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FIiGURE 1

(57) Abstract: A data storage system configured to adaptively code data is disclosed, in one embodiment, a data storage system con-
troller determines a common memory page size, such as an E-page size, for a non-volatile memory array. Based on the common
memory page size, the controller selects a low-density parity-check (LDPC) code word length from a plurality of pre-detined LDPC
code word lengths. The controller determines LDPC coding parameters for coding data written to or read from the memory array
based on the selected LDPC code word length. By using the plurality of pre-defined LDPC code word lengths, the data storage sys -
tem can support multiple non-volatile memory page formats, including memory page formats in which the common memory page
size does not equal any LDPC code word length of the plurality of pre-defined LDPC code word lengths. Flexibility and efficiency
of data coding can thereby be achieved.
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ADAPTIVE ERROR CORRECTION CODES FOR DATA STORAGE SYSTEMS

BACKGROUND

Technical Field

160013 This disclosure relates {0 data storage systems, such as solid siate drives,
for computer systems.  More particularly, the disclosure relates o adaptive error

correction codes for data storage systems.

Description of the Related Art

16002} Non-volatile memory arrays often have limited endurance. The endurance
of the memory array is typically contingent on usage patlermn and wear. In addition,
endurances depend on a particular type of the non-volatile memory array. For example,
memaory arrays with multi-level cell (MLC) NAND media typically have a lower
endurance than memory arrays with single-level cell (BLC) NAND media. To profect
user data stored o memory arrays from corruption, which may be caused by a
diminished endurance, parity data can be determined and stored along with user data to

facilitate error detection and/or corraction.

BRIEF DESCRIPTION OF THE DRAWINGS

{60031 Systems and methods that embody the various features of the invention
will now be described with reference o the following drawings, in which:

{80604} Figure 1 illustrates a storage system that adaplively codes data according
io one embodiment of the invention.

[0005] Figure 2 is a flow diagram illustrating a process of determining coding
parameters for coding data according to one embodiment of the invention.

(6006} Figwre 3 is a table illustrating relationships between low-densily
parity~-check {(LDPC) coding parameters and LDPC code word lengths according 1o one
embodiment of the invention.

(0007} Figures 4A-4C are diagrams illusirating padded user dala and parity data

according {o one embodiment of the invention.
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{B0G08] Figure 5 is a flow diagram illusirating a process of adaplive cods
shortening according to one embodiment of the invention.
(00609} Figure 6 is g flow diagram illustrating a process of adjusting a code rate

according o one embodiment of the invention.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS

(00107 While certain embodiments are described, these embodimenis are
presented by way of example only, and are not intended {o limit the scope of protection.
indeed, the novel methods and systems described herein may be embodied in a variety
of other forms. Furthermore, various omissions, substifutions, and changes in the form
of the methods and systems described herein may be made without departing from the
scope of protection.

(60113 in some embodiments, “coding” or "ic code” data as used in this

disciosure refer 1o the process of encoding data and/or the process of decoding daia.

Qverview

16012} Storage systems such as solid state drives typically include one or more
controllers coupled with non-volatile memory arrays. | is commonplace for such
controllers o be designed/manufaciured by one party and the non-volatile memory
arrays o be designed/manufactured by another party. In addilion, memory arrays from
different manufacturers {end to have different internal formatling, including different
memaory page formats, where each memory page format corresponds to one of mulliple
memory pages sizes. Also, for cosis and various other competitive regsons, storage
aystem manufacturers typically use memory arrays from different manufacturers. For
gxample, a storage sysiem manufacturer may use one brand of memory array in a
current production cycle and another brand in the next production cycle. Also, different
memory arrays may be used for different storage sysiem models priced at different
levels.

{6013} Therefore, one common design approach is {o have siorage systems
inciude one or more controllers with mulliple specialized hardware, firmware, and/or

software that encode/decode dala read from or wrillen to the memory arrays from
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different manufacturers, with a subset of such hardware, firmware, andfor sofiware
actually used depending on the actual memory arrays paired with the controller(s} at
time of assembly or at the final design stage. As a resull, storage systems can include
mulliple conirollers or exira, unused hardware, firmware, and/or software o support
mudtiple memory page formats for the one or more memory arrays that are not included
in the finally assembled storage systems.

(6014} in the allernative, o reduce the amount of hardware, firmware, and/or
software included in storage systems, storage systems and controllers can be
constructed to support only one specific, known memaory page format having a known
memory page size and may not to support other memory page formais.  Such an
approach, however, limits the usefulness of siorage systems and controllers to other
types of memory arrays, and mulliple different storage systems and controllers may
need {o be constructed to support multiple meamory array types. in addilion, in some
instances, a memory page format of a memory array may not be known when storage
sysiems and conlrollers are designed/constructed. Accordingly, improved systems and
methods for adaplively coding data for multiple known or unknown memory storage
formats are desired.

(8015} in some embodiments of the present invention, a slorage sysiem includes
a controller and a non-volatile memory array having a plurality of memory pages with a
common memory page size. The controller determines the common memory page size
for the non-volatile memaory array and selects a code word length, such as a low-density
parity-check (LDPC) code word length, from mulliple pre-defined code word lengths
based on the common memory page size. By selectively using an appropriate code
word length {chosen from mulliple pre-defined code word lengths) and corresponding
coding parameters, the controller uses at least some common hardware, firmware,
and/or software o support muitiple known or unknown memaory page formats. Thus, the
controller can selectively adapt its operations, so it can be paired with memory arrays of
different formats made by different manufacturers.

{8016} in some embodiments, a controlier of a siorage sysiem adjusts coding
parameters for coding user data as memory pages, blocks, or dies of the non-~volatile

memaory array age and/or wear oul due, in part, {o use of the memory array. The
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mechanism of adiusting coding parameters enables the controller (o support additional
parity per unil dala over time, thereby improving the error correction or detection
capabiliies as the quality {e.g., data retention capabiliies) of the memory array
diminishes. Morsover, the mechanism of adjusling coding parametlers facilitates a
batancing of decoding time due o additional parity per unit data with error correction or
detection benetits of additional parity dala. In addition, the controller can siore adjusied
coding parameiers for memory pages, blocks, or dies of the memory array to permit

different code or parity raies for different memory pages, blocks, or dies.

Svstem Qverview

(6017} Fig. 1 fliustrates a slorage system 120 thal adaptively codes data
according to one embodiment of the invention. As is shown, a slorage system 120
(e.g., hybrid hard drive, solid siate drive, elc) includes a controller 130 and a
non-volatile memory array 140, which comprises one or more blocks of storage,
identified ags Block "A” 142 through Block "N”. Each block comprises a plurality of flash
pages (F-pages). For example, Block A 142 of Figure 1 includes a plurality of F-pages,
identified as F-pages A 153, B, through N. In some embodiments, each “F-page” is a
amallest grouping of memory cells in the non-volatile memory array 140 that can be
programmed in a single operation or as a unit. Further, each F-page includes a plurality
of error correcting code pages (E-pages). In the dliustrated embodiment, each F-page
inciudes four E-pages that are illustrated as four boxes, including E-page 144, Other
embodimenis may use F-pages or E-pages that are defined differently or each F-page
may include greater or fewer than four E-pages.

(0018} The coniroller 130 can receive dala and/or storage access commands
from a siorage inierface module 112 {e.g., a device driver) in a host system 110,
Storage access commands communicated by the storage interface 112 can include
write and read commands issued by the host system 110, The commands can specify
a logical block address in the storage system 120, and the controller 130 can execute
the received commands in the non-volatile memory array 140. In a hybrid hard drive,
data may be slored in magnetlic media storage component (not shown in Fig. 1} in

addition to the non-volatile memory array 140.
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{6019} The storage system 120 can siore data received from the host system 110
s0 that the storage system 120 can act as memory storage for the host system 116, To
facilitate this function, the controller 130 can implement a logical interface. The logical
interface can present o the host system 110 slorage system memory as a set of logical
addresses {(e.g., conliguous address) where dala can be stored.  iInternally, the
controller 130 can map logical addresses to various physical memory addresses in the
non-volatile memaory array 140 and/or other memory module(s).

(60207 The coniroiler 130 includes a coder module 132, In one embodimeni, the
coder module 132 determines coding paramelers for decoding/encoding dala (e.9., user
data} read from or wrillen to memory pages, such as E-pages, of the non-volatile
memaory array 140. The coding parameiers can be used for decoding user data read
from the non-volatile memeory array 140, encoding user data for storage to the non-
volatile memory array 140, and other uses such as error detection or correction. The
coding parameters can include LDPC coding parameters, such as the column weight of
a G or H coding matrix, the row weight of a G or H coding maltrix, a P matrix size {e.qg.,
where the P matrix is a sub-matrix of a G or H coding matrix), and the like. Further, the
coder module 132 can determine parity data for unpadded or padded user data, as well
as decode user data having corresponding parity data and padding. In addition, the
coder module 132 can adjust a code or parity rate for coding data by adjusting the
coding parameters. The coniroller 130 and/or coder module 132 can further include
internal memory (not shown), which may be of one or more suitable memory types.
(6021} The non-volatile memory array 140 can be implemented using NAND flash
memaory devices. Other types of solid-slate memory devices can aliernalively be used,
such as array of flash integrated circuits, Chalcogenide RAM (C-RAM), Phase Change
Memory (PC-RAM or PRAM), Programmable Metallization Cell RAM (PMC-RAM or
PMOCm), Ovonic Unified Memory {(OUM), Resistance RAM (RRAM), NOR memory,
EEPROM, Ferroelectric Memory {FeRAM), Magnetoresistive RAM (MRAM), other
discrete NVM (non-volatile memory) chips, or any combination thereof. In one
embodiment, the non-volatile memory array 140 preferably includes mulli-level cell
(MLC) devices having multi-level cells capable of storing more than a single bit of
information, although single-level cell {(8LC) memory devices or a combination of SLC
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and MLC devices may be used. In one embodiment, the storage system 120 can
include other memory modules, such as one or morg magnelic memory modules. The
storage sysiem 120 can further include other types of storage media, such as magnetic

storage.

Adaptive Data Coding

{6022} Figure 2 is a flow diagram illustrating a process 200 of determining coding
parameters for coding data according (o one embodiment of the invention. The process
200 can be execuled by the controller 130 andfor the coder module 132
Advantageously, the process 200 can enable the controlier 130 andfor the coder
module 132 {o support multiple non-volatile memory page formats using a plurality of
code word lengths.

{8023} At block 205, the process 200 delermines a memory page size for a
non~volatile memory array, such as the non-volatile memory array 140. The memory
page size can be, for instance, provided by the memory array vendor or calculated
based on another known memory size. For example, the memory page size can
correspond {0 an E-page size of the non-volatile memory array, and the process 200
can calculate the E-page size by looking-up a vendor provided F-page size of the
memory array and dividing the F-page size by an appropriate constant for the non-
volatile memory array, such as 4 or 8. In other embodiments, the memory page size
can correspond to an F-page size.

(6024} At block 210, the process 200 selecis a code word length that equals or
exceeads the memory page size from a plurality of code word lengths. For example, the
memaory page size can be 2164 byles or oclets, and the plurality of pre-defined code
word lengths can include lengths of 2176 byles and 2304 byies. in one embodiment,
the process 200 selecis the LDPC code word length having a minimum size or number
of byies of data equal to or greater than the memory page size from a plurality of pre-
defined LDPC code word lengths. For example, the process 200 can select the code
word length of 2176 bytes, which exceeds 2164 byle memory page size and has a

minimum size of the plurality of pre-defined LDPC code word lengths.
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{8025} At block 215, the process 200 determines coding parameters based at
least in part on the selected code word length. The coding parametlers can be used
when coding daia read from or written to the non-volatile memory array and enable the
process 200 {0 manage a code rate (e.g., an amount of user data per total data of a
data unit, where total data includes user data and parity data) for data. In one
embodiment, the coding parameters for a LDPC code word length include a column
weight, a P malrix size, and a row weight, and {further include at least one of a code
rate, an amount of user data, and an amount of parity data.

10026} Al block 220, the process 200 stores the coding paramsters.  For
example, the process 200 can siore the coding parameters in the non-volaiile memory
array 140 and/or in one or more other storage media of the storage system 120, The
process 200 can store the coding parameters in internal memory of the controller 130
andfor the coder module 132, The siored coding parametlers can facilitate using
different coding parameters for coding different pages, blocks, or other divisions and/or
subdivisions of the non-volatile memory array 140 and for tracking and adjusting coding
parameters over time as portions of the non-volatile memory array age and/or wear out.
(00627} Figure 3 is a table 300 illustrating relationships belween LDPC coding
parameters and LDPC code word lengths according to ong embodiment of the
invention. The table 300 can designate the LDPC code word lengths and LDPC coding
parameters supported by a controller, such as the controller 130 and/or coder module
132. The table 300 can be stored in the non-volatile memory array 140, one or more
other storage media of the storage system 120, and/or in the internal memory of the
controller 130 and/or the coder moduie 132, The table 300 includes two code length
columns indicating two supported LDPC code word lengths. One LDPC code word
length equals 2176 byles (2048 + 128-1 byles), and the other LDPC code word length
equals 2304 byles (2048 + 128-2 bytes). It has been discovered that various code rates
around 2 kbytes can provide an optimal frade-off between complexity and performance.
16028} For each code length, the LDPC coding parameters of column weight, P
matrix size, and row weight can be varied to enable coding of data using different
designed code rates {e.g., different amounts of user dala per total data of a daia unit,

where {olal data includes user data and parity dala) as listed in table 300. For example,
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if the LDPC code word length equals 2176 byles, the applied LDPC coding parameters
can be one of the LDPC coding parameter sels at circles C1, C2, C3, or C4. In one
instance, the LDPC coding parameters can be chosen at circle C3, which correspond to
a column weight of 4, P malrix size of 512, and row weight of 34 and further to a code
rate of 0.882 (1920 bytes of user dala for 2176 byes of total code length). Further, in
one embodiment, the code length, which may be defined as 2048 + 128x4, can be
adjusted based on selecting A as 1, 2, efc. As is illustrated, selecling the value of A
also affects the code rate. For example, at circle C1, selecting 4 to be 1 results in the
code rate of 0.941, and i the column weight, P matrix size, and row weight remain
unchanged, selecting & (¢ be 2 resulis in the code rate of 0.944. As will be further
explained, the various pre-defined code rales can be used to accommodate memory
arrays of differert page sizes. For example, as shown, the two code lengths of 2176
and 2304 byles can accommodate page sizes of 2176 and 2304 bytes. iis {0 be noted
that in practice the number of pre-defined code lengths can be much higher than two {o
accommaodate various page sizes.

(0029} A controller supporting the LDPC coding parameters of table 300 can
advantageously select one code length for a non-volatile memory array and adjust the
LDPC coding parameters (o code data at different code rates. For instance, when a
memory array with an E-page size of 2176 byles is relatively new {e.g., lighlly used)
andfor experignces or exhibits few coding errors, the LDPC coding paramelers at circle
C1 can be selected for coding data. The LDPC coding parameters at circle C1
correspond o a column weight of 4, P matrix size of 256, and row weighi of 68 and
further to a code rate of 0.941. A tolal of 128 bytes of parity can be used for coding
2048 byles of data at circle C1. As memory pages, blocks, or dies of the memory array
age and/or wear out, the LDRPC coding parameters at circles C2, C3, and C4 can
insiead be selected for coding data. The controller can, accordingly, gradually increase
the amount of parity per unit data from a code rate of 0.841 1o codes rates of .9286,
0.882, and 0.853 at circles C2, C3, and C4, respeclively, in response to changes in the
guality {e.g., loss of guality} of the non-volalile memory array.
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Adaplive Code Shorlening

{60307 Through adaptive code shoriening, some embodiments of the invention
can accommodate memory arrays with page sizes that do not maich up exactly with the
pre-defined code lengths. Figures 4A-4C are diagrams lusirating padded user data
and parity data used in adaptive code shortening according {0 one embodiment of the
invention. In particular, Figures 4A-4C Hllustrate how shortening may be used {o adapt
code word lengths o match the memory page size for a non-volatile memory array.
Advantageously, shorlening enables the controlier 130 and/or coder module 132 to
support a memory page format in which the memory page size does not equal any code
word length of a plurality of pre-defined code word lengths.  For instance, if the
controller 130 and/or coder module 132 support pre-defined LDPC code word lengths
equal to 2176 and 2304 bytes, shorlening can be used so that the coniroller 130 and/or
coder module 132 further supporl a memory page size of 2164 byles. Moreover,
shortening can permit the controller 130 and/or coder module 132 {o adaplively code
data to match the non-volatile memory array format without sacrificing a large bit error
rate performance.

{8031} in one embodiment, shortening comprises three operations.  First,
padding data is added to the user dala to be encoded. The padding data in one
embodiment is sized to be the difference between the pre-defined code length and
memory page size. Second, parily data is generated based on the padding and user
data. Third, the user data and parity data, which add up to the memory page size, are
stored in the memory page. The padding data is not stored, but will be appended o the
user data upon decoding {e.g., when the user data and parity data is read out from the
memory page at a later time).

100323 Figure 4A illustrates padding 410 and user data 420 of a data unit 400a.
The user data 420 corresponds to an amount of user data for data unit 400a, and the
padding 410 corresponds 1o a padding that facilitaies code shortening. The padding
410 can include a data set of entirely zeros, enlirely ones, efc., or any known or pre-
defined data pattern. Continuing the example of the previous paragraph, if the memory
page size is 2164 bvies for the non-volatile memory array, the controller 130 and/or

coder module 132 can select, from various pre-defined code lengths such as those
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shown in lable 300, the shortest LDPC code word length having a size equal to or
greater than 2164 bytes. in this case, the code length of 2176 bytes is selected. The
controller 130 and/or coder module 132 can delermine that the padding 410 should
include a data set having length thal is equal to the difference belween the code word
length (2176} and the memory page size (2164} of the non-volatile memory array, or
2176 - 2164 = 12 bytes of padding data. Depending on the LDPC coding parameters
for the data unit 4003, the controller 130 and/or coder module 132 can further determine
an amount of bytes reserved for user data 420 and an appropriate G coding mairix for
determining and/or generaling parity data.

(0033} Figure 4B illustrates an example encoding process according to one
embodiment.  In effect, the user data 420 is "padded” so that the combined user dala
and padding meet the amount of byles reserved for user data in the chosen pre-defined
code length. The parity 430 is then generated for the combined padding 410 and user
data 420 of a dala unit 400b. Continuing the example of the previcus paragraph, the
appropriate G coding malrix can be used to determine LDPC parity data for parity 430.
Note that as described above, the actual distribution of the 2178 byles between padding
410, user data 420, and parity dala 430 may vary. The following able illustrates some

of the possible configurations (ail sizes in byles):

10
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Memory Page Size 2164 byles

PCT/US2013/061249

Configuration
C1 (Figure 3)

Code Length - 2176

Raservad for User Data

Researved for

Parity

2048 128
With Fadding Actual User Data (Figure 4 Parity (Figure 4 -
Shortening {Figure 4 — 420} 430}
Scheme 410}

12 2036 128
Memory Page | Not wrillen {o | 2164 (2036 + 128}
Size memory

Memory Page Size 2164 bytes

Configuration | Code Length - 2176

C3 {Figure 3}

Reserved for User Data

Reserved for

Parity

1920 256
With Padding Actual User Data (Figure 4 — Parity (Figure 4 ~
Shortening (Figure 4 — 420) 430)
Scheme 410}

12 1908 256
Memory Page | Not written to | 2164 (1808 + 258)
Size Mmemory
(8034} Figure 4C illustrales a data unit 400c¢, having user data 420 and parity 430

of the data unit 400b with padding 410 removed. The user data 420 and the parity 430
can be written to and subsequently read from a memory page of the non-volatile
memory array 140, As shown in the {ables above, the amount of user data 420 and
parity data 430 can equal the memory page size of the non-volatile memory array, and

the padding data is not wrillen to the page. When the page is read oul later, as part of

the decoding, the padding is appended back {o the user dala read from the page.

11
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this manner, coding for arbitrary page sizes can be performed using ong of the plurality
of pre-defined code word lengths at the cost of a small loss in coding efficiency.

{8035} Figure 5 is g flow diagram illustraling a process 500 of adaptive code
shortening according to one embodiment of the invention. The process 500 can be
executed by the controller 130 and/or the coder module 132, Advaniageously, the
process 500 can enable the coniroller 130 and/or the coder module 132 1o support
memaory page sizes that do not equal any code word length of a plurality of pre-defined
code word lengths supported by the controller 130 and/or coder module 132, The
process 500 can be used {o construct and manage data units 400a, 400b, and 400¢c
described in Figures 4A-4C.

{80363 At block 505, the process 500 receives user data. The user data can be
received from the storage interface module 112 along with a write command {o write the
user data to a non-volatile memory array, such as the non-volatile memory array 140.
160371 At block 510, the process 500 pads the user data with padding data. The
padding data can include a data set of entirely zeros, entirely ones, or a known or pre-
defined data pattern. In addition, at block 510, the process 500 can further divide the
user data into units having a size equal to an amount of user per data unit, which
depends on corresponding coding parameters. For example, if the non-volatile memory
array has a memory page size equal to 2164 bytes and the LDPC coding parameters
correspond o the paramelers at circle C3 of Figure 3, the user data can be divided into
units having a size equal to 1908 byies.

{0038} At plock 515, the process 500 delermines parity dala for the padded user
data using coding parameters. Continuing the example of the previous paragraph, if the
LDPC coding paramelters correspond o the parameters at circle ©3, an appropriate G
coding matrix can be selecled and used o determine LDPC parity data for the padded
user data.

(6039 At block 520, the process 500 outputs the user data and parity data. For
example, the process 500 can oulput the user daia and parity data for slorage to k-
page 144 of F-page 143 of the non-volatile memory array 140. it can be noled that the
padding described with {0 respect to blocks 510 and 515 can be characlerized as

“virtual padding” since the padding itself may not be wrillen {o the memory page.

12
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Code Rate Adiusting

{0040} Figure 6 is a flow diagram illustrating a process 600 of adjusting a code

rate according to one embodiment of the invention. The process 600 can be executed
by the coniroiler 130 and/or the coder module 132, Advantageously, the process 600
can enable the controller 130 and/or the coder module 132 {o adjust the code rate (e.g.,
an amount of parity per unit data) of memory pages, blocks, or other divisions of a non-
volatile memory array as the memory pages, blocks, or other divisions wear out and/or
experience decreased quality.

(60417 At block 805, the process 600 reads user dala and parity data stored in a
memory page. For example, the process 600 can perform a read of F-page 143 in
response to a read command from the host systemn 110,

(00427 Al block 610, the process 600 delecis a number of bil errors when
decoding the user dala using parity data and coding parameters. For instance, the
process 600 can determine a number of delected bit errors when decoding the user
data using stored parity data and LDPC coding parameters corresponding o the
memaory page.

{60431 At block 615, the process 600 determines whether the number of bit errors
exceads a bil error threshold, The bit error threshold can depend or vary based on the
coding parameters for coding data to the memory page. For example, the bit error
threshold for the LDPC coding parameters at circle C1 of Figure 3 may be lower than
the bit error threshold for the LDPC coding paramesters at circle C2. If the process 600
determines that the number of bit errors does not exceed the bit error threshold, the
process 600 terminates. On the other hand, if the process 600 determines that the
number of bit errors exceeads the bit error threshold, the process 600 moves o block
620.

[6044] At block 620, the process 600 checks whether the coding parametiers can
be adjusted to reduce a code rate. In other words, the process 600 can determineg
whether more parity data can be used for coding. In one embodiment, the process 600
can determine whether the LDPC coding parameters may be adjusied while keeping a

LDRPC code word length unchanged. For instance, if E-page 144 is currently coded
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using the LDPC coding parameters at circle C3 of Figure 3, the LDPC coding
parameters can be adjusted o the parameters at circle C4. Alternatively, if E-page 144
currently is coded using LDPC coding parameters at circle C4 and the iable 300
contains the only available LDPC coding paramelers, the paramelers may not be further
adjusted o a lower code rate. If the process 600 delermines that the coding
parameters may not be adjusted o reduce the code rate, the process 800 terminates.
On the other hand, if the process 600 determines that the coding parameters can be
adjusted {¢ reduce a code rale, the process 600 moves fo block 625, In one
embodiment, the change of code rate may be managed at a block level where the
pages in the block are swilched io a new code rate at the same time. In one
embodiment, where MLC memory is used, upon a determination that a further reduced
code rate cannot be used, rather than terminating the process 600, the page (or block of
pages) may be configured to operate in a lower-page only mode.

(0045} Al block 625, the process 600 adjusis the coding parameters and stores
the adjusied coding parameters (o reduce a code rate for a next write operation. The
process 600 can slore the adjusted coding parameters in the non-volalile memory array
140, other memory module of the storage system 120, and/or internal memory of the
controller 130 and/or coder module 132, The process 600 can store an indication of the
code rate or LDPC coding parameters for coding data (o facilitate management of LDPC
coding parameters on a memory page, block, or other level division of a non-volatile
memory array. Further, the adjusted coding parameters can be used for coding user

data associated with a subseguent write command received from the host system 110.

Other Variations

{6046} Those skilied in the art will appreciate that in some embaodimenis, cther
approaches and methods can be used. For example, the coding techniques disclosed
herein can apply {0 codes besides LDPC codes, such as other iterative codes like turbo
codes. In addition, although the coding paramelers and other values disclosed in the
table 300 of Figure 3 ilustrale an example set of relationships between coding
parameters and code word lengths, other or additional coding relationships can be

used. The table 300 can include column weights with values less than 4 and greater
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than 5 {(such as 3 or 6), P malrix sizes with values less than 256 bits or greater than 512
(such as 128 or 1024), A values of less than 1 or greater than 2 (such as -1, 0, 3, or 4},
A values having a corresponding granularity other than 128 byles (such as 84 byles),
and a base code length with a value of less or greater than 2048 (such as 2176}
Further, an amount of parily data in each dala unit can be set {o different vaiues or
varied depending on a quality of a storage medium. Additionally, guality metrics other
than or in addition to bit errors can be used to delermine whether to adjust coding
parametiers for coding data. Moreover, depending on the embodiment, cerfain of the
steps described above may be removed, and others may be added. Accordingly, the
scope of the present disclosure is intended o be defined only by reference to the
appended claims.

(00471 While cerlain embodimenis have been described, these embodiments
have been presented by way of example only, and are not intended o limii the scope of
the protection. Indeed, the novel methods and systems described herein may be
gmbodied in a variely of other forms. Furthermore, various omissions, substitutions and
changes in the form of the methods and sysiems described herein may be made
without departing from the spirit of the protection. The accompanying claims and their
equivalents are intended to cover such forms or modifications as would fall within the
scope and spirit of the protection. For example, the gystems and methods disclosed
herein can be applied to hard disk drives, hybrid hard drives, and the like. in addition,
other forms of storage {e.g., DRAM or SRAM, ballery backed-up volatiie DRAM or
SRAM devices, EPROM, EEPROM memory, eic.) may additionally or alternatively be
used. As another example, the various components illustrated in the figures may be
implemented as software andfor firmware on a processor, ASIC/FPGA, or dedicated
hardware. Also, the features and attribules of the specific embodiments disclosed
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
to those of ordinary skill in the art, including embodiments which do not provide all of the

features and advantages set forth herein, are also within the scope of this disclosure.
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Accordingly, the scope of the present disclosure is intended to be defined only by

reference to the appended claims.
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WHAT 1S CLAIMED 15

1. A solid-stale slorage sysiem, comprising:

a non-volatile memory array comprising a plurality of memory pages, each
memory page having a common memory page size; and

a controlier configured to:

determine the common memory page size for the non-volatile
memaory array;

select a low-density parity-check (LDPC) code word length from a
plurality of pre-defined LDPC code word lengths, the LDPC code word
length having a size squal {0 or greater than the common memory page
size for the non-volatile memory array; and

determine LDPC coding parameters for coding data wrilten o or
read from one or more memory pages of the non-volatile memory array
based at least in part on the LDPC code word length,

wherein the controller is configured to support mulliple non-volatile
memory page formais using the plurality of pre-defined LDPC code word
lengths and o support 2 memory page format in which the common
memory page size does not equal any LDPC code word length of the
piurality of pre-defined LDPC code word lengths.

2. The solid-stale storage system of claim 1, wherein the LDPC coding
parameters comprise a P malrix size, a column weight, and a row weight, and further
comprise at least one of a code rate, an amount of user data, and an amount of parity
data.

3. The solid-state storage system of claim 1, wherein the controller is
configured to select the LDPC code word length having a minimum size equal (o or
greaier than the commaon memaory page size for the non-volatile memory array.

4. The solid-state sicrage system of claim 1, wherein the memory pages
comprise error-correcting code pages (E-pages).

5. The solid-stale slorage system of claim 1, wherein the controller is further

configured to:

17



WO 2014/065967 PCT/US2013/061249

delermine parity data for padded user data using the LDPC coding
parameters, the padded user data comprising user data and padding data; and

store the user data and the parily data in 8 memory page of the non-
volatile memory array.

6. The solid-state storage system of claim 5, wherein an amount of the
padding data of the padded user data depends al least in part on a difference between
the LDPC code word length and the common memory page size for the non-volatile
memory array.

7. in a data storage sysiem comprising a coniroller, a method of coding data,
the method comprising:

determining a common memory page size for a non-volatile memory
array, the non-volatiie memory array comprising a plurality of memory pages,
each memory page having the common memory page sizs;

selecting a low-density parity-check {(LDPC) code word length from a
plurality of pre-defined LDPC code word lengths, the LDPC code word length
having a size equal to or greater than the common memory page size for the
non-volatile memory array; and

determining LDPC coding parameters for coding data written o or read
from one or more memory pages of the non-volatile memory array based at least
in part on the LDPC code word length.

8. The method of claim 7, wherein the LDPC coding paramelers comprise a
P malrix size, a column weight, and a row weight, and further comprise atleastone of a
code rate, an amount of user data, and an amount of parity data,

8. The method of claim 7, wherein said selecting the LBPC code word length
comprises selecting the LDPC code word length having a minimum size equal o or
greaier than the commaon memaory page size for the non-volatile memory array.

10. The method of claim 7, wherein the memory pages comprise error-
correcting code pages (E-pages).

11, The method of claim 7, further comprising:

delermining parity data for padded user dala using the LDPC coding

parameters, the padded user data comprising user data and padding data; and
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storing the user data and the parity data in a memory page of the non-
volatile memory array.

12. The method of claim 11, wherein an amount of the padding data of the
padded user data depends at least in part on a difference between the LDPC code word
length and the common memory page size for the non-volatile memory array.

13. A solid-siate siorage sysiem, comprising:

a non-volatile memory array comprising a plurality of memory pages, each
memory page having a commaon memory page size; and

a conirolier configured to:

determine the common memory page size for the non-volatile
memaory array;

select a code word length from a plurality of pre~-defined code word
lengths, the code word length having a size equal o or greater than the
common memory page size for the non-volatile memory array; and

determine coding parameters for coding data written to or read from
gne or more memory pages of the non-volatile memory array based at
least in part on the code word length,

wherein the controller is configured to support multiple non-volatile

memory page formats using the plurality of pre-defined code word lengths.
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