be referenced by the Block
Type field of block information data structures 5G0.

00431 it is to be noted that, should the strongest ECC formal be
ineffective in error-correcting data stored in the E-Pages of a given block, that block
may be swilched to lower page only (assuming MLC memory is used), meaning that
instead of storing two bits per cell, only one bit per cell is stored. The Block Type fleld
within the block information structure 500 may alse indicate whether the block
associated therewith is a fully bad block by sloring, for example, a OxFh value therein.
Such a bad block is, in this manner, flagged as being thereafter unavailable for data
storage, thereby potentially decreasing free space and overprovisioning. According o
one embodiment, an ECC profile may be defined and selected to cause the controller
102 to skip an invalid F-Page during programming. This would be recognized by the
controller 102, which would not program the invalid F-Page and would skip to the next

sequential F-Page of the block.
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10044} The block information data structure 500, as shown in Fig. 5, may
also comprise a Timeastamp field, which may indicate the date and time of the last write.
The block information data structure 500 may also include a Temperature field, to store
temperature-related information, and a PE Count field to track the number of program
ferase cycles undergone by the block, which field may be used, for example, when
selecting the ECC profile {o use and may, therefore, influence the selecled size of the
data portion 114 and the ECC portion 116 of the E-Pages of the block, as detailed
earlier. One or more Block Trim Offset fields of the block information data structure
500, may be used by the S8D’'s firmware to adjust internal seltings of the Flash device.
The Block Trim Offset fields may be provided with their own error correction. Moreover,
the block’s TRIM information may be configured {0 contain data relative {o the health of
a block, such that if errors become uncorrectable using the current ECC, that
information may be used o change the ECC profile and increase the strength of the
ECC used {o provide error correction for data stored in the E-Pages of that block. A
Read Disturb field may be provided, to contain a number of times that this block has
been read. An Error Count fisld may track the number of errors encountered in the
block. As will be described later, data structure 500 may also include one or more data
values {e.g., flag{s}) indicaling which F-Page(s} within an 5-Page is/are designated as
the Check Page(s).

{0045} Fig. 5 provides an example {format for sioring information related {o
a block. in other embodiments, the information may be stored at a different level of
granularity. For example, in some embodiments, each E-Page or F-Page may have iis
own profile designation and corresponding information.  Also, the information may be
stored in a format that is different from the example depicted in Fig. 5.

10046} According to one embodiment, a structure known as an S-Journal
may be configured to contain mapping information for a given S-Block. More precisely,
according to one embodiment, S-Joumnals contain the mapping information for a
predetermined range of E-Pages within a given S-Block. Fig. 6 is a block diagram of an
S-Block, according to ong embodiment.  As shown therein, an S-Block 602 may
comprise one flash block (F-Block) 604 (as also shown at 109 in Fig. 1) per die. An S-
Block, therefore, may be thought of as a collection of F-Blocks, one F-Block per die, that
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are combined together o form a unit of the Flash Management System. According (o
one embodiment, allocation, erasure and GC may be managed al the 5-Block level
Each F-Block 604, as shown in Fig. 6, may comprise a plurality of flash pages (F-Page)}
such as, for example, 256 or 512 F-Pages. An F-Page, according (o one embodiment,
may be the size of the minimum unit of program for a given non-volatile memory device,
Fig. 7 shows a super page (S-page), according 1o one embodiment. As shown therein,
an S-Page 702 may comprise one F-Page per F-Block of an 5-Block, meaning that an
3-Page spans across an entire 5-Block,

(004771 Fig. 8 is a diagram of an $-Page illustrating the generatlion and
storage of Check Pages, according to one embodiment. An S-Page 702 is shown,
comprising a correspondingly-numbered F-Page in each of a plurality of dies. in the
example of Fig. &, the 5-Page 702 comprises the F-Page 3 of 128 dies. Htis to be
understood that S-Pages are not limited to the exemplary 128 dies shown in Fig. 8. The
flash controlier 102 may be configured to generate variably-sized ECC portions and {o
store data in corresponding variably-sized data portions within an F-Page, as shown
and described relative to Figs. 1B and 1C. Such ECC portions, therefore, may be
characterized as being intra-E-Page error correction codes; namely, error correction
codes that only apply to a predetermined data portion within a given E-Page within an
F-Page. Such inira-E-Page error correction codes may also be characterized as “inner”
grror correction codes.  As noted above, the variably-sized data portions of E-Pages
within one F-Page collectively defing, in the aggregate, an F-Page dala portion.

100487 According to one embodiment, the controller 102 may further be
configurad to generate one or more error correction codes across the F-Pages of an S-
Page and {o slore the generated error correction code within that or those F-Pages of
the S-Page that have the largest F-Page dala portion. The one or more F-Pages used
to slore the generated error correclion code are termed “Check Pages.” Such cross-F-
FPage error correction codes may also be characterized as “ouler” error correction
codes, and operate in an orthogonal manner (o the “inner” error codes o provide an
additicnal layer of dala protection. That is, the generated cross-F-Page error correction
code(s) may be stored in the F-Page or F-Pages having the largest F-FPage data
portion{s), as such portions are shown in Figs. 1B and 1C. Fig. 8 shows aspects of the
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generation and storage of such a cross-F-Page error correction code 802, According to
one embodiment, the controller 102 may be configured to designate one or more F-
Pages having the largest size F-Page data portion among the F-Pages in the 5-FPage as
the Check Page(s); thatl is, as the F-Page(s} designated o store a cross-F-Page error
correction code. According to one embodiment, the cross-F-Page error correction code
may comprise a Forward Error Correction (FEC) code such as, for example, a Reed-
Solomon ("R-8") code.

[0049] According o one embodiment, the confroller 102 may be further
configured {0 generate and store the E-Page error correction code ai runtime, upon
generating each E-Page. In contrast, the controller 102 may be configured to complets
the generation and storage of the cross-F-Page error correction code {e.g., the R-5 or
other FEC code) after the data {(e.q., user data) have been stored in the F-Pages within
the S-Page. According to one embodiment and as suggested in Fig. 8, as the data
{e.q., user data) within the S-Page are stored, a check information generator (2.g., &8
programmed controller or processor) may fraverse the 5-Page at runtime in a cross-F-
Page (i.e., across several F-Pages simullaneocusly) manner and may generate one or
more FEC (R-5, for example} codes 802 from the data portions of the constituent k-
Pages of the F-Pages within the S-Page. To enable the code 1o be generated from all
F-Pages, the F-Page(s) having the largest data portion{s} may be skipped when
generating the S-Page as shown at 812, so as to enable the controlier 102 {o thereafter
store the FEC code in such F-Page(s) having the largest data portion(s) — shown at
references 806 and 808 in Fig. 8. As shown at 810, should the FEC code 802 be
stored, for example, in F-FPage 3 of die 127, the FEC code would not be generated from
F-Page 3 in die 1, shown at reference 804. 1l is only by first encoding all data in the S-
Fage and by thereafter writing out the check (e.g., parity) symbols in designated F-
Page(s) (the designated Check Page(s)) having the largest F-Page dala portions that
the cross-F-page error correction code is assured of covering all variably-sized F-Page
data portions within an 5-Page. As the Check Page(s) comprise the generated cross-F-
Fage error correction codes and not user data, they may be skipped (not read) during
read operations. Check Pages, therefore, need only be accessed when altempling to
recover from an error in an F-Page. As before, the ECC code stored within the ECC
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portion of an E-Page may be ulilized to recover from an error within a data portion of a
given E-Page. A failure of the ECC code stored within the ECC portion of an E-FPage to
correct a dala error identifies that F-Page within the plurality of F-Pages of an $-Page
that is subject to the error. it is against the thus-identified F-Page(s} that the cross-F-
Page error correction code may be applied, in an atlempt to recover from the F-Page
error{s). it is to be noted that, when generaiing the FEC code 802, the E-Pages in F-
Pages not having been designated as Check Pages may be padded {with, for example,
zeros) such that the data field size of these E-Pages matches the size of the data field
of the E-Pages in the Check Page(s). Conversely, when correcting F-Page(s), the pad
values used during the generation of the FEC code 802 may be used during correction.
Moreover, one or more of the F-Pages in an S-Page may have been previously marked
as being “bad”, or unavailable for data storage. Such bad F-Pages, it is understood,
may be skipped during the generation of the FEC code 802 and may {ake no part in any
subsequent correction{s) using such FEC code 802.

§0050] According to one embodiment, the controller 102 may be further
configured to set a flag in a block information data structure (such as 500 in Fig. 5) to
identify and designate a particular F-Page or F-Pages within an 5-Page as being Check
Page(s}. Accordingly, the confrolier 102 may be configured {o consult the block
information data structure 500 to delermine which of the F-Page(s) of an S-Fage has or
have been designaled as Check Page(s). It foliows, therefore, according o one
embodiment, that the positions of the Check Page(s) are not fixed in S-Pages. For
example, as between a first S-Page and a second S-Page, the F-Page(s) designaled as
Check Page(s) in the first S-Page may cccupy a comparatively different position within
the first S-Page as do the F-Page(s) designated as the Check Page(s) within the
second S-Page.

{0051} it is to be noted that one or more additional F-Pages in the S-Page
may be designated as Check Pages and configured to store a cross-F-FPage error
correction code.  The decision to generale and store additional cross-F-Page error
correction codes may depend on one or more faciors. For example, additional cross-F-
Page error correction codes may be generated and stored based on the configuration of

the memory array, the performance of the memory array {e.g., tracked number of k-
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Page ECC errors, correclable or uncorrectable, and/or both) and/or the use-profile of
predetermined portions of the memory array. Indeed, some combingtions of
configurations, performance and use-profiles may recommend designating a grealer
number of Check Pages than would ctherwise be the case. For example, some areas
of the memory array storing critical information may be provisioned with a comparatively
greater number of Check Pages per 5-Page than other areas of the memory array. For
example, 5-Pages storing file system information such as S-Journals may be
provisioned with a comparatively greater number of Check Pages than 5-Pages that do
not store such file system information.  Therefore, according to one embodiment,
different 5-Pages may comprise a different number of Check Pages and the positions of
such Check Pages are not fixed across S-Pages.

(0052} According to one embodiment, the controller 102 may be
configured to periodically determine {(e.g., upon sach Program-Erase (PE) cycle} the
strength of E-Page error correction code to generate within the variably-sized ECC
portion of each E-Page, the strength of the cross-F-Page error correction code (o
generate within the S-Page being generated and which F-Page(s) within the 5-Pags
being generated that should be designated as the Check Page(s). Therefore, the
strength of both the E-Page ECC, the cross-F-Page error correction code and the
number of Check Pages may be dynamically determined and varied across, for
example, S-Pages.

10053} Fig. 9 is a diagram showing a relationship between block faiiure
rates over the lifelime of a data storage device, and the manner in which the number of
Check Pages may be varied (o extend the useful lifetime of the data storage device,
according to one embodiment. The three graphs 902, 904, and 906 are correlated in
the X-axis in that they plot three parameters versus the same PE count progression.
Graph 202 plots the failure rale vs. the PE count, graph 904 plols the ECC slrength
used vs. the PE count, and graph 206 plots the number of Check Pages used vs. the
PE count.

10054] As described relative to Fig. 4, although the memory array may be
relatively healthy, in early life the memory array may be characlerized by a relatively
high incidence of F-Page failures, which errors are not correctable using the ECC within
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the E-Pages of the F-Pages. Later in life, the strength of the ECC within the E-Pages
may be graduaily increased. To address the above-mentioned relative high incidence
of page errors in the early life of the memory array, a comparatively greater number of
Check Pages may be ulilized in early life {as shown in 812}, as compared with later in
the life cycle of the array. For example, four Check Pages {or more) per $-Page may
he used to correct such early-life F-Page errors thai are otherwise uncorrectable using
the ECC of the E-Pages. Later in life {(e.g., during mid-life}, as the strength of the ECC
of E-Pages is increased (as shown in 818) and F-Page errors become less frequent, 5-
Pages may be provisioned with comparatively fewer Check Pages and their number
may be keptl relatively constant (as shown in 914). In late or end-of life during which k-
Page errors rise and F-Page errors also become more frequent relative to mid-life, the
strength of the ECC of E-Pages may be increased (as shown in 820) and the number of
Check Pages per S-Page may be increased as needed (as shown in 816). According to
one embodiment, the controller 102 may frack E-Page ECC error raies and this tracked
rate may be used as one exemplary factor in the determination of the number of Check
Pages with which an S-Page may be provisioned. In another embodiment, the number
of uncorrectable ECC errors is used as at least one factor in this determination. Other
E-Page ECC and/or Check Page profiles may be applied, as those of skill in this art
may recognize. For example, the relationship between the amount of ECC used and
the Check Pages used in different life stages need not be correlated as shown in Fig. 8.
in some embodiments, each could be independently adjusted without regard {o the
frend of the other.

[0055] Fig. 10 is a flowchart of a method of generating and storing Check
Pages in a dala storage device, according {o one embodiment. As shown, Block B101
calis for defining an S-Page configured as shown and described above; namely,
comprising a plurality of F-Pages from one or more of a plurality of dies. As shown at
B102 and as shown at Fig. 1C, an E-Page error correction code with a variably-sized
ECC portion may be stored within one or more of the E-Pages of the F-Pages of the
defined S-Page, o correct an error within the corresponding variably-sized dala portions
of the E-pages. Block B103 calls for designating one or more F-FPages having the
largest size F-page data portion among the F-pages in the defined S-page as a Check
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Page(s)}, as shown and described relative {o Fig. 8. As shown at B104, a cross-F-Page
error correction code may then be stored within each F-Page(s) designated as Check
Pages. Such cross-F-Page error correction code may comprise, for example, an R-5
code or other FEC code.

{00586] While certain embodiments of the disclosure have been described,
these embodiments have been presenied by way of example only, and are not infended
io limit the scope of the disclosure. Indeed, the novel methods, devices and systems
described herein may be embodied in a variety of other forms. Furthermore, various
omissions, substitutions and changes in the form of the methods and systems described
herein may be made without depariing from the spirit of the disclosure. The
accompanying claims and their equivalents are intended io cover such forms or
modifications as would fall within the scope and spirit of the disclosure. For example,
those skilled in the art will appreciate that in various embodiments, the actual structures
(such as, for exampie, the structure of the S&D blocks or the structure of the physical or
logical pages) may differ from those shown in the figures. Depending on the
embodiment, certain of the steps described in the example above may be removed,
others may be added. Also, the features and afiributes of the specific embodiments
disciosed above may be combined in different ways {o form additional embodiments, all
of which fall within the scope of the present disclosure. Although the present disclosure
provides certain preferred embodiments and applications, other embodiments that are
apparent o those of ordinary skill in the art, including embodimenis which do not
provide all of the features and advantages set forth herein, are also within the scope of
this disclosure.  Accordingly, the scope of the present disclosure is infended to be
defined only by reference to the appended claims.
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CLAIMS:

1. A solid state drive controlier, comprising:

a processor, the processor being configured to couple to an array of flash
memaory devices, the array comprising a plurality of dies, each die comprising a plurality
of flash blocks (F-Blocks), each F-Block comprising a plurality of flash pages (F-Pages),
at least some of the F-Page comprising at least one error correcting code page (kE-
Page), and at least some of the E-Pages comprising a variably-sized error correction
code {(ECC) portion and a corresponding variably-sized data portion, the variably-sized
data porlions within one F-Page defining, in the aggregate, an F-Page daia portion,

wherein the processor is configured to:

define an $-Page that comprises a plurality of F-Pages from one or more
of the plurality of dies;

within the S5-Page,

store an E-Page error correclion code within the variably-sized
ECC portion of each E-Page within the F-Pages to correct an error within
the corresponding variably-sized data portion;

designate at least one F-Page having a largest size F-Page data
portion among the F-Pages in the 5-Page as a Check Page; and

store a cross-F-Page error correction code within the at least one
Check Page.

2. The solid state drive controlier of claim 1, wherein the cross-F-Page error
correction code comprises a Forward Error Correction (FEC) code.

3. The solid state drive coniroller of claim 2, wherein the FEC code

comprises a Reed-Sclomon code.

4, The solid state drive controller of claim 1, wherein the E-FPage error

correction code comprises a Low-Density Parity-Check {(LDPC) error correction code.

5. The solid state drive controller of claim 1, wherein the processor is
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configured 1o generate and store the E-FPage error correction code at runtime, at a time

of generating one of the plurality of E-Pages.

8. The solid state drive controller of claim 1, wherein the processor is further
configured o generate the cross-F-Page error correction code for the 5-Page as data is

written {o the S-Page.

7. The solid state drive controller of claim 1, wherein the processor is further
configured 1o read data from the 5-Page and {o skip the at least one F-Page within the

3-Page that has been designated as a Check Page.

8. The solid state drive controller of claim 1, wherein the processor is further
configurad to:

sei a flag in a block information data structure {o designate particular F-Pages
within an S-Page as being Check Pages; and

consult the block information data structure {0 determine which of the F-Pages of

an 5-Page have been designated as Cheack Pages.

S. The solid state drive controller of claim 1, wherein the processor is further
configured to designate additional F-Pages in the S-Page as Check Pages, depending
upon at least one of: (1) a configuration of the array, {2} a performance of the array and

(3) a use-profile of predetermined portions of the array.
10.  The solid state drive controlier of claim 1, wherein the processor is further
configured to designate additional F-Pages as Check Pages in $-Pages storing a

predetermined type of information.

11. The solid state drive controller of claim 10, wherein the predelermined

type of information comprises metadata.

12. The solid state drive controller of claim 10, wherein the predetermined
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type of information comprises host-indicated data.

13. The solid state drive controller of claim 1, wherein as belween a first S-
Fage and a second S-Page, the at least one F-Page designated as a Check Page in the
first S-Page occupies a comparatively different position within the first 5-Page as does

the at least one F-Page designated as a Check Page within the second 5-Page.

14.  The solid stale drive controller of claim 1, wherein the S5-Page is a first 5-
Page and the conirolier is further configured 1o define a second S-Page that has a

greater number of F-Pages designated as Check Pages than the first 5-Page.

15, The solid state drive controlier of claim 1, wherein the processor is further
configured to, when writing to an F-Block, determine at least one ot

{1}  a strength of E-Page error correction code to generate within the variably-
sized ECC portion of each E-Page;

{2}  astrength of cross-F-Page error correction code (o generate; and

{3}  which F-Pages within an S-Page to designate as a Check Page.

16. The solid state drive controlier of claim 1, wherein the processor is further
configured to apply the cross-F-Page error correction code when the E-Page error

correction code fails o correct an encountered arror.

17. A data storage device, comprising:
the coniroller of claim 1, and

the array of flash memory devices.

18. A method of controlling a dala storage device, the data storage device
comprising a processor, the processor being configured to couple to an array of flash
memaory devices, the array comprising a plurality of dies, each die comprising a plurality
of flash blocks (F-Blocks), each F-Block comprising a plurality of flash pages (F-Pages),
at least some of the F-Page comprising at least one error correcting code page (kE-
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Page), and at least some of the E-Pages comprising a variably-sized error correction
code (ECC) portion and a corresponding variably-sized dala portion, the variably-sized
data portions within one F-Page defining, in the aggregate, an F-FPage data portion, the
method comprising:
defining an $-Page that comprises a plurality of F-Pages from one or more of the
plurality of dies;
within the 5-Page,
storing an E-Page error correction code within the variably-sized ECC
portion of each E-Page within the F-Pages to correct an error within the
corresponding variably-sized data portion;
designating at least one F-Page having a largest size F-Page data portion
among the F-Pages in the 5-Page as a Check Page; and
storing a cross-F-Page error correction code within the at least one Check

Page.

19.  The method of claim 18, wherein the cross-F-Page error correction code

comprises a Forward Error Correction (FEC) code.

20.  The method of claim 19, wherein the FEC code comprises a Reed-

Solomon code.

21, The method of claim 18, wherein the E-Page error correction code

comprises a Low-Density Parity-Check (LDPC} error correction code.

22 The method of claim 18, wherein sloring the E-Page error correction code
comprises generating and sloring the BE-Page error correclion code at runtime, at a time

of generating one of the plurality of E-Pages.

23. The method of claim 18, wherein storing the cross-F-Page error correction
code comprises generating and sloring the cross-F-Page error correction code for the

S-Page as data is written to the 5-Page.
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24, The method of claim 18, further comprising reading data from the S-Page
and skipping the at least one F-Page within the S-Page having been designaled as a
Check Page.

25. The method of claim 18, further comprising:

setling a flag in a block information data structure to designate particular F-Pages
within an 5~Page as being Check Pages; and

consuiting the block information data structure 1o determine which of the F-Pages

of an S-Page have been designated as Check Pages.

26. The method of claim 18, {urther comprising designaling additional F-
Pages in the 5-Page as Check Pages, depending upon at least one oft (1) a
configuration of the array, (2) a performance of the array and (3) a use-profile of
predetermined portions of the array.

27.  The method of claim 18, further comprising designating additional F-

Pages as Check Pages in 5-Pages storing a predetermined type of information.

28.  The method of claim 27, wherein the predetermined type of information

comprises one of metadata and host-indicated data.

29.  The method of claim 18, wherein as belween a first S-Fage and a second
S-Page, the al least one F-Page designated as a Check Page in the first 5-Page
occupies a comparalively different position within the first S-Page as does the at least

one F-FPage designated as a Check Page within the second 5-FPage.

30. The method of claim 18, wherein the S-Page is a first 5-Page and wherein
the method further comprises defining a second S-Page that has a greater number of F-

Pages designaled as Check Pages than the first 5-Page.
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31. The method of claim 18 wherein, when writing to an F-Block, the method
further comprises determining at least one of:

{1}  a strength of E-Page error correction code 1o generale within the variably-
sized ECC portion of each E-Page;

{2}  a strength of cross-F~-Page error correction code to generate; and

{3}  which F-Pages within an 5-Page to designate as a Check Page.

32.  The method of claim 18, further comprising applying the cross-F-Page
grror correction code when the E-Page error correction code fails to correct an

encountered error.

33. A method of controlling a data storage device, the data storage device
comprising a flash controller and an array of flash memory devices coupled {o the flash
conirolier, the array comprising a plurality of S-Pages that each comprise a plurality of
F-Pages, the method comprising:

storing, in each of the plurality of F-Pages, a variable amount of data and a
variable amount of error correction code;

generaling an error correction code across each F-Page of an S-Page; and

storing the generated error correction code within at least one F-FPage having a

largest amount of data.

34, A solid state drive controlier, comprising:

a processor, the processor being configured {o couple o an array of flash
memory devices comprising a plurality of S-Pages that each comprise a plurality of F-
FPages, each of the plurality of F-Pages being configured o store a variable amount of
data and a variable amount of error correction code;

wherein the processor is configured to generate an error correction code across
gach F-Page of an S-Page and {o store the generaied error correclion code within at

least one F-Page comprising a largest amount of data.
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35. A data storage device, comprising:
the controller of claim 34, and

the array of flash memory devices.
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