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METHOD AND APPARATUS TO PROVIDE 
DATA INCLUDING HARD BIT DATA AND 

SOFT BIT DATA TO A RANK MODULATION 
DECODER 

FIELD OF THE DISCLOSURE 

0001. The present disclosure is generally related to decod 
ing data at a rank modulation decoder. 

BACKGROUND 

0002. Non-volatile memory devices, such as universal 
serial bus (USB) flash memory devices or removable storage 
cards, have allowed for increased portability of data and soft 
ware applications. Flash memory devices can enhance data 
storage density by storing multiple bits in each flash memory 
cell. For example, Multi-Level Cell (MLC) flash memory 
devices provide increased storage density by storing 3 bits per 
cell, 4 bits per cell, or more. 
0003 Storing multiple bits of information in a single flash 
memory cell typically includes mapping sequences of bits to 
states of the flash memory cell. For example, a first sequence 
of bits “110 may correspond to a first state of a flash memory 
cell and a second sequence of bits “010” may correspond to a 
second state of the flash memory cell. After determining that 
a sequence of bits is to be stored into a particular flash 
memory cell, the flash memory cell may be programmed to a 
state that corresponds to the sequence of bits. 
0004 Alternatively, multiple bits of information in a 
single flash memory cell may be stored as relative Voltage 
levels of multiple cells of the memory rather than as absolute 
Voltage levels in each cell. For example, each storage element 
of the memory may have a threshold Voltage corresponding to 
a state of the storage element. A group of storage elements 
may store data based on relative threshold voltages of the 
storage elements in the group. Data may be read from the 
group of storage elements by ranking the storage elements 
according to threshold Voltages and mapping the ranking to a 
corresponding data value at a rank modulation decoder. 
0005. Once the memory cells in the memory device have 
been programmed, data may be read from the memory cells 
by sensing the programming states of the memory cells. How 
ever, sensed programming states can sometimes vary from the 
written programming states due to one or more factors. Error 
correction decoding can be used to correct data errors result 
ing from sensed programming states that do not match written 
programming states. 

SUMMARY 

0006 Improved error correction capability of a rank 
modulation decoder may be achieved by decoding data using 
soft bits and hardbits. To illustrate, soft bits and hardbits may 
be used as an input to a rank modulation decoder to enhance 
error correction capability in a multi-level-cell (MLC) 
memory system, as compared to a decoding scheme that is 
based on using hard bits only as an input to the rank modu 
lation decoder. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0007 FIG. 1 is a block diagram of a first illustrative 
embodiment of a system that provides data including hardbit 
data and soft bit data to a rank modulation decoder; 
0008 FIG. 2 is a diagram illustrating use of soft bits and 
hard bits in rank modulation decoding; 
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0009 FIG. 3 is a general diagram illustrating a particular 
embodiment of a sensing scheme and includes a graphical 
depiction of cell state distributions and threshold read volt 
ages for hard bits and additional sensed (soft) bits provided to 
a rank modulation decoder; 
0010 FIG. 4 is a general diagram graphically illustrating 
states of a three-cell rank modulation group; 
0011 FIG. 5 is a general diagram illustrating an example 
of hard bit thresholds in a three-cell group using rank modu 
lation decoding: 
0012 FIG. 6 is a general diagram illustrating an example 
of Soft bit thresholds in a three-cell group using rank modu 
lation decoding: 
0013 FIG. 7 is a general diagram illustrating an example 
of soft bit thresholds in a four cell group using rank modula 
tion decoding: 
0014 FIG. 8 is a general diagram illustrating an example 
of one soft bit threshold perhard bit region in a two cell group 
using rank modulation decoding; and 
0015 FIG. 9 is a flow diagram illustrating a particular 
embodiment of a method of providing data including hardbit 
data and soft bit data to a rank modulation decoder. 

DETAILED DESCRIPTION 

0016 Decoding techniques may provide improved error 
correction as data storage device dimensions decrease and 
storage density increases. Using soft bits and hard bits as an 
input to a rank modulation decoder in multi-level-cell (MLC) 
memory systems can enhance error correction capability. 
0017 Systems and methods of providing data including 
hard bit data and soft bit data to a rank modulation decoder 
include a capability to provide data including hard bit data 
and Soft bit data read from a memory of a data storage device 
to the rank modulation decoder. 
0018 Referring to FIG. 1, a particular illustrative embodi 
ment of a system of providing data including hard bit data and 
Soft bit data to a rank modulation decoder is depicted and 
generally designated 100. The system 100 includes a data 
storage device 102 coupled to a host device 130. The data 
storage device 102 includes a memory 104 coupled to a 
controller 106 via a bus 150. 
0019. The data storage device 102 may be a memory card, 
such as a Secure Digital SDR card, a microSDR) card, a 
miniSDTM card (trademarks of SD-3C LLC, Wilmington, 
Del.), a MultiMediaCardTM (MMCTM) card (trademark of 
JEDEC Solid State Technology Association, Arlington, Va.). 
or a CompactFlashR) (CF) card (trademark of SanDisk Cor 
poration, Milpitas, Calif.). As another example, the data Stor 
age device 102 may be embedded memory in the host device 
130, such as eMMCR) (trademark of JEDEC Solid State Tech 
nology Association, Arlington, Va.) memory and eSD 
memory, as illustrative examples. 
0020. The memory 104 may be a non-volatile memory of 
a flash device, such as a NAND flash device, a NOR flash 
device, or any other type of flash device. The memory 104 
includes a memory portion 110 and read thresholds 120. The 
memory portion 110 includes a plurality of storage elements, 
such as memory cells of a multi-level cell (MLC) memory. A 
group of storage elements 112 may include multiple MLC 
storage elements, such as representative storage elements 
113, 115, 117 of a word line 119 of a flash memory device. 
Each storage element 113-117 may have a threshold voltage 
corresponding to a state of the storage element (e.g., a pre 
defined State corresponding to a particular range of threshold 
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Voltage values). The group of storage elements 112 may store 
data based on relative threshold voltages (or states) of the 
storage elements 113-117. The states of the storage elements 
113-117 may be read by comparing the threshold voltages to 
one or more of the read thresholds 120. 

0021. The read thresholds 120 include a hard bits thresh 
old 122 and a soft bits threshold 124. As described in further 
detail with respect to FIG. 3, the hard bits threshold 122 may 
include threshold read voltages for hard bits (e.g., Voltages 
AR, BR, ... GR in FIG.3) and the softbits threshold 124 may 
include threshold read voltages for additional sensed bits or 
soft bits (e.g., voltages AR-V1, AR+V2, AR-V3, AR+V4, in 
FIG.3). To illustrate, the storage elements 113-117 may each 
be programmed to one of multiple predefined States. Each of 
the predefined States may be mapped to a particular bit value 
(e.g. a single bit value (“0” or “1”) or a multi-bit value, such 
as “101). The bit value that corresponds to the determined 
MLC state is referred to as “hard bit(s)'. Additional informa 
tion that can be used to indicate a reliability of the reading of 
the storage element is referred to as a “soft bit'. A soft bit can 
be used by an error correction coding (ECC) engine 108 
within a rank modulation decoder 116 in conjunction with 
one or more hard bits to enhance a reading operation by 
indicating a relative reliability of the hard bits read from the 
memory 104. 
0022. The controller 106 includes the ECC engine 108 and 
the rank modulation decoder 116. The ECC engine 108 may 
be configured to detect errors in the read data corresponding 
to the storage elements 112. An output of the rank modulation 
decoder 116 may be provided to the host device 130 while the 
data storage device 102 is operatively coupled to the host 
device 130. 

0023 To write data to the memory 104, the controller 106 
may provide a rank modulation codeword 140 to the memory 
104 via the bus 150. For example, the bus 150 may bea Secure 
Digital (SD) bus. The memory 104 is configured to store the 
representation of the rank modulation codeword 140 in the 
memory portion 110. The rank modulation codeword 140 
may be based on a non-binary symbol. Such as symbol indi 
cating a ranking of cells in one or more groups of cells 
according to relative threshold voltages of the cells. A number 
of cells in each group may equal the size of the non-binary 
symbol. A ranking of cells in each group (i.e., a relative 
threshold Voltage each cell is programmed to) indicates a 
value of the non-binary symbol. For example, a three-cell 
group may have six possible rankings and each possible rank 
ing may correspond to a value of a non-binary symbol. For a 
group including cell 1, cell 2, and cell 3, having threshold 
voltages V1,V2, and V3, respectively, values of the non 
binary symbol can correspond to rankings of the cells accord 
ing tO: V1>V2>V3=000, V1>V3>V2=001, 
V2>V1>V3=010, V2>V3>V1=011, V3>V1>V2=100, and 
V3>V2>V1=101, as an illustrative, non-limiting example. 
0024. The controller 106 may be configured to receive 
memory access requests from the host device 130 and to 
process data read from the memory 104. The controller 106 
may be configured to receive hard bit values 152 and soft bit 
values 154 from the memory 104. For example, the hard bit 
values 152 and the soft bit values 154 may correspond to a 
representation of a rank modulation codeword read from the 
memory 104 and may include information about the repre 
sentation of the rank modulation codeword 140 stored in the 
memory portion 110. To illustrate, each of the storage ele 
ments 113-117 may be programmed to a particular state to 
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have relative values of the threshold voltages of the storage 
elements 113-117 set to a particular ranking order. For 
example, a threshold Voltage within a defined range of values 
may indicate a particular state that is represented by a bit 
pattern. The hard bit values and the soft bit values of the bit 
patterns of each storage element of the group of storage 
elements 112 may correspond to the representation of the 
rank modulation codeword read from the MLC memory. 
0025. The host device 130 may be configured to provide 
data to be stored at the memory 104 or to request data to be 
read from the memory 104. For example, the host device 130 
may include a mobile telephone, a music or video player, a 
gaming console, an electronic book reader, a personal digital 
assistant (PDA), a computer, Such as a laptop computer, a 
notebook computer, or a tablet, any other electronic device, or 
any combination thereof. 
0026. During operation, the host device 130 may instruct 
the controller 106 to retrieve data corresponding to the group 
of storage elements 112. Such as the storage elements 113 
117, from the memory 104. The memory 104 may be config 
ured to read the representation of the rank modulation code 
word 140 from the group of storage elements 112 by 
comparing cell threshold Voltages in the memory portion 110 
to the hard bit thresholds 122 to generate the hard bit values 
152 and to the soft bit thresholds 124 to generate the soft bit 
values 154. For example, each storage element 113-117 may 
have a threshold Voltage corresponding to a state of the Stor 
age element. The state of each storage element 113-117 (i.e., 
a range of threshold voltage values) may be read by compar 
ing the threshold Voltage of each of the storage elements 
113-117 to the hard bit thresholds 122 to generate the hard bit 
values 152 and a sub-range of threshold voltage values may 
be read by comparing the threshold voltage of each of the 
storage elements 113-117 to the soft bit thresholds 124 to 
generate the soft bit values 154. The controller 106 may 
provide the hard bit values 152 and the soft bit values 154 as 
an input to the rank modulation decoder 116. 
0027. The rank modulation decoder 116 may be config 
ured to map the hard bit values 152 to an ECC codeword that 
is decodable by the ECC engine 108. For example, the ECC 
engine may be a Reed Solomon ECC engine, a Bose 
Chaudhuri-Hocquenghem (BCH) ECC engine, a low-density 
parity-check ECC engine, one or more other ECC engines, or 
any combination thereof. The rank modulation decoder 116 
may convert the hard bit values 152 to an ECC codeword that 
is input to the ECC engine 108. 
(0028. The softbit values 154 may providereliability infor 
mation about the states read from the storage elements 113 
117 in the memory portion 110. The reliability information 
may include, for each storage element 113-117 that is read, a 
value that indicates a likelihood that the hard bit values for 
that storage element are correct. For example, the soft bit 
values 154 may be used by the rank modulation decoder 116 
to obtain a reliability indicator for each bit of the ECC code 
word provided to the ECC engine 108, such as a log-likeli 
hood ratio (LLR). The rank modulation decoder 116 may be 
configured to use the reliability information to guide error 
correction processing at the ECC engine 108 to generate 
decoded data bits based on the received hard bit values 152 
and the soft bit values 154. For example, the ECC engine 108 
may perform probabilistic decoding by iteratively updating 
bit estimates and LLRs of the bit estimates based on bit 
estimates and LLRs of the bit estimates of a prioriteration of 
a decoding process to converge to a most probable ECC 



US 2013/0121084 A1 

codeword. The soft bit values 154 enable the rank modulation 
decoder 116 to establish initial reliability values (e.g., LLRs) 
that are more accurate than default LLRs that may be used by 
conventional decoders that use hard bits only. Using more 
accurate initial reliability values (e.g. LLRs based on the soft 
bit values 154) enables the rank modulation decoder 116 to 
converge more quickly and/or more accurately. As a result, 
decoding of a representation of an ECC codeword may be 
performed with reduced latency, with improved error correc 
tion capability, or a combination thereof. 
0029 Rank modulation is a technique in which informa 
tion may be stored as relative voltage levels of multiple cells 
of the memory rather than as absolute voltage levels in each 
cell. For example, in a single level cell (SLC) memory having 
four cells, four bits may be stored as absolute voltage levels in 
each cell of the cells. In a two-bits-per-cell (2-BPC) memory 
having four cells, 8 bits (e.g., 2x4) may be stored. 
0030. In contrast to storing data as absolute voltage levels, 
rank modulation using four cells to represent information 
may be described by denoting the four cells as 1, 2, 3, and 4. 
respectively. Each of the four cells 1-4 may have a corre 
sponding threshold Voltage denoted by V, V, V, and V. 
respectively. The four cells 1-4 may be ranked or represented 
in descending order of their respective voltage levels. For 
example, a 3-4-1-2 ranking of Voltage levels may represent 
that V>V>V>V. 
0031. Accordingly, there are 4! (i.e., 4 factorial)=24 com 
binations (i.e., rankings of Voltage levels) for the four cells. 
By using four memory cells in a rank modulation scheme, 
log 24–4.585 bits may be represented. This number is 
slightly higher than that of a conventional SLC memory using 
four cells but lower than a conventional 2-BPC memory hav 
ing four cells. 
0032 Table 1 illustrates a number of bits that can be stored 
in an M-cell unit. 

TABLE 1. 

Rank 
Modulation 1-BPC 2-BPC 3-BPC 

M cells log2 (M) M 2M 3M 

2 cells 1 2 4 6 
3 cells 2.585 3 6 9 
4 cells 4.585 4 8 12 

0033. If four cells are used together for rank modulation, 
when writing information to a memory, user data may be 
mapped to one of the twenty four combinations by some 
predefined mapping, Such as a Gray mapping, and the Voltage 
cell may be programmed according to the predefined Voltage 
rank among the four cells. For example, if the chosen rank 
combination is 3-4-1-2, the Voltage may be programmed Such 
that V-V>V>V. When the user data is read back, the 
relative Voltages of the four cells may be sensed and a ranking 
may be determined. For example, if U, U3, U, and U. denote 
the sensed Voltages of the cells 1, 2, 3, and 4, respectively, and 
if it is determined that U>U>U>U, then it may be deter 
mined that the 3-4-1-2 combination is correctly read among 
the twenty four possible combinations. If other ranks, such as 
4-3-1-2 or 3-1-4-2 were read, a read error may be detected and 
handled using error correction coding. Either binary or non 
binary error correction codes may be used. 
0034. An illustrative example of using rank modulation in 
a two cell unit is shown in FIG. 2. FIG. 2 depicts a general 
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diagram 200 illustrating a use of soft bits and hardbits in rank 
modulation decoding. The diagram 200 includes the memory 
104 coupled to the controller 106 via the bus 150. 
0035. The memory 104 (shown with dashed lines) 
includes a table 210, the first representative storage element 
113, and the second representative storage element 115. The 
table 210 may include hard bit data and soft bit data, such as 
hard bits 260 and soft bits 262, respectively, stored in latches 
or registers of the memory 104. The hard bit data and the soft 
bit data indicates a threshold Voltage range for each storage 
element, enabling determination of a relative Voltage level 
(i.e., a ranking) of the storage elements that indicates stored 
information at the first storage element 113 and at the second 
storage element 115. 
0036. To illustrate, each of the storage elements 113, 115 
may have a corresponding threshold Voltage. For example, 
the first storage element 113 may have a first threshold volt 
age V 230 in a first voltage range VT 250 and the second 
storage element 115 may have a second threshold voltage V 
232 in a second voltage range VT 252. For example, the first 
voltage range VT 250 may be from zero volts to two volts and 
the second voltage range VT 252 may also be from Zero volts 
to two volts. 
0037. The hardbits 260 may indicate results of comparing 
the threshold voltage of each particular cell (e.g., the first 
threshold voltage V 230 and the second threshold voltage V, 
232) to one or more hard bit thresholds. For example, data 
may be read from the first storage element 113 and from the 
second storage element 115 by comparing a threshold Voltage 
of each storage elements to a first hard bit threshold or read 
voltage VR 242 and to a second hard bit threshold or read 
voltage VR 246. As illustrated, the first hard bit read voltage 
VR 242 is less than the second hard bit read voltage VR 246. 
0038. The hardbits 260 (i.e., HB, HB) having a value of 
“11” may correspond to a threshold voltage value greater than 
the second hard bit read voltage VR 246. The hard bits 260 
having a value of “10” may correspond to a threshold voltage 
value between the first hard bit read voltage VR 242 and the 
second hard bit read voltage VR 246. The hard bits 260 
having a value of “00” may correspond to a threshold voltage 
value less than the first hard bit read voltage VR 242. 
0039. As illustrated, the first threshold voltage V 230 is 
greater than the first hard bit read voltage VR 242 and less 
than the second hard bit read voltage VR 
0040 246. The second threshold voltage V 232 is less 
than the first hard bit read voltage VR 242 and less than the 
second hard bit read voltage VR 246. Accordingly, the hard 
bits 260 having a value of “10” (i.e., illustrated as HB =1 and 
HBO in the table 210) indicates that the first threshold 
voltage V 230 is greater than the first hard bit read voltage 
VR 242 and less than the second hard bit read voltage VR 
246. Similarly, the hard bits 260 having a value of “00 (i.e., 
illustrated as HB=0 and HB-0 in the table 210) indicates 
that the second threshold voltage V 232 is less than the first 
hardbit read voltage VR 242 andless than the second hardbit 
read voltage VR 246. 
0041. The soft bits 262 may indicate results of comparing 
the threshold voltage of each particular cell (e.g., the first 
threshold voltage V230 and the second threshold voltage V 
232) to one or more soft bit thresholds. For example, the 
threshold voltage of the first storage element 113 and of the 
second storage element 115 may be compared to a first soft bit 
threshold or read voltage S 240, a second softbit threshold or 
read voltage S. 244, and a third soft bit threshold or read 
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voltage S. 248. As illustrated, the first soft bit read voltage S. 
240 may be less than the second soft bit read voltage S. 244, 
and the second soft bit read voltage S. 244 may be less than 
the third soft bit read voltage S. 248. In addition, the first hard 
bit read voltage VR 242 may be less than the second soft bit 
read voltage S. 244 and greater than the first soft bit read 
voltage S 240, and the second hard bit read voltage VR 246 
may be greater than the second soft bit read voltage S. 244 
and less than the third soft bit read voltage S. 248. A first 
difference between the first soft bit read voltage S 240 and 
the first hard bit read voltage VR 242 may be substantially 
equal to a second difference between the first hard bit read 
voltage VR 242 and the second soft bit read voltage S. 244. 
0042. The soft bits 262 (i.e., SB, SB) having a value of 
“11” may correspond to a threshold voltage value greater than 
the third soft bit read voltage S. 248. The soft bits 262 having 
a value of “10” may correspond to a threshold voltage value 
between the third soft bit read voltage S. 248 and the second 
soft bit read voltage S. 244. The soft bits 262 having a value 
of "01" may correspond to a threshold voltage value between 
the second soft bit read voltage S. 244 and the first soft bit 
read voltage S 240. The soft bits 262 having a value of "00 
may correspond to a threshold Voltage value less than the first 
soft bit read voltage S 240. Accordingly, the soft bits 262 for 
storage element 113 having a value of “10 indicates that the 
first threshold voltage V 230 has a value between the third 
soft bit read voltage S. 248 and the second soft bit read 
voltage S.244. Similarly, the softbits 262 for storage element 
115 having a value of "01" indicates that the second threshold 
voltage V, 232 has a value between the second soft bit read 
voltage S. 244 and the first soft bit read voltage S 240. 
0043. The controller 106 (shown with dashed lines) 
includes the rank modulation decoder 116 that includes a 
mapper 220, a reliability indicator 222, and the error correc 
tion engine 108. The controller 106 may be configured to 
provide data read from the memory 104 to the rank modula 
tion decoder 116. The data may include hard bit data, such as 
the hard bits 260, and soft bit data, such as the soft bits 262. 
For example, the controller 106 may receive data from the 
table 210 and provide the HB, HB, SB, and SB values for 
each cell to the rank modulation decoder 116. 
0044) The mapper 220 may be configured to logically 
partition the data into groups of bits. Each group of bits may 
correspond to a group of cells in the memory 104. For 
example, the first storage element 113 and the second storage 
element 115 may correspond to one group of bits. The mapper 
220 may be further configured to rank cells of each particular 
group of cells according to cell threshold Voltages. For 
example, the mapper 220 may compare the first threshold 
voltage V 230 and the second threshold voltage V, 232 and 
generate a ranking based on the comparison. For example, if 
the first threshold voltage V 230 is greater than the second 
threshold voltage V, 232, a ranking of “1-2” may be gener 
ated by the mapper 220. Similarly, if the second threshold 
voltage V, 232 is greater than the first threshold voltage V 
230, a ranking of “2-1” may be generated by the mapper 220. 
0045. The mapper 220 may be further configured to map 
each group of bits to a data value according to the cell ranking 
of the group of cells corresponding to the group of bits. For 
example, the mapper 220 may generate a single bit symbol or 
data value (e.g., a “1” or a “0”) based on a comparison of the 
first threshold voltage V 230 and the second threshold volt 
age V 232. If the first threshold voltage V 230 is greater than 
the second threshold voltage V 232, a data value of “1” may 
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be generated by the mapper 220. If the second threshold 
voltage V 232 is greater than the first threshold voltage V 
230, a value of “0” may be generated by the mapper 220. As 
another example, more than two storage elements can corre 
spond to the group of bits. For example and as explained 
above, four cells or storage elements may be used to represent 
the data. In that case, the mapper 220 may generate a multi-bit 
symbol or data value (e.g., a 5-bit data value of “11001’, 
“01 100, etc.) based on a comparison of the threshold voltages 
of each cell. The mapper 220 may send the data values based 
on cell ranking to the ECC engine 108 as an ECC codeword 
270. 

0046. The reliability indicator 222 may be configured to 
indicate a relative reliability of bit values in the ECC code 
word 270 generated by the mapper 220 and may send relative 
reliability values to the ECC engine 108 as ECC soft bits 272. 
The relative reliability may be based at least in part on a 
difference between the threshold voltages of the cells of each 
particular group as determined based on the soft bit thresh 
olds S-S. For example, the relative reliability may increase 
as a difference between cell threshold voltages increases. To 
illustrate, if the difference between the first threshold voltage 
V 230 and the second threshold voltage V, 232 is large, the 
relative reliability of the data value generated by the mapper 
220 may be higher than if the difference between the first 
threshold voltage V 230 and the second threshold voltage V, 
232 is small. For example, a reliability indicator of “1” may 
indicate that the difference between the first threshold voltage 
V 230 and the second threshold voltage V, 232 is large, and 
a reliability indicator of “0” may indicate that the difference 
between the first threshold voltage V 230 and the second 
threshold voltage V 232 is small. 
0047. The reliability indicator 222 may be configured to 
determine whether the first threshold voltage V 230 and the 
second threshold Voltage V 232 are in adjacent Sub-regions. 
For example, the first hard bit read voltage VR 242 and the 
second hard bit read voltage VR 246 may divide the first 
voltage range VT 250 into three regions. The first soft bit 
read voltage S 240, the second soft bit read voltage S. 244, 
and the third soft bit read voltage S. 248 may divide each 
region into two sub-regions. Based on the hard bits 260 and 
the soft bits 262, the reliability indicator 222 can determine 
which of the six sub-regions the first threshold voltage V 230 
is in and which of the six sub-regions the second threshold 
voltage V, 232 is in. When the first threshold voltage V 230 
and the second threshold voltage V 232 are in adjacent sub 
regions, a “0” may be output by the reliability indicator 222. 
When the first threshold voltage V 230 and the second 
threshold Voltage V 232 are not in adjacent Sub-regions, a 
“1” (or a larger number) may be output by the reliability 
indicator 222. 

0048. The controller 106 may be configured to initiate an 
ECC procedure on the ECC codeword 270 by providing the 
ECC codeword 270 and the ECC Soft bits 272 to the ECC 
engine 108. For example, the ECC engine 108 may employ an 
ECC decoding scheme, such as a Reed Solomon ECC decod 
ing scheme, a Bose-Chaudhuri-Hocquenghem (BCH) ECC 
decoding scheme, a low-density parity-check ECC decoding 
scheme, one or more other ECC decoding schemes, or any 
combination thereof. The ECC engine 108 may provide out 
put data indicating that the ECC codeword 270 was correctly 
decoded. 
0049. During operation, the controller 106 may be 
instructed by the host device (not shown) to retrieve data 
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corresponding to the storage elements 113, 115 from the 
memory 104. The controller 106 may provide data including 
hard bit data, such as hard bits 260 (i.e., HB, HB), and soft 
bit data, such as soft bits 262 (i.e., SB, SB), to the rank 
modulation decoder 116. The rank modulation decoder 116 
may be configured to logically partition the data into groups 
of bits, where each group of bits may correspond to a group of 
cells in the memory 104. For example, the mapper 220 may 
compare the first threshold voltage V 230 and the second 
threshold Voltage V 232 and generate a ranking based on the 
comparison. The rank modulation decoder 116 may be fur 
ther configured to map each group of bits to a data value 
according to the cell ranking of the group of cells correspond 
ing to the group of bits. For example, the mapper 220 may 
generate a data value based on a comparison of the first 
threshold voltage V 230 and the second threshold voltage V, 
232 and may send the data value based on cell ranking to the 
ECC engine 108 as the ECC codeword 270. A relative reli 
ability of bit values in the ECC codeword 270 generated by 
the mapper 220 may be determined by the reliability indicator 
222 and relative reliability values may be sent to the ECC 
engine 108 as the ECC soft bits 272. For example, if the 
difference between the first threshold voltage V 230 and the 
second threshold voltage V 232 is large, the relative reliabil 
ity of the data value generated by the mapper 220 may be 
higher than if the difference between the first threshold volt 
age V 230 and the second threshold voltage V 232 is small. 
The controller 106 may be configured to initiate an ECC 
procedure on the ECC codeword 270 by providing the ECC 
codeword 270 and the ECC soft bits 272 to the ECC engine 
108. The ECC engine 108 may provide output data indicating 
that the ECC codeword 270 was correctly decoded. 
0050. As illustrated by being shown withdashed lines, one 
or more components of FIG.2 may be moved from a location 
as shownto a different location. For example, the mapper 220, 
the reliability indicator 222, or both, may be within the 
memory 104. 
0051 FIG. 3 shows an embodiment 300 of a sensing 
scheme and includes a graphical depiction 302 of cell distri 
butions for Voltage regions (i.e. states) (Er, A. . . . G) of a 
storage element of a memory, Such as a representative 
memory cell 310, and threshold read voltages for hard bits 
(e.g., voltages AR, BR, ... GR) and for additional sensed soft 
bits (e.g., voltages AR-V1, AR+V2, AR-V3, AR+V4,...). A 
table 304 illustrates a mapping of each voltage interval 
between adjacent threshold read voltages to a set of six bits 
including three hardbits (HB1, HB2, HB3) and three softbits 
(SB1, SB2, SB3). A pattern of hard bits and soft bits at the 
memory cell 310 may have a threshold voltage 312 corre 
sponding to a state of the memory cell 310. A pattern of hard 
bits and soft bits at the memory cell 310 may be generated by 
comparing the threshold voltage 312 to the threshold read 
voltages for hard bits (e.g., voltages AR, BR, . . . GR) to 
generate hard bits 314 and to the threshold read voltages for 
soft bits (e.g., voltages AR-V1, AR+V2, AR-V3, AR+V4, .. 
..) to generate soft bits 316. 
0052. The hard bits 314 indicate which state (Er-G) the 
threshold voltage 312 is in, and the soft bits 316 indicate 
whether the threshold voltage 312 is within a center of the 
state's Voltage range or near an edge of the state's Voltage 
range (e.g., indicates a proximity to Voltage CR). As an 
example, a first voltage difference (V1) between a first soft bit 
threshold (e.g., CR-V1) and a particular hard bit threshold 
(e.g., CR) is Substantially equal to a second Voltage difference 
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(V2) between the particular hard bit threshold (e.g., CR) and 
a second soft bit threshold (e.g., CR+V2). Further, as illus 
trated in FIG. 3, a third voltage difference (V3) between a 
third soft bit threshold and the particular hard bit threshold 
(CR) is substantially equal to a fourth voltage difference (V4) 
between the particular hard bit threshold (CR) and a fourth 
soft bit threshold. As illustrated, the first voltage difference 
(V1) is different than the third voltage difference (V3). As 
illustrated, the threshold voltage 312 is between BR and CR, 
indicating that the cell 310 is in state “B”, corresponding to 
hard bits “100'. The threshold voltage 312 is also in a sub 
region between CR-V1 and CR, corresponding to a soft bit 
value of “OO1. 

0053. The controller 106 may provide the hard bits 314 
and the soft bits 316 to an input of a rank modulation decoder 
320 to obtain decoded data. The soft bits 316 may include 
reliability information about the hard bits read from the 
memory cell 310. The rank modulation decoder 320 may be 
configured to use the soft bits 316 indicating a sub-region of 
the cells state (i.e., the sub-region of the state “B” closest to 
the Voltage CR) to guide error correction processing based on 
the received soft bits, such as by generating ECC soft bits to 
be input to an ECC decoder, such as the ECC soft bits 272 of 
FIG 2. 
0054 Referring to FIG. 4, a general diagram graphically 
illustrating states of a three-cell rank modulation group is 
depicted and generally designated 400. The diagram 400 
illustrates three axes labeled as U1, U2, and U3 that define a 
space (U1, U2, U3). Planes U1=U2, U2=U3, and U3=U1 are 
illustrated that partition the space (U1, U2, U3) into 3-6 
regions. Four of the six regions (i.e., regions C, D, E, and F) 
are shown and two of the six regions (i.e., regions A and B) are 
hidden by the planes. For example, the states of the three-cell 
rank modulation group may correspond to states of a three 
cell group including cell 1, cell 2, and cell 3 (e.g. the storage 
elements 113, 115, and 117 of FIG. 1, respectively) where U1 
is a threshold voltage of cell 1 (e.g. the storage element 113), 
U2 is a threshold Voltage of cell 2 (e.g. the storage element 
115), and U3 is a threshold voltage of cell 3 (e.g. the storage 
element 117). Each region A-F corresponds to a different data 
value stored in the three-cell rank modulation group. To illus 
trate, region E corresponds to the state U1-U3>U2. 
0055 Referring to FIG. 5, a general diagram 500 illus 
trates an example of hard bit thresholds of the three-cell rank 
modulation group of FIG. 4. The diagram 500 illustrates 
intersections between the line U of FIG. 4 and each of two 
Surfaces: U U at Uu and U-U, at Uu, where u and 
u correspond to voltage measurements of one of the three 
cells (i.e., cell 1) and another one of the three cells (i.e., cell 2), 
respectively. An upper portion or top line 510 corresponds to 
a region where usu, and a lower portion or bottom line 520 
corresponds to a region where u >u. The Voltage measure 
ments u and u may correspond to Voltage thresholds that 
may be used to determine hard bit values. 
0056. For example, a threshold voltage (u) of cell 1 and a 
threshold voltage (u) of cell 2 may be measured (or other 
wise determined). The threshold Voltages u and u may be 
used as hard bit thresholds to compare to a threshold voltage 
(u) of cell 3. Ifu<u and the threshold voltage of cell3 is less 
thanu, thena hard bit may indicate that a measure point (e.g., 
a threshold voltage of cell 3) is within region A. Ifu<u and 
the threshold voltage of cell3 is betweenu and u, thena hard 
bit may indicate that the measure point is within region B. If 
u>u and the threshold Voltage of cell 3 is greater than u, 
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then a hard bit may indicate that the measure point is within 
region C. Similarly, Ifu<u and the threshold voltage of cell 
3 is less thanu, then a hard bit may indicate that the measure 
point is within region D. If usu and the threshold voltage of 
cell 3 is between u and u, then a hard bit may indicate that 
the measure point is within region E. If usu and the thresh 
old Voltage of cell 3 is greater than u, then a hard bit may 
indicate that the measure point is within region F. As illus 
trated, a hard bit that corresponds to a hard bit threshold may 
only provide information as to which particular region among 
the six regions the measure point belongs to. 
0057 Referring to FIG. 6, a general diagram illustrating 
an example of soft bit thresholds in a three-cell group in rank 
modulation decoding is depicted and generally designated 
600. The diagram 600 illustrates dividing each hard bit region 
of FIG. 5 (i.e., hard bit regions A, B, C, D, E, and F) into 
Smaller Sub-regions (i.e., Sub-regions A, A, B, B, C, C, 
D, D, E, E, F, F). For example, soft bit thresholds 
(denoted by T.T. ...T.) may be added between the values 
ofu and u to divide each hard bit region into Smaller regions. 
As illustrated in FIG. 5, six regions or possible results from 
Voltage sensing may be achieved using only hard bits, and 
three bits may be used to represent this result. If soft bits and 
hard bits are used as shown in FIG. 6, twelve possible results 
from Voltage sensing may be achieved, and four bits may be 
used to represent this result. 
0058 Referring to FIG. 7, a general diagram illustrating 
an example of Soft bit thresholds in a four cell group in rank 
modulation decoding is depicted and generally designated 
700. A top line 710 illustrates using hard bits only, a middle 
line 720 illustrates the addition of one soft bit threshold per 
hard bit region, and a bottom line 730 illustrates the addition 
of two soft bit thresholds per hard bit region. The variables 
w, w, w, and wa may correspond to Voltage measurements 
u, u, us, and u in ascending order of Voltage. Accordingly, 
there are 3–6 possible combinations (i.e., for w, w, and w) 
for comparison to w. As illustrated, there are four regions 
shown in the top line 710 (i.e., using hard bits only), where 
each of the four regions has six possible combinations, for a 
total of twenty four possible combinations. Accordingly, five 
bits may be used to represent the twenty four combinations. 
There are eight regions shown in the middle line 720 (i.e., 
adding one soft bit threshold per hard bit region of line 710), 
where each of the eight regions has six possible combina 
tions, for a total offorty eight possible combinations. Accord 
ingly, six bits may be used to represent the forty eight com 
binations. There are twelve regions shown in the bottom line 
730 (i.e., adding two soft bit thresholds perhard bit region of 
line 710), where each of the twelve regions has six possible 
combinations, for a total of seventy two possible combina 
tions. Accordingly, seven bits may be used to represent the 
seventy two combinations. Similarly, another number of soft 
bit thresholds perhard bit region, such as three soft bit thresh 
olds or more, may also be added perhard bit region. Alterna 
tively, the number of soft bit thresholds per hard bit region 
may not be uniform. For example, the number of soft bit 
thresholds may differ between a hard bit region defined by w 
and w and a hard bit region defined by w and w. 
0059 Each line shown in FIG. 5 (i.e., line 510, line 520), 
FIG. 6 (i.e., line 610, line 620), and FIG. 7 (i.e., line 710, line 
720, line 730) may be referred to as a projection line. For 
M-cell rank modulation, if L soft bit thresholds are added per 
projection line, a number of bits that can represent a Voltage 
sensing result may be represented as log(M-1). (M-L) 
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(rounded up to a nearest integer value), where (M-1) is the 
number of cases (projection lines). For example, for M-3 as 
illustrated in FIG. 6, the number of projection lines is (3-1)=2 
(i.e. a line for the case U1-U2 and a line for the case U1<U2), 
and for M=4 as illustrated in FIG. 7, the number of cases is 
(4-1)!=6 (i.e. a line for each of the cases W1>W2>W3, 
W1>W3>W2, W2>W1>W3, W22-W3>W1, W3>W1>W1, 
and W3>W2>W1). (M-L) is the number of regions per pro 
jection line. 
0060 For example, when writing data to a memory when 
M=2, a first cell (cell 1) may be programmed at a voltage V1 
and a second cell (cell 2) may be programmed at a Voltage V2 
to store a hard bit X such that V1DV2 if X=0, and V1<V2 if 
X=1. When reading the data, a voltage U1 may be sensed in 
cell 1 and a voltage U2 may be sensed in cell 2. A hard bit Y 
(an estimate of X) may be read such that Y=0 if U1-U2, and 
Y=1 if U12U2. 
0061 An uncertainty due to physical effects may be mod 
eled such that U1=V1+N1, and U2=V2+N2, where N1 and 
N2 are random variables that describe the uncertainty. Any 
arbitrary random variables may be used, including Zero-mean 
Gaussian random variables. 

0062 For example, a transition probability matrix can be 
illustrated for a hard bit only case as follows: 

where P(A|B) indicates the probability of A given B. For 
example, P(U1>U21V1>V2) indicates the probability that 
cell 1 is read as having a greater threshold Voltage than cell 2 
given that cell 1 is programmed to have a greater threshold 
than cell 2. If programming occurs such that IV1-V2|=d, then 
the transition probability matrix in terms of the uncertainty or 
noise variables and the Voltage spacing d may be illustrated as 

( P(N1–N2 > -d|X = 0) P(N1–N2 > -d|X = 1) 
Qhard =(...) = 0) P(N1 - N2 < -d X = ...) 

0063 N may be defined as N=N1–N2 to simplify the 
notation 

P(N > -d X = 0) P(N > d X = 1) on =(0. ANZ) 
0064. Note that an expectation of N(E(N))=E(N1)-E(N2) 
and a variance of N(Var(N))=Var(N1)+Var(N2). 
0065. If the M cells have identical noise variances, the 
overall noise variance is M times each cells noise variance. 
That is, the M-cell noise sigma (i.e., standard deviation) will 
be VM times the noise sigma of one cell. The transition 
probability matrix for hardbits may be used to compare a cell 
information capacity using hardbits only to rank modulation 
cell information capacity using hard bits and soft bits, as 
explained with respect to FIG. 8. 
0.066 Referring to FIG. 8, a general diagram illustrating 
an example of one soft bit threshold per hard bit region in a 
two cell (i.e., M-2) group is depicted and generally desig 
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nated 800. A first soft bit threshold T1 and a second soft bit 
threshold T2 are illustrated defining Sub-regions R. R. R. 
and R4. 
0067. Using FIG. 8, a transition probability matrix may be 
determined 

P(R1 V1 > V2) P(R1 V1 < V2) 

| PR2|V1 > V2) P(R2|V1 < V2) 
Qsoft1 = PR3| V1 > V2) P(R3| V1 < V2) 

P(R4 V1 > V2) P(R4 V1 < V2) 

0068. If h1 and h2 are defined such that U1-T1=h1 and 

Qsoft1 = P(U 1 < U2 < U 1 + h2| V1 > V2) P(U 1 < U2 < U 1 + h2| V1 < V2) 
P(U 1 + h2 < U21 V1 > V2) P(U 1 + h2 < U21 V1 < V2) 

0069. In terms of noise variables: 

P(N > -d + h1 | X = 0) P(N > d + h1 | X = 1) 
P(-d + h1 > N > -d X = 0) P(d+ h1 > N > d X = 1) 

Qsoft1 = P(-d > N > -d-h2 X = 0) P(d > N > d - h2 X = 1) 
P(N < -d- h2 X = 0) P(N < d - h2 | X = 1) 

0070. Each memory cell, such as the memory cell 310 of 
FIG.3, has a theoretical storage capacity to storean amount of 
information, referred to as an information capacity (C). The 
information capacity (C) is a function of probabilities that 
particular data values are stored to a cell and probabilities of 
errors occurring to the stored data values due to noise or other 
effects in the cell. A theoretical lower bound of a cells infor 
mation capacity occurs when all data values are equally prob 
able to be stored in the cell (known as “information capacity 
with scrambler assumption'—data is assumed to be 
scrambled prior to storage and therefore all data values are 
equally probable). An information capacity (C) in bits/cell 
and a lower bound information capacity with scrambler 
assumption (C ) may be calculated as follows: Scranbie 

where X is the original hard bits that were written in a writing 
operation, R is a Voltage region that is sensed during a read 
operation, and XI is the number of possible hard bits. 
0071. For example, in 3-cell rank modulation with hard 

bits only, X may be one of the 3-6 combinations (X|=6) and 
R may be one of the 6 voltage regions. A conditional prob 
ability mass function (PMF) p(RIX) may be given as the 
transition probability matrix Q, as illustrated above. 
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(0072 Table 2 (below) illustrates, for several values of cell 
error rate (CER) and Voltage spacing (d) between program 
states of cells in a rank modulation scheme, examples of soft 
bit threshold shift (h) values, cell information capacity values, 
and cell lifetime capacity values. Table 2 provides examples 
for cells that can be programmed to a threshold Voltage in a 2 
volt (V) range from -1 V to 1V and having a 0.002% CER, a 
0.2% CER, and a 1% CER in a conventional SLC scheme not 
using rank modulation (the CER corresponding to a noise 
standard deviation (sigma) of 0.2435, 0.3474, and 0.4299, 
respectively). For M-2, it may be assumed that the noise 
component in each cell is independent and identically distrib 
uted Zero-mean Gaussian random variables with variance of. 
Accordingly, E(N)=0 and Var(N)=2o. A symmetric scheme 
h1-h2 may be used. 

(0073 For each CER, examples are given for d=2V (i.e. the 
cells are programmed to -1 V or to 1V), d=1V (i.e. the cells 
are programmed to -1V, OV, or 1V), d=%V (i.e. the cells are 
programmed to -1V, -/3V. /3V, or 1V), and d=0.5V (i.e. the 
cells are programmed to -1V. —/3V. OV. /2V, or 1V). For 
each value of d, an “optimal soft-bit threshold shift (e.g. 
h1-h2) is provided as a value calculated to provide a theo 
retical maximum information capacity per cell. Information 
capacity is provided for the cells using hard bits only and 
using one soft bit for comparison purposes. 
0074. In addition, Table 2 provides examples of a lifetime 
information capacity of cells as the information capacity mul 
tiplied by (2/d), where 2/d indicates a number of data values 
that may be sequentially written to a group of cells without 
erasing the cells. For example, when d=2, each cell is pro 
grammed to -1 V or to 1 V, and a group of cells is erased each 
time a new data value is written to the group (i.e. changing a 
ranking from “1-2” to “2-1” or from “2-1” to “1-2). In 
contrast, when d=/2, the group of cells may be written four 
times without erasing. To illustrate: 
(0075 Write #1: Program cell 1 to -1V, cell 2 to -/2V; rank 
=“0-1; data=0 

(0076. Write #2: Program cell 1 to OV, cell 2 to -/2V: 
rank="1-0; data=1 

0077. Write #3: Program cell 1 to OV, cell 2 to /2V; 
rank="0-1; data=0 

(0078 Write #4: Program cell 1 to 1V, cell 2 to /2V: 
rank="1-0; data=1 

0079. Because using d=/2 may result in four times fewer 
cell erasures than using d=2, a cell lifetime that may other 
wise be limited by a number of erase cycles may be extended 
by a factor of four by using d=/2 as compared to d=2. 
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Lifetime capacity: 
capacity (2/d 

Hardbit 
only 1 Soft bit 

O.9997 O.9999 
1.7171 18198 
1.736S 2.O127 
1.5383 1.8893 
O.9792 O.9897 
1.2309 1.4110 
1.0360 1.2874 
O.8474 1.096S 
O.9192 O.9527 
0.9277 1.1128 
O.7248 0.9293 
0.5759 0.7612 
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TABLE 2 

optimal 
CER (%) wo Noise voltage soft-bit capacity 

Rank Mod, Sigma for spacing: d = threshold Hard bit 
SLC +/- 1 V single cell IV1 - V2| shift:h only 1 Soft bit 

O.OO2% O.2435 2 O.2856 O.9997 O.9999 
O.OO2% O.2435 1 O.3622 0.8586 O.9099 
O.OO2% O.2435 2/3 O.3928 O.S788 O.6709 
O.OO2% O.2435 O.S O4234 O.3846 O.4723 

O.2% O.3474 2 O4541 O.9792 O.9897 
O.2% O.3474 1 O.S459 0.615S 0.7055 
O.2% O.3474 2/3 O.6O72 O.3453 O4291 
O.2% O.3474 O.S O.6378 O.2118 O.2741 

196 O4299 2 O.6O72 O.9192 0.9527 
196 O4299 1 O.7144 O.4638 O.SS64 
196 O4299 2/3 O.7603 O.2416 O.3098 
196 O4299 O.S O.7909 O.1440 O.1903 

0080. As illustrated in Table 2, information capacity is 
improved using one soft bit as compared to using hard bits 
only. In addition, although cell information capacity is 
reduced as d is increased, cell lifetime information capacity 
may instead increase as dis increased. A similar analysis for 
rank modulation of MD-2 cells may also be performed. 
0081 FIG.9 depicts a flowchart that illustrates an embodi 
ment of a method of providing data including hard bit data 
and soft bit data to a rank modulation decoder. The method 
900 may be performed in a data storage device having a flash 
multi-level cell (MLC) memory. For example, the method 
900 may be performed in the data storage device 102 of FIG. 
1. 
0082 Hard bit data and soft bit data may be read from a 
flash memory, at 902. For example, the memory 104 may be 
configured to read the representation of the rank modulation 
codeword 140 from the group of storage elements 112 by 
comparing cell threshold Voltages in the memory portion 110 
to the hard bit thresholds 122 to generate the hard bit values 
152 and to the soft bit thresholds 124 to generate the soft bit 
values 154. 
0083 Data, including hard bit data (e.g. the hard bit values 
152 of FIG. 1) and soft bit data (e.g. the soft bit values 154 of 
FIG. 1), may be provided to a rank modulation decoder, at 
904. For example, the memory 104 may include read circuitry 
configured to compare cell threshold Voltages to one or more 
hard bit thresholds to generate the hard bit values 152 and to 
one or more soft bit thresholds to generate the soft bit values 
154, latches configured to latch results of the comparisons, 
and a bus interface configured to provide the the hard bit 
values 152 and the soft bit values 154 to the rank modulation 
decoder 116. 
0084. To illustrate, the data may be read from multiple 
cells of a memory, such as the storage elements 113-117 of the 
memory 104, where each particular cell of the multiple cells 
has a threshold voltage, and where the hard bit data includes 
hard bits that indicate results of comparing the threshold 
voltage of each particular cell to one or more hard bit thresh 
olds and where the soft bit data includes soft bits that indicate 
results of comparing the threshold Voltage of each particular 
cell to one or more soft bit thresholds. 
0085 For example, the first storage element 113 may have 
the first threshold voltage V 230 in the first voltage range VT 
250 and the second storage element 115 may have the second 
threshold voltage V 232 in the second voltage range VT 252. 
Data may be read from the first storage element 113 and from 

the second storage element 115 based on comparisons of 
threshold voltages of the first storage element 113 and the 
second storage element 115 to the first hard bit thresholdVR 
242 and to the second hard bit threshold VR 246 to generate 
the hardbits 260. The hardbits 260 may indicate results of the 
comparisons of the threshold Voltage of each particular cell 
(e.g., the first threshold voltage V 230 and the second thresh 
old voltage V 232) and may indicate whether the first thresh 
old voltage V 230 is greater than or less than the second 
threshold voltage V 232. For example, the hard bits 260 (i.e., 
HB, HB) having a value of “11” may correspond to a 
threshold voltage value greater than the second hard bit read 
voltage VR 246. The hard bits 260 having a value of “10 
may correspond to a threshold voltage value between the first 
hard bit read voltage VR 242 and the second hard bit read 
voltage VR 246. The hard bits 260 having a value of “00 
may correspond to a threshold Voltage value less than the first 
hard bit read voltage VR 242. 
I0086. The soft bits may indicate results of comparing the 
threshold voltage of each particular cell (e.g., the first thresh 
old voltage V 230 and the second threshold voltage V, 232) 
to one or more soft bit thresholds (also referred to as soft bit 
read voltages) and may indicate whether the first threshold 
voltage V 230 is greater than or less than the first soft bit read 
voltage (e.g., threshold S 240). For example, the threshold 
voltage of the first storage element 113 and of the second 
storage element 115 may be compared to the first soft bit read 
voltage or threshold S 240, to the second soft bit read voltage 
or threshold S. 244, and to the third soft bit read voltage or 
threshold S. 248. In addition, the soft bits may indicate 
whether the first threshold voltage V 230 is greater than or 
less than the second soft bit read voltage S. 244, where the 
first soft bit read voltage S 240 is less than the second thresh 
old voltage V 232, and where the second soft bit read voltage 
S. 244 is greater than the second threshold voltage V, 232. 
I0087. The method 900 may be performed on a multi-cell 
rank modulation group, Such as a three-cell rank modulation 
group. For example, the flash memory 104 may include a 
third cell (i.e., the storage element 117) having a third thresh 
old voltage. The hard bit data may further indicate whether 
the third threshold voltage is in a first range of voltages that 
are less than the first threshold voltage V 230 and the second 
threshold Voltage V 232, in a second range of Voltages that 
are between the first threshold voltage V 230 and the second 
threshold voltage V 232, or in a third range of voltages that 
are greater than the first threshold voltage V 230 and the 
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second threshold voltage V 232. The soft bit data may indi 
cate whether the third threshold voltage is in one or more 
Sub-ranges of the first range of Voltages, the second range of 
Voltages, or the third range of Voltages. 
0088. The controller 106 may be configured to provide 
data read from the memory 104 to the rank modulation 
decoder 116. For example, the controller 106 may receive the 
data via a bus interface and may provide the received data to 
an input of the rank modulation decoder 116. The data may 
include the hard bits 260 and the soft bits 262. The rank 
modulation decoder 116 may be configured to logically par 
tition the data into groups of bits, where each group of bits 
corresponds to a group of cells in the memory 104, and may 
rank cells of each particular group of cells according to cell 
threshold Voltages to produce a cell ranking of the particular 
group of cells. For example, the mapper 220 may compare the 
first threshold voltage V 230 and the second threshold volt 
age V 232 and generate a ranking based on the comparison. 
The rank modulation decoder 116 may be configured to map 
each group of bits to a data value according to the cell ranking 
of the group of cells corresponding to the group of bits. For 
example, the mapper 220 may generate a data value based on 
a comparison of the first threshold voltage V 230 and the 
second threshold voltage V 232 and may send the data value 
based on cell ranking to the ECC engine 108 as the ECC 
codeword 270. 
0089. By providing data including hard bit data and softbit 
data to a rank modulation decoder, error correction at the rank 
modulation decoder may be performed more quickly and/or 
accurately as compared to rank modulation decoding using 
hard bits only. As explained with reference to Table 2, cell 
information capacity may be increased by using rank modu 
lation decoding using hard bits and soft bits as compared to 
rank modulation decoding using hard bits only. 
0090 Although various components depicted herein are 
illustrated as block components and described in general 
terms, such components may include one or more micropro 
cessors, state machines, or other circuits configured to enable 
a data storage device. Such as the data storage device 102 of 
FIG. 1, to perform the particular functions attributed to such 
components, or any combination thereof. For example, the 
rank modulation decoder 116 of FIG. 1 and FIG. 2 may 
represent physical components, such as controllers, proces 
sors, state machines, logic circuits, or other structures to 
logically partition the data into groups of bits, where each 
group of bits corresponds to a group of cells in a flash 
memory, to rank cells of each particular group of cells, and to 
map each group of bits to a data value according to the cell 
ranking of the group of cells corresponding to the group of 
bits. 

0091. The rank modulation decoder 116 may be imple 
mented using a microprocessor or microcontroller pro 
grammed to generate data from rank modulated data using 
soft bits. In a particular embodiment, the controller 106 
includes a processor executing instructions that are stored at 
the memory 104. Alternatively, or in addition, executable 
instructions that are executed by the processor may be stored 
at a separate memory location that is not part of the memory 
104, such as at a read-only memory (ROM) (not shown). 
0092. In a particular embodiment, the data storage device 
102 may be a portable device configured to be selectively 
coupled to one or more external devices. For example, the 
data storage device 102 may be a removable device such as a 
Universal Serial Bus (USB) flash drive or a removable 
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memory card, as illustrative examples. However, in other 
embodiments, the data storage device 102 may be attached or 
embedded within one or more host devices, such as within a 
housing of a portable communication device. For example, 
the data storage device 102 may be within a packaged appa 
ratus, such as a wireless telephone, a personal digital assistant 
(PDA), a gaming device or console, a portable navigation 
device, a computer, or other device that uses internal non 
Volatile memory. In a particular embodiment, the data storage 
device 102 includes a non-volatile memory, such as a Flash 
memory (e.g., NAND, NOR, Multi-Level Cell (MLC), 
Divided bit-line NOR (DINOR), AND, high capacitive cou 
pling ratio (HiCR), asymmetrical contactless transistor 
(ACT), or other Flash memories), an erasable programmable 
read-only memory (EPROM), an electrically-erasable pro 
grammable read-only memory (EEPROM), a read-only 
memory (ROM), a one-time programmable memory (OTP), 
or any other type of memory. 
0093. The illustrations of the embodiments described 
herein are intended to provide a general understanding of the 
various embodiments. Other embodiments may be utilized 
and derived from the disclosure, such that structural and 
logical Substitutions and changes may be made without 
departing from the scope of the disclosure. This disclosure is 
intended to cover any and all Subsequent adaptations or varia 
tions of various embodiments. 
0094. The above-disclosed subject matter is to be consid 
ered illustrative, and not restrictive, and the appended claims 
are intended to cover all Such modifications, enhancements, 
and other embodiments, which fall within the scope of the 
present disclosure. Thus, to the maximum extent allowed by 
law, the scope of the present invention is to be determined by 
the broadest permissible interpretation of the following 
claims and their equivalents, and shall not be restricted or 
limited by the foregoing detailed description. 

1. A method comprising: 
providing data including hard bit data and soft bit data to a 

rank modulation decoder, 
wherein the rank modulation decoder is configured to: 
logically partition the data into groups of bits, wherein 

each group of bits corresponds to a group of cells in a 
flash memory; 

rank cells of each particular group of cells according to 
cell threshold Voltages to produce a cell ranking of the 
particular group of cells; and 

map each group of bits to a data value according to the 
cell ranking of the group of cells corresponding to the 
group of bits. 

2. The method of claim 1, wherein the data is read from 
multiple cells of a the flash memory, wherein each particular 
cell of the multiple cells has a threshold voltage, and wherein 
the hard bit data includes hard bits that indicate results of 
comparing the threshold Voltage of each particular cell of the 
multiple cells to one or more hard bit read voltages. 

3. The method of claim 2, wherein the soft bit data includes 
soft bits that indicate results of comparing the threshold volt 
age of each particular cell of the multiple cells to one or more 
soft bit read voltages. 

4. (canceled) 
5. The method of claim 1, further comprising reading the 

hard bit data and the soft bit data from a the flash memory. 
6. The method of claim 5, wherein the flash memory 

includes a first cell having a first threshold Voltage and a 
second cell having a second threshold Voltage, and wherein 
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the hard bit data indicates whether the first threshold voltage 
is greater than or less than the second threshold Voltage. 

7. The method of claim 6, wherein the softbit data indicates 
whether the first threshold voltage is greater than or less than 
a first soft bit read voltage. 

8. The method of claim 7, wherein the soft bit data further 
indicates whether the first threshold voltage is greater than or 
less than a second soft bit read voltage, wherein the first soft 
bit read voltage is less than the second threshold Voltage, and 
wherein the second soft bit read voltage is greater than the 
second threshold Voltage. 

9. The method of claim 8, wherein a first difference 
between the first soft bit read voltage and the second threshold 
Voltage is Substantially equal to a second difference between 
the second threshold voltage and the second soft bit read 
Voltage. 

10. The method of claim 6, wherein the flash memory 
includes a third cell having a third threshold voltage, and 
wherein the hard bit data further indicates whether the third 
threshold Voltage is in a first range of Voltages that are less 
than the first threshold voltage and the second threshold volt 
age, in a second range of Voltages that are between the first 
threshold Voltage and the second threshold Voltage, or in a 
third range of voltages that are greater than the first threshold 
Voltage and the second threshold Voltage, and wherein the soft 
bit data indicates whether the third threshold voltage is in one 
or more Sub-ranges of the first range of Voltages, the second 
range of Voltages, or the third range of Voltages. 

11. A data storage device comprising: 
a memory; 
a rank modulation decoder; and 
a controller configured to provide data read from the 
memory to the rank modulation decoder, wherein the 
data includes hard bit data and soft bit data, wherein the 
memory is a flash memory and wherein the rank modu 
lation decoder is configured to: 
logically partition the data into groups of bits, wherein 

each group of bits corresponds to a group of cells in 
the flash memory; 

rank storage elements of each particular group of storage 
elements according to storage element threshold Volt 
ages to produce a storage element ranking of the par 
ticular group of storage elements; and 

map each group of bits to a data value. 
12. The data storage device of claim 11, wherein the data is 

read from multiple storage elements of the flash memory, 
wherein each particular storage element of the multiple stor 
age elements has a threshold Voltage, and wherein the hardbit 
data includes hard bits that indicate results of comparing the 
threshold Voltage of each particular storage element to one or 
more hard bit read voltages. 
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13. The data storage device of claim 12, wherein the soft bit 
data includes soft bits that indicate results of comparing the 
threshold Voltage of each particular storage element to one or 
more soft bit read voltages. 

14-15. (canceled) 
16. The data storage device of claim 12, wherein the mul 

tiple storage elements include a first storage element having a 
first threshold Voltage and a second storage element having a 
second threshold voltage, and wherein the hard bit data indi 
cates whether the first threshold voltage is greater than or less 
than the second threshold Voltage. 

17. The data storage device of claim 16, wherein the soft bit 
data indicates whether the first threshold voltage is greater 
than or less than a first soft bit read voltage. 

18. The data storage device of claim 17, wherein the soft bit 
data further indicates whether the first threshold voltage is 
greater than or less than a second soft bit read voltage, 
wherein the first soft bit read voltage is less than the second 
threshold voltage, and wherein the second soft bit read volt 
age is greater than the second threshold Voltage. 

19. The data storage device of claim 18, wherein a first 
difference between the first soft bit read voltage and the 
second threshold Voltage is Substantially equal to a second 
difference between the second threshold voltage and the sec 
ond soft bit read voltage. 

20. The data storage device of claim 16, wherein the mul 
tiple storage elements include a third storage element having 
a third threshold voltage, and wherein the hard bit data further 
indicates whether the third threshold voltage is in a first range 
of voltages that are less than the first threshold voltage and the 
second threshold Voltage, in a second range of Voltages that 
are between the first threshold voltage and the second thresh 
old Voltage, or in a third range of voltages that are greater than 
the first threshold voltage and the second threshold voltage, 
and wherein the soft bit data indicates whether the third 
threshold Voltage is in one or more Sub-ranges of the first 
range of Voltages, the second range of Voltages, or the third 
range of Voltages. 

21. A method comprising: 
providing data including hard bit data and soft bit data to a 

rank modulation decoder; and 
reading the hard bit data and the soft bit data from a flash 
memory; 

wherein the flash memory includes a first cell having a first 
threshold Voltage and a second cell having a second 
threshold voltage, and wherein the hard bit data indi 
cates whether the first threshold voltage is greater than or 
less than the second threshold Voltage. 
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