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(57) Abstract: Fractional bit storage is disclosed herein which
allows for storage of additional bits distributed over multiple
SSD cells and maximizes data stored for SSD cells with non -
binary amounts of allowable threshold voltages while minimiz-
ing required bits dedicated to error correction code (ECC). For
an SSD cell with twenty-four levels of threshold voltage, set par-
titioning is used to create three equal subsets of levels each cor-
responding to eight levels of threshold voltage and each parti-
tioned subset able to encode three bits. Each partitioned subset
is designed with eight allowable threshold voltage ranges, each
of which is separated from any other allowable threshold volt-
age range by at least two of the twenty-four levels of maximum
threshold voltage. By choosing both set partitioning and assign-
ing bit values determined via code modulation, bits stored within
a partitioned subset are protected without the need for additional
ECC.
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HIGH DERSITY FRACTIONAL BIT SOLID STATE BRIVES USING COBED SET
PARTITIONS

CROSS-REFERENCE TO RELATED PATENT APPLICATION

0061} In accordance with 35, U.8.C. §119%¢c), this non-provisional patent application claims
benefit of the filing date of U.S. Provisional Patent Application 62/808,053, which was filed
2019-February-20. In addition, this patent application incorporates by reference the entirety of the

disclosure of U.S. Provisional Patent Application 62/808,033.

FIELD OF USE

0862} The disclosure generally relates to electrical digital data processing and ¢rror

protection in solid state drives.

BACKGROUND

[0663] In solid state drives (55D} made of flash memory that consists of floating gate NOT-
AND (NAND) field-effect transistors (FETs), more high-quality storage per unit arca is always
desired. For quad level cells (QLC), each floating gate FET (field effect transistor) has sixteen
possible threshold voltages which correspond directly to sixteen possible stored characters, and
which correspond to four bits in binarv. The general progression has been towards greater levels
per cell, from SLC (single level cell) to MLC (multi-level cell with two bits per cell) to TLC
{triple Jevel celly. SLCs store one bit, 1.¢. eithera O ora 1. MLCs store two bits per cell, 1.¢. one
of 00, 01, 10, or 11. TLCs store three bits in eight possible combinations (where 2°=8). Ina
binary progression, five level cells with thirty-two possible levels corresponding to five bits

{where 2°=32) would follow quad level cells (QLC).

BRIEF DESCRIPTION OF THE DRAWINGS

[eB84] Aspects of the disclosure may be better understood by referencing the accompanying
drawings.
[0065] Figure 1 depicts a diagram of selected components of a sohid-state drive {55D)

controtler for fractional bit storage in accordance with multiple embodiments of the disclosure.

(G006} Figure 2 depicts an example threshold voltages and threshold voltage ranges for 24-

level cells in accordance with an embodiment of the disclosure.
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Gt Figure 3 depicts a partitioning scheme for a 24 level 55D cell as depicted in Figure 2.

[6608] Figure 4 tHustrates bit assignment for the 24-level partitioning scheme of Figure 3.
(0497 Figure 5 depicts a partitioming scheme for a 20 level 55D cell in accordance with an

embodiment of the disclosure.

6610} Figure 6 dlustrates bit assignment for the 20 level SSD partitioning scheme depicted

i Figuie 5.

G011} Figure 7 ts a flowchart of example operations for writing fractional bits of ¢ N-level

S8D cells in accordance with multiple crobodiments of the disclosure.

[6G12] Figure 8 is a flowcharnt of example operations for reading fractional bits in @ N-level

SSD cells in accordance with multiple embodiments of the disclosure.

DESCRIPTION

[0613] The description that follows includes example systems, methods, techniques, and
program flows that embody aspects of the disclosure. However, it is noted that this disclosure
may be practiced without these specific details. For instance, this disclosure refers to an S5D cell
with twenty-four levels of threshold voltage wn illustrative examples. Aspects of this disclosure
can be instead applied to ancther even, nonbinary threshold level 85D architecture. In other

mstances, well-known mstruction instances, protocols, structures and techniques have not been

shown n detail n order not to obfuscate the description.
Overview

[0G14] Increasing the number of allowable levels inside a floating gate NAND solid state
memory cell from sixteen (2% to thirty-two (2°) would greatly decrease the available range for
cach threshold voltage. The total amount of voltage that can be applied to a single cell is himited
by diglectric breakdown voltage and heat transfer and dissipation characteristics, so voltage
ranges cannot be expanded by ncreasing total applicd voltage without causing breakdown due to
diclectric tailure or high temperature avalanche breakdown. Inasmuch as lower and upper
voltage levels are limited, an inercase i the number of intermediate levels therefore causes the
threshold voltage range available for cach intermediate level to decrease. As devices become
smaller and more tightly packed, there 1s an mcrease in nter~cell interference as well as an

merease in variability i threshold voltage due to the effects of nanoscale defects. This increase
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in nterference—and nanoscale interface and defoct contributions—causes a broadening of
threshold voltage distributions as cells shrink. When threshold voltage ranges decrcase as more
levels are required in every cell, more and more individual cells have one or more threshold
voltages that fall cutside the optimal threshold voltage range. Anv given cell may have one or
more levels with a threshold voltage that falls outside the optimal range, i ¢. inside the allowable
threshold voltage range for an adjacent level (n£1), but rarcly will a threshold voltage fall inside
the range of a level further away (1.e. n£2}. SSD devices, especially as levels increase, therefore
use error correction codes (ECCY to mamtain data integrity. Block codes, which are offen used as
ECC, use redundancy or mathematical relationships to encode a message of length k into a longer
string of bits of length n, where the rate of a block code 18 R=k/n. Rates of block code approach a
unity limit as fewer bits are required for data protection. ECC and other redundancy measures
consume bits and occupy cells that would otherwise be dedicated to data storage, and therefore

reduce total data storage capacity.

[eB15] The present disclosure introduces fractional bit storage which provides for the storage
of additional bits distributed over multiple SSD cells. Fractional bit storage maxumizes data
stored for SSD cells with non-binary amounts of allowable threshold voltages, and reduces
requirements for the number of bits dedicated to error correction code (ECC), in an embodiment.
For an S8D cell with twenty~four levels of threshold voltage, set partitioning 15 used to divide the
twenty-four threshold voltage levels mto three equal sets of levels in which each set corresponds
to cight levels of threshold voltage and is able to encode three bits over its mcluded levels. Set
partitioning is a method by which rems in a group are cach assigned to one and only one disjomt
subset, or partition, such that the union of all the partitions reconstitutes the oniginal group. Each
threshold voltage levels partitioned subset of the set of threshold voltage levels (hereinafier
“partitioned subset”) is designed with cight (2°) allowable threshold voltage ranges, each of
which s separated from any other allowable threshold voltage range by at least two (02} of the
twenty-four levels of maxamum threshold voltage levels. This separation eliminates interference
between levels within a partitioned subset while allowing each partitioned subset to store a three-
bit symbol. Set partitioning and assigning bit values to the partitioned subsets determined via
code modulation inherently protects the stored bits from bt flip errors by effectively increasing
the distance between threshold voltages, 1.e. no bit withun a partitioned subset will be misread for
an adjacent bit within that same partitioned subset becaase misread errors over two levels are
probabilistically negligible. ECC distinguishes between partitioned subsets, rather than {o protect
cach bit within a partitioned subset, and thus can be run at a lower, more robust code rate only on

the least rehiable bits. Two different rates of ECC are used—one on the directly stored bits within
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cach partitioned subset and a lower rate {where more bits are dedicated to redundancy and
protection) on the distributed bits, which are the least reliable bits. The effective rate code rate is

governed both by the ECC rates and by the ratio of directly written bits to distributed bits.

[0G15] With the set partitioning and bit valuc assignments to the partitioned subsets,
additional bits that exceed capacity of m memory cells are logically stored by mapping a value of
the additional bits to a combination of partitioned subsct identificrs corresponding o the bits
values phvsically stored individually in the m memory cells. in the case of three bits being stored
per memory cell and using two memory cells, this mapping of additional bits to partitioned subset
identifiers logically distributes the additional three bits over two 55D cells resulting m 4.5 bits
per memory cell (i.e., each of the two cells holds voltage assigned to a partitioned subset of the
three bit value and the additional three bits are mapped to the combination of the 2 partitioned

subset identifiers).

[06017} For mstance, each of cells A and B contains three partitioned subsets of allowable
threshold voltages, which allows mformation to be encoded n the nine possible permatations of
chosen subsets. By mapping to eight (27} of these combimations, three additional bits may be
distributed and stored over the two cells in addition to the three bits directly encoded in each cell.
The three bits stored via mapping are the least reliable bits—because the levels within a
partitioned subset are non-interfering but a level n misread as an n#1 will result in a misread
partitioned subset identifier and therefore cavse an error in identifving the distributed bits—and
require code providing error correction. Total bits stored increases per cell as a result of the
fractional bit storage to ~4.5 (Iog, 24} bits/cell, and total number of bits dedicated to ECC and
redundancy decreases. Additional schemes for twenty level and N level cells (where Nis a
nonbinary even number} also allow for the same tvpe of fractional bit storage, increasing total bits

stored and decreasing need for ECC.

Example Hlustrations

[0618] Figure 1 depicts a diagram of selected components of a sohid-state drive (§5D1)
controller for partitioning and fractional bit storage. An SSD controller 102 1s depicted with
selected components and logical operations for level partitioning and fractional bit storage. Figure
1 does not depict all components, circuitry, or logical operations known for an 58D controller.
The S5D controller 102 containg circottry and logical operations to read and write data bits to
mdividual cells of the 85D, and to distribute bits across cells for storage by mapping distributed

bits to partitioned subset addresses over multiple cells. The components of SSD controller 102
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can be contained on the 55D itself, on a processor in communication with the SSD, or distributed
between focations. Components and logical operations likewise may be distnbuted, in some
embodiments, between 88D, SSD controller circuitry, and processor circuitry. The 88D
controller 102 contains a read coniroller 104, a write controller 106, an erase controller 103, and
data addressing logic 110, The crase controller 108 can be wholly containgd inside of the write
controller 106, wholly contained within the data addressing logic 110, or an independent
controfler as shown. The data addressing logic 110 can be a single logical unit accessed by the
read controlier 104, the write controller 106, and the erase controlier 108, as shown mn Figure 1.
The data addressing logic 110 can also be distributed among the controliers such that one or more
controilers controls aspects of data addressing logic 110 and the other controllers query a lookup

table, register, or logical operation to locate specific bits.

[0619] The total number of resolvable storage levels N of an individual S5D cell is governed
by manufacturing restraints, t.¢. die size, isolation methods, voltage step granulanity, etc. For N
where N is a binary number (i.e. N=2™), cach cell can store up to M bits. For N where Nis a
non-binary number (i.e. N#2"}, each celi can store up to R bits where 2°<N in the same manner
as binary bifs are stored by using only a binary number of levels. This method of storage
climinates storage capacity gained by increasing the resolvable levels N of a given 55D cell.
However, set partitioning, which is a method of dividing the N levels into egual partitioned
subsets, aliows fractional bits to be stored (i.¢. P whole bits stored distributed over Q cells) and
therefore increases the number of bits per cell stored for values of N where N is a non-binary
even number (i.e. N=K*2M ) to M+P/Q, where P and ( satisfy 2°<K®?. By dividing the N levels
into partitioned subsets, additional information or bits can be encoded by selecting aleveln
corresponding to a partitioned subset L, where Lq is the partitioned subset identifier. A
fractional bit, which is also a distributed bit, s a bit of information that is stored as a partition
subset vector over a group of (¢ cells. The partition subset vector {Li, Lo, . Lg1, L} mapstoa
value of P bits. This means that P bifs are stored distributed among Q cells, or each cell containg
an additional P/(3 fractional bits. The use of fractional bits requires additional logic within the
read controtier 104, write controller 106, and data addressing logic 110 to write fractional bits,

read fractional bits, and group cells containing distributed bits together,

(6626} Write controller 106 receives write requests from the processor. The write controller
106 first divides the data into sections or words of Q*M=+P bit length. Words of this length are
stored together over (@ cells, with bits of size M stored directly in each cell and P bits stored

within a partition subset vector distributed over the @ cells. This division can be accomphished
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via fogical operators, use of shift registers, or any other appropriate implementation. The write
controller then identifics the first Q empty cells on the first copty block on the current write page.

The addressing information 1s stored in the data addressing logic 110.

(0021} SS8Ds require block and page addressing architecture, where blocks arc individual bits
or small groups of bits and pages are groups of blocks. The write controller 106 writes to a
specific cell {with a block and page address) via the appropriate bit and word Iings—i.e. cells are
written individually. For S5Ds the erase controller 108 crases bits at the page level—ie. cells are
erased 1n groups at the page level. Cells cannot be overwritten, and are erased before new datais
stored. Farther, 55D cells have limited data storage hifetimes because the charge trapped on the
floating gate dissipates over ime. In order to mamtain data wntegrity, the data addressing logic
110 together with the erase controller 108 periodically moves valid bits in valid blocks to a new
page and erases the ongmal page containing stale (1.e. marked for erasure) blocks and aging data
{1.¢. valid blocks approaching the end of the storage hifetime} in a process called garbage
collection. Further, 85D cells degrade over each storage and erase cycle because charge injection
into the floating gate strains the diclectric leading to lifetime failure. In order to maxinize
Lifetimes for all cells, a cell lifetime management Jogic 114 controls which pages are written to
and which pages arg scheduled for erasure in order to average usage for over each cell of the
S8D. When P bits are distributed over Q cells, a Q partitioned cell identificr logic 112 functions
to tag or group the Q cells together so that they may be recognized by the cell hifetime

management logic 114 and moved together durimg Life cvele functions.

6022} When P bits are distributed over § cells, the write controller 106 writes the cells close
together or in order and identifics these {Q cells as a group to the data addressing logic 110 using a
Q partitioned cell identifier logic 112, The Q cells can be physically separated when required by
available space, such as written both at the end of a page A and at the begimning of a page B.
However, physical compaciness increases the speed at which distributed bits can be both written
and read. The write controlier 106 writes bits to empty blocks on new pages as dictated by the
cell management logic 114, accomplishing compaciness during the initial write. However, when
the Q celis are scheduled to be re~-written on a new page by the cell management logic 114, the
data addressing logic 110 ensures that the grouped cells are re-written together based on an

wdentifier, tag, or lockup table maintained by the @ partitioned cells identifier logic 112,

0523} (} cells arg selected by the data addressing logic 110, and the write controller 108
determines for cach of cells 1 < q < Q a threshold voltage Vi, where threshold voltage Vi

corresponds to bits stored m an allowed level n of the N resolvable levels of 85D cell q. The
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threshold voltage level n for cach cell is determined both by the M bits stored directly in the cel

and by the P bits stored over the group of Q@ cells.

(8624} For N levels cells, where N=K*2™ K and M are selected such that N is divided into
partitioned subset 1s separated from all other levels inmide that subset by at least one mtervening
level (i.e. the partiioned subset containg levels no throogh ne where no, ni>not 1, ne>ni+1, ete ).
The separation between lovels included 1 a partitioned subset, where no level is adjacent to any
other level within the subsct, prevents threshold voltage distribution errors trom inferfering within
a partittoned subset. That is, within a partitioned subset ne and my are not adjacent and do not
have threshold voltage distributions that overlap—their threshold voltages are disjoint. The
probability of threshold voltages crrors exceeding one level of misreading is vanishingly small so
misreading between levels separated by at least one intervening level do not require ECC
protection. By further assigning bit values to each of the 2Y level in a partitioned subset using set
partitioning and trellis code modulation (TCM)}, the M bits stored directly in cach cell are
approximated to be non-intertering. TCM—a method of crror protection—involves mapping set
partitions via a tree-like trellis structure and describes the assignment of bit values to threshold
levels. This elimmates the need for ECC to correct errors between levels within a partitionad
subset. Sct partitioning will be discussed in more detail with reference to Figures 2, 3 and 3.
Each partitioned subset (i.¢. subsets 1 through K) has 2™ levels, and each of those levels maps to
a M bit value. Both a partitioned subset identifier Lo, where 125 Ly <K, which names the subset
selected for cell g and the M bit value are used to choose a value i and corresponding threshold
voltage Vi to be written to cach cell . The distributed bits P are mapped to a st partifion vector

{1, Lo, ..., Lo, Lo} where Lq is the partitioned subset identifier of celi g

(6025} The write controlier 106 determines values of n for  cells by first mapping
distributed bits P to a set partition vector {11, La, ..., Lo1, Lo} and then selecting level n included
in partitioned subset Lq that corresponds to M bit value. The data (or word) of 3*M+P bit length
is divided further into Q portions of M bit length (1o be stored durectly in Q cells) and distributed
bits P. The stored bits are fungible, so the distributed bits can be the first P bits, the last P bits, or
any selection of P bits from the QFM+P bit length (as will be discussed for Figures 4 and 6). For
Q cells, there are K® available permutations of the set partition vector {L1, L2, ..., Lo, Lob,
however not all values are used. The P partitioned bits generate 27 binary bit values that are
assigned to set partition vector values. The additional possible permutations of the set partition

vector {i.e. K27} are unused and unassigned. The controller 106 selects a value of n for each cell
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g from a lookup table or any other appropniate method that correlates values of Ly and M to n.
The write controller 106 then determines the value of ViV can be determined from a direct
relationship with n {i.¢. a direct n to voltage mathematical conversion) or, more likely, can be a
function of n and both individual cell location and current SSD running conditions (¢, hifetime
degradation, etc.}. The write controller 106 then cutputs the write signal that corresponds to the

selected threshold voltage Va to the write channel in order to encode Ve in cell g,

[6D26] The read controller 104 includes operations to reconstitute the bits distributed during
the writing process—where these operations can consist of any combination of circuitry and logic
or software level operations. When a read request is received by the write controller 104, the
controtler first locates the corresponding stored bits in cells by block, page, word line, and bit
line. The read controller 104 gueries the data addressing logic 110 to find the current storage
location of the Q cells grouped by the Q partitioned cells wdentifier logic 112, Once the cells are
identified, each of g cells (where 1<g<Q) 18 read and Vi determined. The controller then
calculates i or correlates the measured Vi to n. Onee the value of n for cach cell g is known, the
rcad controlier 104 determines partitioned subset identificr Lg for each cell. The read controller
104 then calculates the set partition vector {11, Lo, ..., Lo-1, Lo} and looks up or calculates the
vahue of the P partitioned bits based on the value of the set partition vector. Read controller 104
and write controlier 106 can share lookup tables or have duplicate look up tables or other methods
of correlating set partifion vector {L1, Lo, ..., Lo, Lo} and bits P. Each cell g also stores M bits
directly. The read controller 104 locks up the value of M directly from the value of n, based on a
knowledge of the set partitioning and corresponding assigned M vahies of each n level. The read
controller 104 then assembles all M bits of @ cells and P partitioned bits and reports these bits to

the requesting processor.

6027} Figure 2 depicts example threshold voltages and threshold voltage ranges for 24-level
cells. A histogram 202 of threshold voltages for many cells of an SSI} device shows that while
ideal threshold voltage distributions are disjoint, measured threshold voltage occasionally lig
outside the correct threshold voltage range for some cells and threshold voltage. Threshold
voltages for two example cells are shown: a cell A 204 and a cell B 206, selected from cells
which make up the histogram 202 of threshold voltages. The threshold voltages of each cell are
shown as a function of voltage together with theoretical ranges for cach of the 24 levels. Each
cell will have only one threshold voltage at any time (controlled by the amount of charge stored
int the floating gate), but the threshold voltages for a single cell charged at cach of the N levels

can be shown on one graph.



W

16

Ju—
W

WO 2020/170039 PCT/IB2020/000145

[e028] The histogram 202 shows that a threshold voltage distribution for the fourth voltage
level 208 has a tail that lies above a maximum threshold voltage, Vinngax 210, This means that
some cells of the device, due to interference effects or defects, have a Vau 212 that will be
incorrectly read as corresponding instead to Vs when these cells store charge at the fourth level.
The threshold voltage graph of ccll A 204 shows that Vs 212 lies above Vinmax 210 and will be

mcorrectly read as Vs,

[(D29] The histogram 202 also shows that the threshold voltage distributions for a seventh
level 214 and an eighth level 216 are not disjoint, and both extend across a Vamvax 218, This
means there are cells for which Vaw will be incorrectly read as corresponding to Vs and cells for
which Vs will be incorrectly read as corresponding to Vao, Cell A 204 is shown to be a cell for
which a Vi 220 hies above Varvax 218 when the charge stored on its floating gate should
correspond 1o the seventh level—Vay 220 will be mcorrectly read at Vas. Cell B 206 13 shown to
be a cell for which a Viss 222 lies below Vaomax 218 when the change stored on the floating gate

should correspond to the eighth fevel—Vms 222 will be incorrectly read as V.

[66G36] Errors caused by shifts in threshold voltage can be mutigated through ECC,
redundancy, mapping of cells with faulty voltages, lookup tables for error correction, eic. Each
of these methods requires dedicated memory space—either bits recorded on the SSD or

processing space on the disk controller.

[0631] Errors most ofien occur due to overlaps between neighboring threshold voltage range
distributions. Misreading threshold levels between ranges separated by at least one intervening
threshold range or level is uncommeon and need not be corrected for. In order to climinate
mterference between levels, a partitioned subset of threshold voltage levels is chosen such that
cach level contained within the subset is at least two levels away from any other level in the
subset. An example of such a partitioned subset X 224 15 shown forcell B 206, In this
partitioned subsct, no level exhubits interference with any other level and, therefore, no ECC
between levels of the subset 1s necessary. The levels are distinct and disjoint. For a 24-level cell,
a partitioned subset X 224 can be chosen that contains eight levels each of which 1s separated by
two intervening levels. A total of three such partitioned subsets can be chosen to account for all
the levels of the cell B 206: X 224, Y, and Z. An additional group of three partitioned subsets can
be chosen for all the levels of cell A 204: A, B, and C. Each partitioned subset of eight {2°) levels
stores three bits of non-interfering binary data. The three partitioned subsets of levels within cach
of the cells provide another set of coordmates that can be mapped to additional bits. Each

combination of the partitioned subsets of cell A {A, B, C} and the partitioned subsets ot cell B
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{X, Y, Z} maps to additional bit values. The nine combinations are mapped to eight {2°) binary
valucs to store three bits distributed over two cells. In this way, by writing a single threshold
voltage into cell A 204 and an additional threshold voltage into cell B 206 | a controller can store

mine bits (2 = {og, 5} bits per two cells, or 4.3 bits per cell.

16032} Figure 3 depicts a partiioning scheme for a 24 fevel 88D cell. A 24-level cell is
divided into three equal partitioned subscts (K=3) cach containing eight levels (M=3 where 8=2°).
The sets k where 1<k<3 are labeled A, B, and €. While selecting a subset naming scheme can be
arbitrary, the partitioned subset naming should be consistent. Partitioned subset identifiers can be
named {A, B, C} or {00, 01, 10} or another combination as long as read and write controllers
correctly map set partition vectors to the P distnibuted bits. Partitioned subsets A, B, and C are
chosen such that cach level included within a subset 15 separated by two intervening levels—that
15 a partitioned subset A 304 contains {L1, La, L7, Lio, L3, Las, Lao, Laz}, subset B contains {1z,
Ls, Ls, L1y, g, Lar, Lo, Lza) and subset € contams {1, Le, Lo, Liz, Lus, Lis, Loy, Lee} as shown
The three partitioned subsets contain levels that are spaced by at least two threshold voltage
ranges as is shown in a threshold voltage range bar graph 302, Inside of each partitioned subset,
cach of the eight levels corresponds to a three-bit value (bibebs). These bit values are assigned
via set partitioning. By selecting levels as divergent as possible for cach of the bits using a
method like TCM {or another appropriate partitioning method), required ECC s reduced. For
cight level partitioned subsets, three levels of partitioning are performed. First, cach set is
divided in half by the 4 most disparate levels. Hach level 1 subset contains four threshold voltage
levels—ifor example for partitioned subset A the value bi=0 is assigned to {L1, L7, L1z, L1s} 306
while the value bi=1 is assigned to {La, L. Lis, Loa} 308, Each level 1 sobset is again divided 1n
half to form two level 2 subsets. Each level 2 subset corresponds to two threshold voltage
levels—i.e. for the bi=0 portion of partitioned subset A the value bib»=00 corresponds to {1,
L3} 310 while the value biby=01 is assigned to {L7, Lo} 312 etc. Each level 2 subset is further
divided in half to directly identify each threshold voltage to a three-bit value. This produces a
mapping giving bibabs=000 for L1 314, bibohs=001 for L1z, bilnb=010 for L7, bibobs=011 for
Lis, bibaba=100 for La, bibaba=101 for Lis, bibabs=110 for Lio, and bib2bs=111 for L2 for
partitioned subset A. Identical partitioning can be performed on each of the other subsets B and

C.

{6633} Threshold voitage range bar graph 302 shows the partitioned subset identifier and
three-bit value assigned to cach threshold voltage Vin value for a 24 level 85D cell. Errors

requiring correction can be nunimized by choosing which levels are adjacent. In graph 302, a
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correctly measured Vas corresponds to partitioned subset € and bits bibabs=000. I Vs 15
erroncously low, Vi will be mistakenly read, where Ve corresponds to partitioned subset B and
bits bibob:=000. The substitution of portioned subset B for subset C 15 an error that reguires
ECC. However, the bits bib:bs=000 are still read correctly. If Vs is erroncously high, Ve will
be mistakenly read, where Vs corresponds to partitioned subset A and bits bibaba=100. The
substitution of partitioned subsct A for subset C is still an error that requires ECC. The bits
bibzbs=100 are also mistakenly read n this example. However, the substitution of bits
bibabs=100 for bits bibabs=000 15 a change in the third columm, 1.e. 1t is not a single erronecus bit
flip as would be the case if Vi corresponded to bibabs=001. This error must also be protected
agamst through ECC but 1s casicr to detect than a single bit flip and so does not require ECC at
the same strength. In this example, EEC at a rate of 0.66 low-density parity check (LDPC) 18
sufficient to protect the code. This is more robust than existing method which use code rates
close to 0.9 to protect data integnity. A lower ECC rate allows more bits and cells to be used to
store data because fewer bits must be dedicated to ECC. The distributed bats, which are the least
reliable bits, can be protecied at a higher rate while the directly written bits are protected at a
tower rate. This causes the total code protection rate 1o be lower and reduces bits required for

redundancy.

0034} Figure 4 illustrates bit assignment for a 24-level partitioning scheme over two S5D
cells. Inthis case three bits bobsbe arve chosen as the distributed bit group. All bits in this scheme
are fungible, so the members of the distributed bit group or partitioned bits can come from any
part of the nine-bit string that is encoded over the two cells. Each of the two cells contains three
levels, producing nine possible partitioned set vectors. Chart 402 shows the values assigned to
cach of'the nine possible permutations of partitioned subset identifiers. Because the partitioned
bits are binary (and correspond to three bits where 8=2%), only eight set partition vectors are
assigned bit values. With reference to the partitioned illustrated in Figure 4, when the controller
writes to cell A and cell B, 1t writes a threshold voltage to each cell. Each threshold voltage
corresponds to ong of levels L1 to L.24 for a 24 level cell. In order to determine the two values of
1, the controller first determines a set partition vector from the distributed bits. For an example
st of bits bobibabsbsbsbebrbe=101000111 (where bs=1 may be a parity bit}, the distributed bits
can be selected as bobabs=101. The controller maps the selected bits to a set partition vector
{L1,L2} as shown in table 402, For the example bits bobabs=101, the corresponding set partition
vectoris {B,7}. This set partition vector contains the two partitioned subset identifiers, one for
cach ccll. In this cxample, the controller selects threshold voltage for cell A out of the levels

included in partitioned subset B as shown in table 404—the eight fevels {L.2, L5, L8, L1, L4,
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L17, 120, 23} The controller selects threshold voltage for cell B from the levels included in
partitioned subsct Z as shown in table 406—the cight lovels {13, L6, LY, L12, L15, L18, 121,
L.24}. The controller then selects, from each of the eight levels imncluded in the selected
partitioned subset for each cell, a level n that corresponds to the non-distributed bits. For the
example set of bits bobibabsbabsbebrbs=10101111, the directly mapped bits (i.e., non-distributed
bit group) can be sclected as bibabs=010 for cell A and bsbeb=011 for cell B. The controller
selects the threshold voltage for cell A from table 404, using both the partitioned subset identifier
{B} and the bit value bibabs=010 to select L8, The controller selects the threshold voltage for
cell B from table 406, using both the partitioned subset identifier {£} and the bit value
bshsh7=011 to select L.21. The controller then writes to cell A setting the threshold voltage that
corresponds to L8 and writes to cell B setting the threshold voltage that corresponds to L21 in

order to write all bits bobibabsbabsbsbbs=101000111.

{00353 When a controller reads cell A and cell B, it measures a threshold voltage for each
cell. Each threshold voltage corresponds to one of levels L1 to L.24 for the lhustrated 24 level
cells. The controlier determines a level for cach of cell A and cell B and then maps this level to
both a directly coded bit and a partitioned subset identifier. It the threshold voliage of cell A
corresponds to Vtho or Lo, this gives a direct bit value of b1b2b3=100 and a partitioned subset
wdentifier C as illustrated 1n table 404, If the threshold voltage of cell B corresponds to Vthd or
L3, this gives a direct bit value of b3b6b7=010 and a partitioned subset identifier Y as illustrated
int table 406, The set partition vector is therefore {€Y}. The controller then accesses the
mapping table 402 to determine the value of distributed bits b0b4b8. For this example resulting
n the set partition vector {C,Y}, the controller returns the value 111 for bobsbs as tlustrated in

table 402.

[06636] Both cells contam distributed bits and directly encoded bits. In the exampie shown,
bits bibabs arc encoded in cell A and bits bshebr are encoded in cell B. Again, because stored bits
are tungible and later re-assembled, these bits can correspond to any part of the stored nine-bit
word. Chart 404 shows the bit values and partitioned subset level 1dentificrs assigned to cach
threshold voltage level of cell A, Chart 406 shows the bit values and partitioned subset level
identifiers assigned to each threshold voltage level of cell B. Nine bits of data are stored over the

two cells by selecting two threshold voltages Vi, one foreach of cell A and B,

G037} Figure 5 depicts a partitioning scheme for a 20 level S5D cell. A 20-fevel cell is
divided into five equal partitioned subsets (K=35} each containing four levels (M=2 where 4=27).

The partitioned subsets k where 1<k<5 are labeled A, B, €, D, and E. Set naming consistency is
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required, but the partition identifiers can be named {000, 001, 010, 011, 100} instead of
{A,B,C.D E} or use any other nomenclature as long as read and write controllers can map set
partition vectors to the P distributed bits. Partitioned subsets A, B, C, D, and E are chosen such
that each level inchided with a subset is separated by four intervenming levels. It is possible to
choose partitioned subsets such that cach level included in a subset is separated by at least one
mtervening level where the subsets are not evenly spaced, however choosing partitioned subsets
such that the levels are as far apart as possible maintains noninterference between all levels
within ail subsets. Partitioned subset A 504 contains {11, Le, L1y, Lis}, subset B contains {L2, L7,
Lz, Li7}, subset C contains {La, Ls, L3, Lig}, subsct D contains {L4, Lo, L4, L1}, and subset E
comtains {Ls, Lio, L1s, Loo}. The five partitioned subsets contain no levels that are more closely
spaced than four interveming threshold voltage ranges, as is shown in a threshold voltage rangs
bar graph 502. Inside of cach portioned subset, cach of the four levels corresponds to a two-bit
value (bib2). These bit values arc assigned to cach level via set partitioning—a method of
designing partitioned subsets containing levels and assigning them to bit values such that cach
level within a subset is not misread for any other level included in the same subset. By selecting
levels {which corresponds to threshold voltages) as far apart as possible for each of the bits (for
cxample by using TCM or another appropriate partitioning method), bits stored directly in cach
cell are mherently protected from ervor and total ECC required 1s reduced. For four level
partitioned subsets, two levels of partitioning are performed. First, cach partitioned subset is
divided in half into two subscts containing the most disparate levels. Each level 1 subset containg
two threshold voltage levels. For partitioned subset A, the value b1=0 1s assigned to {11, L1}
506 while the value bi=1 1s assigned to {Ls, L1} 508 Each level 1 subset 1s divided again into
ndividual threshold voltage levels. The second bit level is again assigned based on requiring that
the closest two-bit value {i.¢. where one bit is one count up from the previous bit 00 to 01 to 10 to
11) correspond to threshold voltages as physicallv disparate as possible. This produces a
mapping giving bibz=00 for L1, biba=10 for Ls, bibo=01 for L11, and bibz=11 for Lis within
partitioned subset A, Identical partitioning can be performed on cach of the other partitioned

subsets B, C, D, and E.

[(D38] Threshold voltage range bar graph 502 shows the partitioned subset identificr and two-
bit value assigned to cach threshold voltage Va value for a 20 level 58D cell. The four threshold
voltage levels that correspond to bifs in partitioned subset B are shaded, showing how the fevels
within a subset are distinet and unlikely to interfere with each other. Error correction requirement
are also minimized by choosing bit valucs for adjacent levels. In graph 502, a correctlv measured

Vs corresponds to partitioned subset E and bits biby=00. It Vas 13 erroneously low for any
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rcason, Ve will be mistakenly read where Vs corresponds to subset D and bits bibe=00. The
substitution of partitioned subset D for subset E 15 an error that must be protected against by ECC.
However, the bits biby=00 are still read corvectly. I Vs is erroneously high, Vas will be
mistakenly read, which corresponds to partitioned subset A and bits bibz=10. The substitution of
partitioned subset A for subset E is still an error that requires ECC. For this case, the bits bibe=00
are also mistakenly read as biba=10. However, this substitution of bib2=10 for b1b2=00 is more
than a single bit flip and is easier to detect via error detection such as TCM. In this example,
EEC such as LDPC at a rate of 0.8 is sufficient to protect the code because the directly stored bits
are preferentially protected from read errors. This 1s more robust than existing methods which
use code rates close to 0.9 to protect data integrity. A lower ECC rate allows more bits to be used
to store data. The 20-level partitioning scheme stores an average of 4.25 bits per cell, or
seventeen bits distributed over a total of four cclls. In addition to a gain of a fractional bit of
storage per cell over a QLC, this method also reduces the percentage of required bits dedicated to

ECC leading to additional bit storage capacity.

[(D39] Figure 6 iHlustrates bit assignment for a 20 level 88D partitioning scheme over tour
SSD cells. In this case nine bits bobibab:babsbsbrbs are chosen as the distributed bits. All bits in
this scheme are equivalent, so the partitioned bits can come from any part of the seventeen-bit
word that is encoded over the two cells. Each of the four cells contains five levels, which
produces 625 (5% possible set partition vectors. Table 602Table 602 shows the nine-bit values
assigned to the possible permutations of partitioned subset dentifiers. The partitioned bits are
binary. s0 nine bits correspond to 512 (2°) possible bit values. As is shown in table 602, all bit
valucs are mapped to set partition vectors but not all set partition vectors are assigned bit valucs
{i.c. because 625 1s larger than 512). The total number of distnbuted bits P is chosen such that P
is as large as possible while still satisfving 2'<K“. This relationship will allow all values of the

partitioned bits P to be stored while maximizing vtilization.

[G040] With reference to Figure 6 as an example for writing, when a controller writes to four
20 level cells, it writes a throshold voltage to cach cell. Each threshold voltage corresponds to
one of levels L1 1o L28. In order to determine the four values of n (e, the four fevels Ln}, the
controller first determines a set partition vector for the distributed bits. For an example set of bits
b0b1b2b3b4bibeb7h8bob10b11b12b13b14b15bi6=11111111110101100, the members of the
distributed bit group or distributed bits can be selected as bObib2b3b4bSbob7b8=111111111.
The controlier maps the selected bits to a set partition vector {L1,L.2 1.3 1.4} as shown in table

602, For example bits b0b1b2b3b4b3bob7b=111111111, the corresponding partition vector is
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{D1, A2 B3 B4} The partition set vector contains four partitioned subset identifiers, one for
cach ccll over which the bits arc distributed. In this example, the controller selects threshold
voltage for cell 1 out of the levels mchuded in partitioned set D as shown in table 604, threshold
voltage for cell 2 out of the levels mehided in subset A as shown in table 606, threshold voltage
for cell 3 out of the levels included in subset B as shown in table 608, and threshold voltage for
cell 4 out of the levels mcluded in subset B as shown mn table 610. The controller then sclects a
fevel n for cach cell that corresponds both 1o the parfitioned subset wdentifier and to the directly
mapped bits. For the example set of bits, the directly mapped bits can be selected as b%b106=10
forcell 1, b11b12=10forcell 2, b13bld=11 forcell 3, and b15b16=00 for cell 4. The controller
selects the threshold voltage for cell 1 from table 604, using both the partitioned subset identifier
{D} and the bit value b9b10=10 to select LY. The controller sclects the threshold voltage for cell
2 from table 606, using both the partitioned subset identifier {A} and the bit value b11b12=10 10
select L6, The controller selects the threshold voltage for cell 3 from table 608, using both the
partition identifier {B} and the bit value bi3bi4=11 to select L.17. The controlier selects the
threshold voltage for cell 4 from table 610, using both the partition identifier {B} and the bit
value b15b16=00 to select L2, The controller then writes to coll 1 setting the threshold voltage
that corresponds to L9, to cell 2 setting the threshold voltage that corresponds to 1.6, 1o cell 3
setiing the threshold voltage that corresponds to 117, and to cell 4 setting the threshold voltage
that corresponds to L2. By writing those threshold voltages, the controller stores all bits

b0b1b2b3b4b5b6b7hb8bY%b10b11b12b13b14b15ble=11111111110101100.

[LLIEEY When the controller reads cell 1, cell 2, cell 3, and cell 4, it measures a threshold
voltage for cach ccll. Each threshold voltage corresponds to one of fevels L1 to 120 for a 20
tevel cell. The controlier determines a level for each of cells 1, 2, 3, and 4 and then maps cach
determined level to both a directly coded bit and a partitioned subset identifier. For cell 1, these
vahues are shown in fable 604, Ifthe threshold voltage of cell 1 corresponds to Vth16 or 116, this
gives a direct bit value of b9b10=11 and a partitioned subset identifier A. For cell 2, these values
arg shown m fable 606, If the threshold voltage of cell 2 corresponds to Vthé of L6, this gives a
direct bit value of b1ib12=10 and a partitioned subset identifier A, For cell 3, these values are
shown in table 608, If the threshold voltage of cell 3 corresponds to Vih12 or 112, this gives a
direct bit value of b13b14=01 and a partitioned subset identifier B. For cell 4, these values are
shown in table 610, I the threshold voltage of cell 4 corresponds to VthY or LY, this gives a
direct bit value of b13b16=10 and a pastitioned subset identifier B. The patition set vecior for
this example is therefore {Al, A2, B3, D4}, The controller then accesses a mapping table to

determine the value of distributed bits b0b1b2b3b4b5b6b7b8. For the above example where L16
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ofcell 1, L6 ofcell 2, L12 of cell 3, and L9 of cell 4, the partition set vector is {Al, A2, B3, B4}
and the controller retums the value bOb1b2b3b4b3b6h7b8=000001001 based on table 602, For
this example, the controller then reassembies the bits into

bOb1b2b3b4b3b6h7h8b%b 1001 1b12b13b14b15b16==000001001 11100110,

{0042} All four cells contain distributed bits and divectly encoded bits. In the example shown
bits bobie are encoded in cell 1, bits buibz are encoded in ¢ell 2, bits bisbis are encoded in cell 3,
and bits bisbie are encoded in cell 4. Al stored bits are fungible before they are reassembled mto
words by the read controller, so these bits can correspond to any section of the stored seventeen-
bit word. Table 604Table 604 shows the two-bit values and partitioned subset level identifiers
assigned to each voltage level of cell 1. Table 606Table 606 shows the two-bit values and
partitioned subset level identifiers assigned to each voltage level of cell 2. Fable 608Table 608
shows a truncated view of the two-bit values and partitioned subset level identifiers for cell 3 and
table 610table 610 shows a truncated view of the two-bit values and partitioned subset level
wdentifiers of cell 4. The full two-bit value and partitioned subset level identifiers are the same for
all cells, onlv the identity of the assigned bits changes, as shown in expanded charts 604 and 606
and in chart 502 of Figure 5. Scventeen bits of data can be stored over the four cells by selecting

four threshold vohtages Vi

(00437 Examples of set partitioning are shown for 20 and 24 level S8D cells. This method is
applicable to all SSD cells where N is an even number, such that N=K*2™ Where N is a binary
nuniber, this method may or may not present advantages over traditional bit assignment. When N
is an even non-binary number, the use of distributed bits allows greater bits storage per cell. For
example, when N is 28 seven partitioned subsets (K=7) of four levels each (M=2 where 4=27) bits
can be distributed over 5 cells for an average storage rate of 4.8 bits per cell. When N is 32, the
thirty-two levels can be partitioned such that K=4 and M=3 or such that K=8 and M=2. Because
both K=4 and K=8 values are themselves binary this scheme does not require that P bits be
distributed over more than one cell. However, choosing Q>1 has additional benefits for ECC

gain. Additional schemes are possible, providing N=K*2" and K%-2P.



[

16

Ju—
Wn

N2
Wn

WO 2020/170039 PCT/IB2020/000145

17

00441 Table 1, below, shows some possible values of K, M, P, and @ for non-binary even
values of N. From this table and the following flowcharts, additional schemes can be
extrapolated for additional values of N and for other values of (§ and P for the values of N that

were already discussed.

N K M M P O | Total Bits | Bits Per Cell
20 5 4 2 9 4 17 4.25

24 3 8 3 3 2 9 4.5

28 7 4 2 14 5 24 4.8

32 8 4 2 3 1 5 5

32 4 8 3 2 1 5

Table 1 Some possible values of K, M, P, and @ for N fovel S8D cclls

(6045} Figure 7 is a flowchart of example operations for writing fractional bits of (§ N-level
SSD cells. Because the fractional bits are distributed over  cells, all @ cells are writien and

grouped together.

6046} At block 702, the data of a write request 13 divided mto sections or words of length
Q*M+P bits. Each section of data of this length will be stored together in a group of Q 558 cells,
These 58D cells will be identified as a group and moved together by the S5D write controller,

S8 erase controller, and anv 85D cell lifetime management logic.

(D47} At block 704, optional parity bits are generated. The number of hits of data stored per
group of  cells 1s reduced for every parity bit generated. Parity bits allow for ECC and other
data integrity measures to be performed on read bits. Any method of parity generation (LDPC,
otc.) is permissible. If one parity bit is appended to each word, then words of length Q*M+P-1

will be created at block 702,

[G6D48] At block 706, P bits from the word created in block 702 are sclected as members of
the distributed bit group (also referred to as distnibuted bits). The P bits will be distnbuted across
Q cells resulting in fractional bt storage. Selection of which bits within data to include in a
distributed bit group and which to include in non-distributed bit groups need only be constrained
by consistency. A controller can be programmed to determine group membership based on an

arbitrary design choice or some other criferion determined from performance analvsis.

[06049] At block 710, the value of the P distributed bits is mapped to a set partition vector {L.1,
Lo, ..., Let, Ly} This set partition vector is made up of Q partitioned subset identifiers, with gach

of the @ partitioned subset identifiers corresponding to one of the Q memory cells to be written.
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The mapping of the value of the P bits to the sct partition vector can be performed via a look up

table or other diroct mapping.

[0630] At block 711, the coutrolicr determines bit group membership for the remaining M
bits from the word not selected for the distaibuted bit group. The controlier determines bit group
membership for a non-distributed bit group. As explamed earlier, the controller may use
predefined membership or can use a dynamic determination. For example, the controller may
alternate sclection of bits by word position for membership in different bit groups. for each of the

cells .

[B051] At block 712, for cach of @ cells the partitioned subset identifier Ly, from block 710,
and the value of the M bits determuned at block 711 are mapped to a level n which 1s included in

partitioned subset L. Mapping may be via a lookup table or a logic operation may be performed.

0052} At block 714, for cach of @ cells a threshold voltage Vinis selected based on level n.
The voltage Vaumay have a direct mathematical relationship t0 n, may be based on a lockup table
o1 other one to one correspondence value, or may be determined via a logical operation

depending on n.

(D53} At block 716, a group of Q cells 1s physically identified in the data addressing logic
and each of the Q threshold voltages Vi are written by outputting cormresponding write signals in
the write chanuel to the correct page, block, word line, and bit kine. These cells are identified in
the data addressing logic as a group of (@ cells and are moved together when necessary by the data

addressing logic and erase controller.

[0554] Figure 8 is a flowchart of example operations for reading fractional bits in  N-level
S5D celis. Because the distnibuted bits are distributed over all Q cells, each of the @ cells must

be read together.

00553 At block 802, read logic identifies a group of (@ cells which correspond to a set of
3*M+P bits and reads the Q cells. The data addressing logic tracks where cach of the Q cells 15
located, and accesses these @ cells by page, block, word line, and bit ine. These cells may or
may not be in the same location where they were mitially written, so the read logic must query
the data addressing logic to focate the cells that correspond to the read request. Once the  cells
are identified and located, cach of the cells is read by read signal addressing at page and black
level by the word line and bit lime. For cach of the ( cells, a threshold voltage Vi 1s read and

recorded.
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[LIRGY At block 804, the read logic determines a level n that corresponds to the threshold
voltage Vi for cach of (§ cells. The threshold voltage Ve can correspond directly to leveln, or
can be mapped to level n via a look up table or other register, or read logic can determuine n based
on threshold voltage Va and other device parameters such as lifetime and physical location of cell
¢. From the (3 values of level n, the value of the Q*M+P bits can be determined. Flow continues

from block 804 to both block 806 and block 808,

(D57} At block 803, the read logic maps the value of level n to a value of M bits for each of
(3 cells. These bits are assigned to values of n based on level partitioning. The determination of
the valoe of the M bits for cach of @ cells is protected from interference generated errors by the
set partitioning because all levels within a partitioned subset are separated by at keast one
mtervening threshold level. Read errors where n is mistaken for n+2 are uncommon, so to a first

order the value of M for the directly writien bits is correct.

6038} At block 806, from level n the read logic deternunes a partitioned subset identifier Lq.
Lq can be mapped from n, determined mathematically from Va, or calculated probabilistically
from i or V. A lookup table can be used to cormrelate Vi directly to n. In order to account for
changes in Vth over time, n may be calculated from a mathematical relationship to Vi and other
operating charactenstics or running times. This may include a probabilistic determination of n

based on Va and degradation rates. For each of ( cells, Lgis determined.

6039} At block 810, the partitioned subset identifiers Ly from each of the (§ cells are
assembled into a set partition vector {Li, La, ..., Lg1, Lq}. This set partition vecior has

dimensions and K possible values for each lovel Lq.

D66 Atblock 812 the set partition vector {14, Lo, ..., Lqg1. Lq} is mapped to a P bit value,
The distributed bits are reconstituted based on the value of the set partition vector {11, Lz, ..., Lo
1. Lq}. These values may be related by mathematical calculation, mapping, via lookup tables or

other registers, or by logical operations. From block 812, flow continues to block 814,

{00613 At block 814, the data 1s reassembled into a Q*M+P bit length word. Each of ( cells
contains M directly writien bits and P bits are distributed over all @ celis. The order of the
reassembled data 15 dictated by the order 1in which the bits where written to the Q cells. Each

writen bit is fungible, so the order of reassembly depends only on the order of the write logic.

(0062} At block 816, any parity bits are used to perform ECC. Parity bits are optionally

mncluded in the word of Q*M+P length, and each included parity bit displaces a data bit. For any
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parity bits included in the word, parity check or ECC can be performed after the data bits are

asscmbled but before the data is output to the read requestor.

[06G63] At block 81%, the Q*M+P bits {minus any parity bits used for ECC) are output to the
read requestor. For read data longer than QFM+P bits, multiple groups of Q cells are read and all

data reassembled.

(064} A method for encoding fraction bits, which are bits distributed over multiple cells, in
S5D cells is disclosed. For 558D cells having non-binary allowable threshold levels, this method
increases the stored bits per cell. For SS5D cells with both binary and non-binary numbers of
threshold voltage levels, this method decreases the required ECC rate because directly stored bits
are protected from mterference by choosing non-mterfering levels durning set partitioning.

Various embodiments including methods, systems, logical controllers and operations are

disclosed.

Embodiments

(063} Example embodiments can include the following:

[0666] Embodiment 11 A method for increasing the capacity of a storage dnive by stornng

fracticnal bits in memory cells comprising: based on a write request o write data to memory cells
corresponding to an address indicated in the write request, determining membership of the bits
that form at least a portion of the data m different groupmgs of the bits, wherein a first bit
grouping is to be distributed across the memory cells and each remaming bit grouping is to be
stored i a corresponding one of the memory cells; based on a first value of the first bit grouping,
determining a list of partitioned subsct identificrs that map to the first bit grouping, wherein each
partitioned subset identifier in the list corresponds to a different one of the memory cells; for cach
of the remaining bit groupings and the corresponding one of the memory cells, determining which
of a set of voltage threshold levels maps to both a value of the remaining bit grouping and the
partitioned subset identifier for the memory cell in the list, wherein the set of voitage threshold
levels have been partitioned into set partitions gach of which 15 identified by a different
partitioned subset identifier for each of the memory cells; and writing to the memory cell a

voltage threshold corresponding to the determined voltage threshold level.

66467} Embodiment 2: The method of embodiment 1 further comprising: based on a read
request to read data from an address, reading memory cells corresponding to the address and

determining a voltage threshold level based on the reading; determining values for memory cell
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specific bit groupimgs that map to the voltage threshold level; for cach read memory cell,
detcrmining a partitioned subset identificr that roaps to the voltage threshold level determined
from the reading; mapping the determined partitioned subset identifiers in aggregate to a value for
a distributed bit grouping value; and assembling the determined values and the value for the

distributed bit grouping mto a word for the read request.

[0068] Embodiment 3: The method of embodiment 1 or 2 wherein determining membership
of the bits that form at feast a portion of the data in different groupings of the bits comprises

accessing a set of one or more tables that defines grouping by bit position.

[0669] Embodiment 4; The method of embodiment 3 further comprising defining bit

groupings by bit position.

G070} Embodiment 3: The method of any one of embodiments 1 to 4 further comprising
partitioning the set of voltage threshold levels to prevent adjacent voltage threshold levels from

being within a same partitioned subset.

{00713 Embodiment 6; The method of any one of embodiments 1 to 5, wherein determining
membership of the bits that form at least a portion of the data 1n different groupings of the bits
comprises dividing the data into words cach having @ times M plus P bits per word, wherein Q is
the number of memory cells, P 1s a number of bits in the first bit grouping, and M 1s the number

of bits that can be stored in each of the memory cells.

{66723 Embodiment 7: The method of embodiment 6 further comprising determining P to
satisfy 2°<K9, wherein N is a number of resolvable voltage threshold levels for cach of the

memory cells and wherein N=K*ZM.

[6073] Fothodunent 8: The method of any one of embodiments 1 to 7 further comprising

determining the voltage threshold corresponding to the determined voltage threshold level

[GD74] Embodiment 9; A svstem comprising: a processor; and a solid state storage device
configured to: based on a write request to write data to an address indicated i the write request,
determining membership of the bits that form at least a portion of the data in Q+1 different
groupings of the bits, wherein a distnboted bit groupimg will be distributed across ¢ memory cells
and cach of the QQ non-distributed bit groupings will be stored in a corresponding one of the @
memory cells; based on a first value of the distributed bit grouping, deternuning a list L of 3
partitioned subset identifiers that maps to the first bit grouping, wherein each parfitioned subset

identifier Lq 1o L corresponds to a different memory cell g of the @ memory cells; for cach of the
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non-distributed bit groupings, determining which voltage threshold fevel n of a set of N voltage
threshold levels maps to both a value of the non-distributed bit grouping and the partitioned
subset identifier Lg corresponding to the memory cell g that corresponds to the non-distributed bit
grouping, wherein the set of N voltage threshold levels have been partitioned into K partitioned
subseis cach of which is identified by a different partitioned subset identifier for each of the
memory cells; and writing to the memory cell g a voltage threshold corresponding to the voltage

threshold level b,

[06075] Embodiment 10: The system of embodiment ¢ wherein the controller is further
programmed to: based on a read request to read data from an address, reading @ memory cells
corresponding to the address and determining a voltage threshold level o based on the reading;
determining G values for Q@ non-distributed bit groupings of the Q read memory cells that map to
the voltage threshold level n; for cach read memory cell q, determining a partitioned subset
identifier Lq that maps to the voltage threshold level n determined from the reading; mapping the
(3 deternuned partitioned subset identifiers Lq to a value for a distributed bit grouping value; and
assembling the @ values and the value for the distributed bit grouping into a word for the read

reguest.

10076} Embodiment 11: The system of embodiment 9 or 10 wherein determining membership
of the bits that form at least a portion of the data in different groupings of the bits comprises

accessing a set of one or more tables that defines grouping by bit position.

[B¢77] Embodiment 12: The system of embodiment 11 further comprising instructions stored
thereon that are exccutable by a controller to perform operations comprising defining bit

groupings by bit position.

[ 78) Embodiment 13: The system of any one of embodiments 9 to 12 further comprising
mstructions stored thereon that are executable by a controller to perform operations comprising
partitioning the set of N voltage threshold levels into the K partitioned subsets to prevent adiacent

voltage threshold levels from being within a same partitioned subset.

[0579] Embodiment i4: The system of any one of embodiments 9 to 13, wherein determining
membership of the bits that form at least a portion of the data n different groupings of the bits
comprises dividing the data into words each having {Q¥M+P} bits per word, wherein Pisa
number of bits n the distributed bit grouping, and M 1s the number of bits that can be stored in

cach of the memory cells.
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[G080] Embodiment 15 The system of embodiment 14 further comprising instractions stored

thereon that arc executable by a controller to perform operations comprising determining P to

satisfy 2P<KY, wherein N=K*2M.

(D081} Fotbodunent 16: The system of any one of emboduinents 9 to 15 further compnsing
mstructions stored thereon that are executable by a controller to perform operations comprising

determining the voltage threshold corresponding to the determined voltage threshold level

[0682] Embodiment 17: A solid state storage device comprising: solid state memory cells;
and a controller progranumed to, based on a write request to write data to an address indicated in
the write request, determine membership of the bits that form at least a portion of the data 10 Q+1
different groupmgs of the bits, wherein a distubuted bit grouping will be distributed across
memgory cells and each of the (@ non-distributed bit groupings will be stored in a corresponding
one of the Q memaory cells; based on a first value of the distributed bit grouping, determine a list
L of @ partitioned subset identifiers that maps to the first bit grouping, wherein each partitioned
subset Wdentifier Lg in L corresponds o a different memory cell g of the ¢ memory cells; for cach
of the non-distributed bit groupings, determine which voltage threshold level n of aset of N
virltage threshold levels maps to both a value of the non-distributed bit grouping and the
partitioned subset identifier Lq corresponding to the memory cell g that corresponds to the non-
distributed bit grouping, wherein the set of N voltage threshold levels have been partitioned into
K partitioned subsets each of which is identified by a different partitioned subset identifier for
cach of the memory cells; and write to the memory cell g a voltage threshold corresponding to the

voltage threshold level n.

(6683} Embodiment 18: The sohid state storage device of embodiment 17, wherein the
machine-readable medivm further has instructions stored thereon that are executable by the
processor to: based on a read request to read data from an address, read @ memory cells
corresponding 1o the address and determine a voltage threshold fevel n based on the reading;
determine Q values for (3 non-distributed bit groupings of the ( read memory cells that map to
the voltage threshold level n; for each read memory cell ¢, determine a partitioned subset
wdentifier Lq that maps to the voltage threshold level n determined from the reading; map the O
determined partitioned subset identifiers Lqg to a value for a distnibuted bit grouping value; and
assemble the Q values and the value for the distributed bit grouping into a word for the read

request.
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06084} Embodiment 19: The sohid state storage device of embodiments 17 or 18, wherein the
machine-readable medivm further has instructions stored thereon that are executable by the
processor to partition the set of N voltage threshold levels into the K partitioned subscts to

prevent adjacent voltage threshold levels from being within a same partitioned subset.

(6685} Embodiment 20: The sohid state storage device of any one of embodiments 17 1o 19,
wherein the instructions to determine membership of the bits that form at least a portion of the
data n different groupings of the bits comprise instructions to divide the data into words each
having {((J*M+P) bits per word, wherein P 13 a number of bits 1n the distributed bit grouping, and

M is the number of bits that can be stored in cach of the memory cells,
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CLAIMS

1. A method for increasing the capacity of a storage drive by storing fractional bits in
memory cells comprising:
based on a write request to write data to memory cells corresponding 1o an address
indicated in the write request, determining membership of the bits that form at
least a portion of the data in different groupings of the bits, wherein a first bit
grouping is to be distributed across the memory cclls and cach remaining bit
grouping is to be stored in a corresponding onc of the memory cells;
based on a first value of the first bit grouping, determining a list of partitioned subset
identifiers that map to the first bit grouping, wherein each partitioned subset
identificr in the list corresponds to a different one of the memory cells;
for each of the remaining bit groupings and the corresponding one of the memory cells,
determining which of a set of voltage threshold fevels maps to both a value of the
remaining bit grouping and the partitioned subset identifier for the memory
cell in the hist, wherein the st of voltage threshold levels have been
partitioned 1nto set partitions cach of which s identified by a different
partitioned subset identifier for cach of the memory cells; and
writing to the memory cell a voltage threshold corresponding to the determined

voltage threshold level.

2. The method of claim 1 further comprising:

based on a read request to read data from an address, reading memory cells corresponding
to the address and determining a voltage threshold level based on the reading;

determining values for memory ccll specific bit groupings that map to the voltage
threshold level;

for cach read memory cell, determuning a partitioned subset identifier that maps to the
voltage threshold level determined from the reading;

mapping the determined partitioned subset identifiers 1n aggregate to a value for a
distnbated bif grouping value; and

assembling the determined values and the value for the distnbuted bit groupimg info a

word for the read request.
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3. The method of claim 1 wherein determining membership of the bits that form at feast a
portion of the data in different groupings of the bits compriscs aceessing a set of ong or more

tables that defines grouping by bit position.

4. The method of claim 3 further comprising defining bit groupings by bit position.

The method of claim 1 forther comprising partiioning the set of voltage threshold levels

W

to prevent adjacent voltage threshold levels from being within a same partitioned subset.

6. The method of claim 1, wherein deteraining membership of the bits that form at leasta
portion of the data m different groupings of the bits comprises dividing the data into words
cach having (Q times M plus P bits per word, wheretn Q 18 the number of memory cells, Pisa
pumber of bits in the first bit grouping, and M is the number of bits that can be stored in cach

of the memory cells.

7. The method of claim 6 farther comprising determining P to satisfy 25<K¥, whercin Nis a
number of resolvable voltage threshold levels for cach of the memory cells and wherein

N=K*ZM.

8. The method of claim 1 further comprising determining the voltage threshold

corresponding to the determined voltage threshold level.

9. A gystem comprising:
a processor; and
a solid state storage device configured to
hased on a write request to write data to an address indicated in the write request,
determining membership of the bits that form at least a portion of the data
i (+7 different groupings of the bits, wherein a distributed bit grouping
will be distributed across {? memory cells and each of the { non-
distributed bit groupings will be stored in a corresponding one of the
memory cells;
based on a first value of the distributed bit grouping, determining a hist . of
partitioned subset identificrs that maps to the first bit grouping, wherein
cach partitioned subset identifier Ly in 7. corresponds to a different memory

cell g of the O memory cells;
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for gach of the non-distributed bit groupings,

determining which voltage threshold level » of a set of &V voltage threshold
levels maps to both a value of the non-distributed bit grouping and
the partitioned sabset identifier 2 corresponding to the memory
cell g that corresponds to the non-distributed bit grouping, wherein
the set of NV voltage threshold levels have been partitioned into X
partitioned subsets cach of which is identified by a different
partitioned subset identifier for each of the memory cells; and

writing to the memory cell g a voltage threshold corresponding to the

voltage threshold level n.

10. The system of claim 9 wherem the controller is further programmed to:

based on a read request to read data from an address, reading J memory cells
corrgsponding to the address and determining a voltage threshold level » based on
the reading;

determining (7 values for O non-distributed bit groupings of the {J read memory cells that
map to the voltage threshold level #;

for cach read memory ccll ¢, determining a partitioned subset identifier 14 that maps to the
voltage threshold level # determined from the reading;

mapping the ¢ determined partitioned subset identifiers L, to a value for a distributed bit
grouping value; and

assembling the  values and the value for the distributed bit grouping into a word for the

read reqguest.

11. The system of claim 9 wherein determining membership of the bits that form at least a
portion of the data in different groupings of the bits comprises accessing a set of one or more

tables that defines grouping by bit position.

12. The system of claim 11 further comprising instructions stored thercon that are executable

by a controller to perform operations comprising defining bit groupings by bit position.

13, The system of claim 9 further comprising instructions stored thereon that are execaotable
by a controlier to perform operations comprising partitioning the set of N voltage threshold
levels into the K partitioned subsets to prevent adjacent voltage threshold levels from being

within a same partitioned subset.
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14, The system of claum 9, wherein determining membership of the bits that form at least a
portion of the data in different groupings of the bits comprises dividing the data into words
cach having (Q*M+P)} bits per word, wherein P is a number of bits in the distributed bit

grouping, and M 1s the number of bits that can be stored in each of the memory cells.

15, The system of claum 14 further comprising instructions stored thereoon that are cxecutable
by a controller to perform operations comprising determining P to satisfy 27<K®, wherein

N=K*2M.

16. The system of claim 9 further comprising mstructions stored thercon that are executable
by a controller to perform operations comprising determining the voltage threshold

corresponding to the determined voltage threshold level

17. A solid state storage device comprising:
solid state memory cells; and
a controller programmed to,
based on a write request to write data to an address indicated in the write request,
determine membership of the bits that form at least a portion of the data m O+/
different groupings of the bits, wheremn a distributed bit grouping will be
distributed across O memory cells and each of the § non-distributed bit groupings
will be stored 1o a corresponding onc of the J memory cells;
based on a first value of the distnbuted bit grouping, determine a hist £ of § partitioned
subset identifiers that maps {o the first bit grouping, wherein each partitioned
subset identifier L, in £ corresponds to a different memory cell g of the O memory
cells;
for cach of the non-distributed bit groupings,
determine which voltage threshold level # of a set of N voltage threshold levels
maps to both a value of the non-distributed bit grouping and the partitioned
subset identifier 74 corresponding to the memory cell ¢ that corresponds to
the non-distribated bit grouping, wherein the sct of N voltage threshold
levels have been partitioned into & partitioned subsets each of which is
wdentiticd by a different partitioned subsct identifier for cach of the
memory cells; and
write to the memory cell g a voltage threshold corresponding to the voltage

threshold level n.
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8. The solid state storage device of claim 17, wherein the machine-readable mediom further
has instructions stored thercon that are executable by the processor to:
based on a read request to read data from an address, read O memory cells corresponding
to the address and determine a voltage threshold fevel # based on the reading;
determine {J values for O non-distributed bit groupings of the { read memory cells that
map to the voltage threshold lovel ;
for each read memory cell g, determine a partitioned subset identifier 75 that maps to the
voltage threshold level # determimed from the reading;
map the (7 determined partitioned subset identifiers 24 to a value for a distributed bit
grouping value; and
assemble the O valaes and the value for the distributed bit grouping mto a word for the

read request.

19. The solid state storage device of claim 17, wherein the machine-readable mediom further
has instructions stored thercon that are executable by the processor to partition the set of ¥
voltage threshold levels mnto the X partitioned subsets to prevent adjacent voltage threshold

levels from being within a same partitioned subset.

20. The solid state storage device of claim 17, wherein the mnstructions to determine
membership of the bits that form at least a portion of the data in different groupings of the bits
comprise instructions to divide the data mto words each having (Q* M+P) bits per word,
wherein P is a number of bits in the distributed bit grouping, and M is the number of bits that

can be stored in cach of the memory cells.
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