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STATES ENCODING IN MULTI-BIT FLASH CELLS 
FOR OPTIMIZING ERROR RATE 

0001. This patent application claims the benefit of U.S. 
Provisional Patent Application No. 60/553,798, filed Mar. 
14, 2004. This patent application also claims the benefit of 
U.S. Provisional Patent Application No. 60/611,873, filed 
Sep. 22, 2004. This patent application also is a continuation 
in-part of US patent application Ser. No. 11/035,807 filed 
Jan. 18, 2005. 

FIELD AND BACKGROUND OF THE 
INVENTION 

0002 The present invention relates to flash memories 
and, more particularly, to a method of Storing data in 
multi-bit flash cells. 

0.003 Flash memory devices have been known for many 
years. Typically, each cell within a flash memory Stores one 
bit of information. Traditionally, the way to store a bit has 
been by Supporting two States of the cell-one State repre 
Sents a logical “0” and the other State represents a logical 
“1”. In a flash memory cell the two states are implemented 
by having a floating gate above the cell's channel (the area 
connecting the Source and drain elements of the cells 
transistor), and having two valid States for the amount of 
charge Stored within this floating gate. Typically, one State is 
with Zero charge in the floating gate and is the initial 
unwritten state of the cell after being erased (commonly 
defined to represent the “1” state) and another state is with 
Some amount of negative charge in the floating gate (com 
monly defined to represent the “0” state). Having negative 
charge in the gate causes the threshold Voltage of the cells 
transistor (i.e. the Voltage that has to be applied to the 
transistor's control gate in order to cause the transistor to 
conduct) to increase. Now it is possible to read the stored bit 
by checking the threshold voltage of the cell: if the threshold 
voltage is in the higher state then the bit value is “0” and if 
the threshold voltage is in the lower state then the bit value 
is “1”. Actually there is no need to accurately read the cell's 
threshold voltage. All that is needed is to correctly identify 
in which of the two states the cell is currently located. For 
that purpose it is enough to make a comparison against a 
reference voltage value that is in the middle between the two 
States, and thus to determine if the cells threshold Voltage 
is below or above this reference value. 

0004 FIG. 1A shows graphically how this works. Spe 
cifically, FIG. 1A shows the distribution of the threshold 
Voltages of a large population of cells. Because the cells in 
a flash memory are not exactly identical in their character 
istics and behavior (due, for example, to Small variations in 
impurities concentrations or to defects in the Silicon Struc 
ture), applying the same programming operation to all the 
cells does not cause all of the cells to have exactly the same 
threshold voltage. (Note that, for historical reasons, writing 
data to a flash memory is commonly referred to as “pro 
gramming the flash memory.) Instead, the threshold voltage 
is distributed similar to the way shown in FIG. 1A. Cells 
Storing a value of “1” typically have a negative threshold 
Voltage, Such that most of the cells have a threshold Voltage 
close to the value shown by the left peak of FIG. 1A, with 
Some Smaller numbers of cells having lower or higher 
threshold voltages. Similarly, cells storing a value of “0” 
typically have a positive threshold Voltage, Such that most of 
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the cells have a threshold voltage close to the value shown 
by the right peak of FIG. 1A, with some smaller numbers of 
cells having lower or higher threshold Voltages. 

0005. In recent years a new kind of flash memory has 
appeared on the market, using a technique conventionally 
called “Multi Level Cells” or MLC for short. (This nomen 
clature is misleading, because the previous type of flash cells 
also have more than one level: they have two levels, as 
described above. Therefore, the two kinds of flash cells are 
referred to herein as “Single Bit Cells” (SBC) and “Multi 
Bit Cells” (MBC).) The improvement brought by the MBC 
flash is the storing of two or more bits in each cell. In order 
for a single cell to store two bits of information the cell must 
be able to be in one of four different states. As the cells 
“state' is represented by its threshold Voltage, it is clear that 
a 2-bit MBC cell should support four different valid ranges 
for its threshold voltage. FIG. 1B shows the threshold 
voltage distribution for a typical 2-bit MBC cell. As 
expected, FIG. 1B has four peaks, each corresponding to 
one State. AS for the SBC case, each State is actually a range 
and not a single number. When reading the cell's contents, 
all that must be guaranteed is that the range that the cells 
threshold Voltage is in is correctly identified. For a prior art 
example of an MBC flash memory see U.S. Pat. No. 
5.434,825 to Harari. 

0006 Similarly, in order for a single cell to store three 
bits of information the cell must be able to be in one of eight 
different States. So a 3-bit MBC cell should Support eight 
different valid ranges for its threshold voltage. FIG. 1C 
shows the threshold voltage distribution for a typical 3-bit 
MBC cell. As expected, FIG. 1C has eight peaks, each 
corresponding to one state. FIG. 1D shows the threshold 
voltage distribution for a 4-bit MBC cell, for which sixteen 
States, represented by Sixteen threshold Voltage ranges, are 
required. 

0007 When encoding two bits in an MBC cell via the 
four states, it is common to have the left-most state in FIG. 
1B (typically having a negative threshold voltage) represent 
the case of both bits having a value of “1”. (In the discussion 
below the following notation is used-the two bits of a cell 
are called the “lower bit” and the “upper bit'. An explicit 
value of the bits is written in the form “upper bit”“lower 
bit”), with the lower bit value on the right. So the case of the 
lower bit being “0” and the upper bit being “1” is written as 
“10”. One must understand that the selection of this termi 
nology and notation is arbitrary, and other names and 
encodings are possible). Using this notation, the left-most 
state represents the case of “11”. The other three states are 
typically assigned by the following order from left to right: 
“10”, “00”, “01'. One can see an example of an implemen 
tation of an MBC NAND flash memory using this encoding 
in U.S. Pat. No. 6,522,580 to Chen, which patent is incor 
porated by reference for all purposes as if fully set forth 
herein. See in particular FIG. 8 of the Chen patent. U.S. Pat. 
No. 6,643,188 to Tanaka also shows a similar implementa 
tion of an MBC NAND flash memory, but see FIG. 7 there 
for a different assignment of the States to bit encodings: 
“11”, “10”, “01”, “00”. The Chen encoding is the one 
illustrated in FIG. 1B. 

0008 We extend the above terminology and notation to 
the cases of more than two bits per cell, as follows. The 
left-most unwritten state represents “all ones” (“1 . . . 1”), 
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the string “1 ... 10' represents the case of only the lowest 
bit of the cell being written to “0”, and the string “01 ... 1 
represents the case of only the most upper bit of the cell 
being written to “0”. 
0009. When reading an MBC cell's content, the range 
that the cells threshold voltage is in must be identified 
correctly; only in this case this cannot always be achieved by 
comparing to only one reference Voltage. Instead, Several 
comparisons may be necessary. For example, in the case 
illustrated in FIG. 1B, to read the lower bit, the cells 
threshold Voltage first is compared to a reference compari 
Son Voltage V and then, depending on the outcome of the 
comparison, to either a Zero reference comparison Voltage or 
a reference comparison Voltage V. Alternatively, the lower 
bit is read by unconditionally comparing the threshold 
Voltage to both a Zero reference Voltage and a reference 
comparison Voltage V2, again requiring two comparisons. 
For more than two bits per cell, even more comparisons 
might be required. 
0010) The bits of a single MBC cell may all belong to the 
Same flash page, or they may be assigned to different pages 
So that, for example in a 4-bit cell, the lowest bit is in page 
0, the next bit is in page 1, the next bit in page 2, and the 
highest bit is in page 3. (A page is the Smallest portion of 
data that can be separately written in a flash memory). Both 
methods are in use. While the methods of the present 
invention are explained here in the context of the “each bit 
in its own page' approach, these methods also can be 
applied to the case of all bits residing in the same page. 
0011. As was shown above for the 2-bit MBC cell, there 

is more than one option in how to define the correspondence 
between the cells threshold voltage states and the bit 
encodings they represent. Each Such correspondence is 
equivalent to a specific ordering of the encoded bit patterns 
along the threshold voltage axis. We saw above that Chen 
and Tanaka, while disclosing very Similar cell designs, used 
different assignments (and hence different orderings), both 
equally usable. The object of the current invention is to 
provide good orderings that are better than other orderings 
in Some Sense. 

0012. At first glance, one might think that every permu 
tation of ordering all n-bit patterns should be considered for 
the n-bit MBC cell. The number of permutations of N 
elements is equal to N (“N Factorial”). A cell with n bits has 
2" different bit patterns, and therefore has 2" permutations. 
So this would lead to the 2-bit cell having 4 =24 possible 
orderings, the 3-bit cell having 8=40,320 possible order 
ings, and So on. However, there are restrictions put on the 
ordering because of the way the flash cells are programmed, 
and these restrictions reduce the number of orderings that 
can actually be used. 
0013 First, according to the conventions we defined 
above, the left-most State always corresponds to the “all 
ones' bit pattern. Second, assuming a design in which each 
bit resides in a different page, there are restrictions caused by 
the bits of a cell being written Sequentially rather than all at 
once. One must remember that programming can only 
increase the threshold Voltage of a cell, not reduce it. 
Reduction of the threshold voltage can only be done when 
erasing, but erasing can be applied only to large groups of 
cells (“blocks” in common terminology). Therefore, any 
ordering of the bit patterns that requires the threshold 
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Voltage to decrease when writing a bit to “0” cannot be used. 
Consider for example a 2-bit MBC cell. Suppose we selected 
the following order from left to right-“11”, “00”, “10”, 
“01'. ASSume we first wrote the lower bit to “0”, so the cell 
was brought to the “10” state. Now we want to write the 
upper bit to “0”. This requires changing the threshold 
downward, from the state representing “10” to the state 
representing “00”, but as we noted above, this is impossible 
to do in typical flash memories. Therefore we should select 
our ordering of bit patterns in a way that for every legal 
Sequence of bit programming operations, it will never be 
required to reduce the threshold Voltage. An ordering that 
Satisfies these two restrictions is called herein a “valid' 
ordering. Similarly, an assignment of bit patterns to cells 
States that results in a valid ordering is called herein a 
“valid’ assignment. 
0014. It is common, in MBC flash memories that assign 
a cell's bits to different pages, to have a lower bit in a 
lower-numbered page and to require the user to write the 
pages in Sequential order So that a lower-numbered page is 
written before a higher-numbered page. We use this practice 
in the explanations here, but one must understand that the 
methods of the present invention are equally applicable to 
other practices of assigning bits to pages and of ordering the 
Writing of pages. 
0015 FIG. 2 shows a graphical representation of the 
restrictions applicable to the ordering of bit patterns in a 
2-bit MBC cell. Each bit pattern is shown by its binary 
representation within a circle, and by its decimal represen 
tation outside the circle. Both numerical representations are 
equivalent, but it is more convenient to use the binary 
representation for understanding the ordering restrictions, 
and to use the decimal representation for talking about a 
certain pattern. An arrow connecting two circles in FIG. 2 
means that the State from which the arrow originates must 
precede the State to which the arrow points. 
0016 One can see in FIG. 2 that, as expected, “11” must 
be the first state. This is seen from the fact this state must 
precede all other states. Also, “10” must preceded “00”, as 
shown above. Because of the simplicity of the 2-bit case, it 
is easy to realize there are only three orderings that Satisfy 
all restrictions: 

0017 a. 11, 10, 00, 01 (this is what Chen used) 
0.018) b. 11, 10, 01, 00 (this is what Tanaka used) 
0.019 c. 11, 01, 10, 00 

0020 FIG. 3 shows the corresponding graphical repre 
sentation for the case of 3-bit MBC cells, and FIG. 4 shows 
the corresponding graphical representation for the case of 
4-bit MBC cells. Both cases are much more complex than 
the 2-bit case and allow many more valid orderings. 
0021 Let us find out how many legal orderings we have 
in each case. Consider first the 2-bit case (FIG. 2). As “11” 
always comes first, we ignore it and consider the equivalent 
question of how many options we have to put the other three 
patterns in the right-most three States, while Satisfying the 
restrictions shown in FIG. 2. As “10’ and “OO have a strict 
mandatory order between them, we start by Selecting two 
positions out of the three for putting those two pattern. We 
designate the number of combinations of n elements takenk 
at a time as C(n,k), which is equal to (n)/((n-k))/(k). In 
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this case, k=2 and n=3, and the number of ways to put “10” 
and “00” in place is 31/1/2 =3. The last pattern (“01") must 
now be put in the only position left, so we are left with three 
legal orderings, as we already Saw above. 

0022 Now let us move to the less trivial 3-bit cell (FIG. 
3). We notice that after writing the lowest bit of a 3-bit cell, 
the other 2 bits (still unwritten) represent the same problem 
of ordering as a 2-bit cell. This can be seen in FIG. 3 by 
noticing that the “branch” containing {6.4.0,2} has exactly 
the same structure as the whole of FIG. 2. But we already 
know this problem has exactly three different solutions. So 
let uS Start the construction of an ordering by Selecting 
positions for the four members of the {6,4,0,2} branch out 
of the Seven available positions (recall that the all-ones 
pattern always has its left-most reserved position). There are 
C(7,4) ways of doing this. Each such way has three valid 
internal orderings of the branch members, So in total we 
have C(7,4)x3 ways of assigning these four patterns. Now 
for each Such Selection, we choose two of the three Still 
unassigned positions for representing the {5,1} branch 
members. This can be done in C(3,2)=3 ways. The last 
pattern (3) must go into the only position left. The total 
product is C(7.4)x3x3=315 valid orderings for a 3-bit MBC 
cell. 

0023. We can make the calculation similarly for a 4-bit 
MBC cell (FIG. 4). The positions for the eight members of 
the 14,12,10.6.8,4,2,0} branch can be selected in C(15.8) 
ways, each one to be multiplied by the 315 possible internal 
orderings we found above for the 3-bit case. Then we 
multiply again by 315, which is the number of arrangements 
we have for putting the remaining Seven States into the 
remaining seven positions. The end result is C(15.8)x315x 
315=638,512,875. The number of valid orderings of yet 
larger numbers of bits is enormous. 
0024. The Appendices list 3-bit and 4-bit orderings along 
with analyses of these orderings, as described below. Appen 
dix A lists all 3153-bit orderings. Appendices B, C, D and 
E are partial lists of the 4-bit orderings. 
0.025 The large number of possible bit orderings for 
MBC cells of more than 2 bits brings up the question which 
is the best one to use. U.S. Pat. No. 6,046,935 to Takeuchi 
proposes one method of constructing a bit patterns ordering 
for MBC cells. FIGS. 86A to 86C of Takeuchi apply the 
method to 3-bit cells. FIGS. 88A to 88D of Takeuchi apply 
the method to 4-bit cells. FIGS. 90A to 90E of Takeuchi 
show how to apply the method to the general M-bit case. 
However, as will be explained below, the method proposed 
by Takeuchi results in an ordering that is not optimal. 
0026. There is thus a widely recognized need for, and it 
would be highly advantageous to have, an optimal method 
of ordering the bits in an MBC cell. 

SUMMARY OF THE INVENTION 

0.027 According to the present invention there is pro 
Vided a method of Storing N bits of data, including the Steps 
of: (a) providing N/M cells, wherein M is at least 3; and 
(b) programming each cell with up to M of the bits according 
to a valid physical bit ordering, and according to a logical bit 
ordering that is different from the physical bit ordering and 
that distributes error probabilities of the up to M bits more 
evenly than the physical bit ordering. 
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0028. According to the present invention there is pro 
vided a memory device including: (a) a memory that 
includes K cells; and (b) a controller operative to store N bits 
of data in the cells by programming each cell with up to 
M=N/K of the bits according to a valid physical bit 
ordering, and according to a logical bit ordering that is 
different from the physical bit ordering and that distributes 
error probabilities of the up to M bits more evenly than the 
physical bit ordering, wherein M is at least 3. 
0029. According to the present invention there is pro 
vided a system for storing data, including: (a) a memory 
device that includes a memory, the memory including K 
cells; (b) a host of the memory device, for providing N bits 
of data to Store; and (c) a mechanism for translating, for each 
cell, up to M=N/K of the bits, as listed in a logical bit 
ordering, into a corresponding entry in a valid physical bit 
ordering that is different from the logical bit ordering, 
wherein M is at least 3, the each cell then being programmed 
according to the entry in the physical bit ordering, the logical 
bit ordering distributing error probabilities of the up to M 
bits more evenly than the physical bit ordering. 
0030. According to the present invention there is pro 
Vided a method of Storing N bits of data, including the Steps 
of: (a) providing N/M cells, wherein M is at least 3; and 
(b) programming each cell with up to M of the bits according 
to a valid physical bit ordering, and according to an evenly 
distributed logical bit ordering that is different from the 
physical bit ordering. 
0031. According to the present invention there is pro 
vided a memory device including: (a) a memory that 
includes K cells; and (b) a controller operative to store N bits 
of data in the cells by programming each cell with up to 
M=N/K of the bits according to a valid physical bit 
ordering, and according to an evenly distributed logical bit 
ordering, wherein M is at least 3. 
0032. According to the present invention there is pro 
vided a system for storing data, including: (a) a memory 
device that includes a memory, the memory including K 
cells; (b) a host of the memory device, for providing N bits 
of data to Store; and (c) a mechanism for translating, for each 
cell, up to M=N/K of the bits, as listed in an evenly 
distributed logical bit ordering, into a corresponding entry in 
a valid physical bit ordering that is different from the logical 
bit ordering, wherein M is at least 3, the each cell then being 
programmed according to the entry in the physical bit 
ordering. 
0033 According to the present invention there is pro 
Vided a method of Storing N bits of data, including the Steps 
of: (a) providing N/M cells, wherein M is at least 3; and 
(b) programming each cell with up to M of the bits according 
to a valid, nonserial bit ordering that distributes error prob 
abilities of all the up to M bits substantially evenly. 
0034. According to the present invention there is pro 
vided a memory device including: (a) a memory that 
includes K cells; and (b) a controller operative to store N bits 
of data in the cells by programming each cell with up to 
M=N/K of the bits according to a valid, nonserial bit 
ordering that distributes error probabilities of all the up to 
Mbits substantially evenly, wherein M is at least 3. 
0035. According to the present invention there is pro 
vided a method of of storing N bits of data, including the 
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steps of: (a) providing N/M cells, wherein M is at least 3; 
and (b) programming each cell with up to M of the bits 
according to a valid, nonserial, error-rate-optimal bit order 
ing. 
0036). According to the present invention there is pro 
vided a memory device including: (a) a memory tht includes 
K cells; and (b) a controller operative to store N bits of data 
in the cells by programming each cell with up to M=N/K 
of the bits according to a valid, nonserial, error-rate-optimal. 
bit ordering, wherein M is at least 3. 
0037. The first method of the present invention is a 
method of storing N bits of data in K=N/M cells, with 
M23. (The notation “X” means the smallest integer that is 
at least as large as the real number X. For example, 3=3 and 
3.5=4.) Each cell is programmed with up to M of the data 
bits according to a valid physical bit ordering, and according 
to a different logical bit ordering that provides a more even 
distribution of the error probabilities of all the up to M bits 
than would be provided by the physical bit ordering alone. 
This more even error distribution is relative to the probabil 
ity distribution of the N data bits and relative to the prob 
ability distribution of the state errors of the cells. For 
example, if the bit orderings are "error-rate optimal', in the 
sense defined below, then if all data bits are equally probable 
and all State errors are equally probable, it is shown below 
that a truly even distribution of the error probabilities can not 
be achieved; whereas other probability distributions of the 
data bits and of the State errors may allow a truly even 
distribution of the error probabilities of all the up to M bits. 
Indeed, at the end of the description of the preferred embodi 
ments, an artificial example with error-rate optimal bit 
orderings and a truly even error distribution is presented. 
0.038 Preferably, the programming includes, for each 
cell, translating the up to M bits, as listed in the logical bit 
ordering, into a corresponding entry in the physical bit 
ordering. 
0039) Preferably, the method also includes the step of 
reading the N bits from the cells, as the purpose of Storing 
the N bits usually is to provide the possibility of reading the 
N bits. Most preferably, this reading includes, for each cell, 
translating an entry, in the physical bit ordering, that corre 
sponds to the State of the cell as programmed, into a 
corresponding entry in the logical bit ordering. 
0040 Preferably, the logical bit ordering substantially 
equalizes probability-weighted numbers of transitions of all 
the up to Mbits, relative to the probability distribution of the 
data bits and relative to the probability distribution of the 
State errorS. 

0041) Preferably, the total number of transitions of the 
physical bit ordering and the total number of transitions of 
the logical bit ordering both are equal to 2-1, which is one 
less than the number of states. Bit orderings with 2-1 
transitions are "error-rate optimal' in the Sense defined 
below. For example, when M=3, both the preferred physical 
bit ordering and the preferred logical bit ordering have 7 
transitions. The corresponding physical. bit orderings are 
{7,6,4,5,1,0,2,3} and 7.6,4,5,1,3,2,0}. Similarly, when 
M=4, both the physical bit ordering and the logical bit 
ordering have 15 transitions. Most preferably, the logical bit 
ordering is evenly distributed. For example, when M=4 the 
number of transitions of any bit of the most preferred logical 
bit ordering is either 3 or 4. 
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0042 Preferably, the physical bit ordering is nonserial. 
0043. A memory device of the present invention, for 
implementing the first method of the present invention, 
includes a memory with K cells and a controller that is 
operative to Store N bits of data in the cells by programming 
each cell with up to M=N/Ke3 of the bits according to a 
valid physical bit ordering, and also according to a different 
logical bit ordering that provides a more even distribution of 
the error probabilities of all the up to M bits than would be 
provided by the physical bit ordering alone. 

0044 Preferably, the controller includes a mechanism for 
translating between the physical bit ordering and the logical 
bit ordering. In one class of preferred embodiments of the 
memory device of the present invention, this mechanism 
effects the translating by executing Software. In another class 
of preferred embodiments of the memory device of the 
present invention, the controller includes dedicated hard 
ware (as opposed to a general purpose processor that 
executes Software) for effecting the translating. Alterna 
tively, the memory includes Such dedicated hardware. 
0045 Preferably, the memory is a flash memory. 
0046 Preferably, the physical bit ordering is nonserial. 
0047 A system of the present invention, for storing data, 
includes a memory device that includes a memory with K 
cells, and a host of the memory device that provides N bits 
of data to be stored in the memory device. The system also 
includes a mechanism for translating, for each of the K cells, 
up to M=N/Ke3 of the bits, as listed in a logical bit 
ordering, into a corresponding entry in a different valid 
physical bit ordering, that cell then being programmed 
according to that entry in the physical bit ordering. The 
logical bit ordering provides a more even distribution of 
error probabilities of all the up to M bits than would be 
provided by the physical bit ordering alone. 

0048. In one class of preferred embodiments of the 
System of the present invention, the translation mechanism 
effects the translation by executing Software. Such a trans 
lation mechanism may be included in the host, or alterna 
tively may be included in a controller, of the memory, that 
is included in the memory device. In another class of 
preferred embodiments of the System of the present inven 
tion, the translation mechanism includes dedicated hard 
ware. Such a translation mechanism may be included in the 
memory, or may be included in a controller, of the memory, 
that is included in the memory device. 
0049 Preferably, the memory is a flash memory. 
0050 Preferably, the physical bit ordering is nonserial. 
0051. A special case of the first method of the present 
invention and of the corresponding memory device and 
system ignores both the probability distribution of the N data 
bits and the probability distribution of the cells state errors, 
and just requires that the logical bit ordering be evenly 
distributed. 

0052 The second method of the present invention also is 
a method of storing N bits of data in K=N/M cells, with 
Me3. Each cell is programmed with up to M of the data bits 
according to a valid, nonserial bit ordering that distributes 
the bit error probabilities of all M bits substantially evenly. 
Note that whether a valid physical bit ordering can achieve 
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such an even distribution of bit error probabilities depends 
on the probability distribution of the N data bits and relative 
to the probability distribution of the state errors of the cells. 
The artificial example at the end of the description of the 
preferred embodiments is one Such case. 
0.053 A memory device of the present invention, for 
implementing the Second method of the present invention, 
includes a memory with K cells and a controller that is 
operative to Store N bits of data in the cells by programming 
each cell with up to M=N/Ke3 of the bits according to a 
valid, nonserial bit ordering that distributes the error prob 
abilities of all M bits substantially evenly. Preferably, the bit 
ordering is a physical bit ordering. 

0054 Gonzalez et al., in U.S. Pat. No. 6,684,289, also 
teaches mapping between logical bit orderings and physical 
bit orderings in reading and writing a flash memory, for 
purposes Such as wear leveling and encryption, but not for 
equalizing the distribution of error probabilities of the stored 
bits. 

0.055 The third method of the present invention also is a 
method of storing N bits of data in K=N/M cells, with 
Me3. Each cell is programmed with up to M of the data bits 
according to a valid, nonserial, error-rate-optimal bit order 
ing. The total number of transitions in the bit ordering is the 
minimum Such number for the selected value of M, i.e., 
2-1. For example, when M=3 the bit ordering has seven 
transitions and when M=4 the bit ordering has fifteen 
transitions. For M=3, there are two Such bit orderings, as 
listed in Appendix A. 
0056 Preferably, the bit ordering is evenly distributed. 
For example, when M=4, each bit of the bit ordering has 
either three transitions or four transitions. 

0057. A memory device of the present invention, for 
implementing the third method of the present invention, 
includes a memory with K cells and a controller that is 
operative to Store N bits of data in the cells by programming 
each cell with up to M=N/Ke3 of the bits according to a 
valid, nonserial, error-rate-optimal bit ordering. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0058. The invention is herein described, by way of 
example only, with reference to the accompanying drawings, 
wherein: 

0059 FIGS. 1A-1D show threshold voltage distributions 
in a one-bit flash cell, a two-bit flash cell, a three-bit flash 
cell and a four-bit flash cell; 
0060 FIG. 2 is a precedence tree for programming a 
two-bit cell; 
0061 FIG. 3 is a precedence tree for programming a 
three-bit cell; 
0.062 FIG. 4 is a precedence tree for programming a 
four-bit cell; 
0063 FIG. 5 is a flowchart of writing to a memory cell 
via a logical bit ordering and a physical bit ordering; 
0.064 FIG. 6 is a flowchart of reading from a memory 
cell via a physical bit ordering and a logical bit ordering; 
0065 FIGS. 7-11 are high level block diagrams of sys 
tems of the present invention. 
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DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

0066. The present invention is of a method of program 
ming multi-bit flash cells. 
0067. The principles and operation of a multi-bit-cell 
flash memory device according to the present invention may 
be better understood with reference to the drawings and the 
accompanying description. 

0068. We now consider the question of what is a good 
ordering of the bit patterns in an n-bit MBC cell. There is no 
one clear-cut criterion to use for deciding what is “best'. 
Instead we present Several different criteria to choose from. 
The best criterion to use in an actual design depends upon 
the requirements of the overall Storage System, as is made 
clear in the discussion below. 

0069. We base our evaluation of orderings on the number 
of comparison operations required for reading the bits 
contained in an MBC cell. AS already explained above, an 
SBC cell requires just one comparison of its threshold 
Voltage value against a reference in order to determine the 
cell's data contents. A 2-bit MBC cell may require two 
comparisons. Cells with more bits generally require more 
than two comparisons. 
0070 We distinguish between two methods of using 
comparisons in the reading process: Static reading and 
dynamic reading. 

0071. In static reading, all reference voltage values used 
during the reading process are fully determined prior to 
Starting the reading. Such reading can be implemented either 
by using one comparator that does all comparisons one by 
one by changing the reference Voltage value to which it 
compares a cells threshold Voltage, or by using a number of 
comparators equal to the number of comparisons (in which 
case all comparators may operate in parallel). It is also 
possible to use an intermediate Scheme in which the number 
of comparators is less than the number of comparisons but 
greater than one, thereby providing be Some parallelism in 
the process. All Such implementations are considered Static 
methods for the purpose of this invention, as long as all 
reference values are fully determined prior to reading. For 
example, reading the lower bit of the 2-bit MBC cell whose 
encoding is as shown in FIG. 1B by always comparing to 
both 0 and V is a static reading method that uses two 
comparisons. 

0072. In dynamic reading, at least one reference voltage 
value used during the reading proceSS is determined based 
on the result of a previous comparison done during the same 
reading operation. For example, reading the lower bit of the 
2-bit MBC cell whose encoding is as shown in FIG. 1B by 
first comparing to V, and then depending on the outcome of 
that comparison, comparing to either 0 or V, is a dynamic 
reading method that uses two comparisons. 
0073. The number of comparisons required for reading a 
Single bit using Static reading depends on the way the value 
of the bit changes when moving from State to State along the 
threshold Voltage axis. AS a first example let us consider the 
2-bit MBC case with the ordering of {3,2,0,1}. In binary 
notation, that ordering is 11,10,0001}. (Note that in the 
appended claims, decimal notation is used forbit orderings.) 
Now we separate the bits, each into its own Sequence. When 
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we move along the states from left to right the lower bit 
passes through the values {1,0,0,1} while the upper bits 
passes through {1,1,0,0). It is easy to see that we can 
determine the value of the upper bit by just a single 
comparison, with the reference value positioned to Separate 
between the two left states and the two right states. The 
lower bit, however, cannot be determined by any Single 
comparison; the best we can do is to use two comparisons 
(one separating the left-most state from all other States, and 
one separating the right-most state from all other States). 
0074) If, however, the ordering of states is {3,2,1,0}= {11, 
10,01,00}, then the lower bit sequence is now 1,0,1,0} and 
the upper bit sequence is again {1,1,0,0}. So using this 
ordering the lower bit requires three comparisons and the 
upper bit requires one comparison. 

0075) The third and last valid 2-bit ordering is {3,1,2, 
0}= {11.01.10,00}, giving {1,1,0,0} for the lower bit and 
{1,0,1,0) for the upper bit. This translates to one comparison 
for the lower bit and three comparisons for the upper bit. 
0.076 It is easy to realize that the number of comparisons 
required for reading a single bit using Static reading is equal 
to the number of transitions the bit incurs when traversing all 
States along the threshold Voltage axis from left to right. 
{1,1,0,0) has just one transition and requires one compari 
Son, while (1,0,1,0) has three transitions and requires three 
comparisons. 

0077. The same rules also apply to reading a cell with 
more than two bits. For example, a 3-bit cell with the 
ordering 
{7.6.2.4,0.5,3,1} = {111,110,010,100,000,101,011,001} pro 
duces the sequence {1,0,0,0,0,1,1,1} for the lower bit, 
{1,1,1,0,0,0,1,0} for the middle bit, and {1,1,0,1,0,1,0,0) for 
the upper bit. The numbers of transitions (and therefore the 
number of comparisons) are 2 for the lower bit, 3 for the 
middle bit and 5 for the upper bit. 
0078. The number of comparisons required for reading a 
Single bit using dynamic reading also depends on the num 
ber of transitions the bit incurs when traversing all States 
along the threshold Voltage axis from left to right, but in a 
different way than for Static reading. For dynamic reading, 
the number of comparisons is the logarithm to base two of 
the number of transitions plus one, rounded up. For example, 
for a 2-bit MBC cell with the ordering of {3,2,0,1} = {11.10, 
0001} and bit sequences of {1,0,0,1} (two transitions) and 
{1,1,0,0} (one transition), the numbers of comparisons are 
two and one, respectively. Note that the ordering of {3,2,1, 
0}= {1,10.01.00 with the bit sequences of {1,0,1,0} (three 
transitions) and {1,1,0,0} (one transition) also results in two 
and one comparisons, respectively, even though its number 
of transitions is different. 

0079 Again, the same rules also apply for cells with 
more than two bits each. For example, reading a 3-bit cell 
with the ordering 7.6.2.4,0.5,3,1}= {111,110,010,100,000, 
101,011,001 that produces the bit sequences {1,0,0,0,0,1, 
1,1} (two transitions), {1,1,1,0,0,0,1,0} (three transitions), 
and {1,1,0,1,0,1,0,0} (five transitions), requires two, two 
and three comparisons, respectively. 
0080 Appendix Alists all the valid orderings for the 3-bit 
case. Each of the 315 orderings has one line in the table, 
showing the Sequences for each of the three bits, the number 
of Static reading comparisons for each bit (the three columns 
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under the heading “static comp’), and the number of 
dynamic reading comparisons for each bit (the three col 
umns under the heading “dynamic comp'). Also shown are 
the total, minimum and maximum numbers for each of the 
two reading methods, Statistics that are referenced in the 
discussion below. 

0081. We now investigate several criteria for selecting 
the ordering of bit patterns in an MBC cell. These criteria all 
relate to the number of comparisons required for reading. 
Generally Speaking, the fewer comparisons to be done the 
better. A higher number of comparisons implies either a 
longer time for completing the operation (if using a single 
comparator) or a larger number of comparators (or both). 
0082 Criterion A. Minimize the number of comparisons 
for Sequentially reading all the bits in a cell (that is, reading 
the bits one by one and not in one operation) using static 
reading. 
0083. In a cell that uses static reading with a single 
comparator, the time required for Sequentially reading all the 
bits of a cell increases as the Sum of the number of 
comparisons of all bits. Therefore a good criterion for 
Selecting an ordering is to minimize the Sum of comparisons 
of all bits. 

0084 Looking at the results above, we see that for the 
2-bit case we get a total of three comparisons for {3,20, 1} 
and four comparisons for the other two alternatives. There 
fore {3,20,1} provides the fastest sequential reading of all 
bits of a cell, and is thus optimal according to this criterion. 
0085 For the 3-bit case, we see in Appendix A that there 
are two optimal orderings with a total of Seven comparisons 
(7.6,4,5,1,0,2,3} and 7.6,4,5,1,3,2,0}). The encoding 
illustrated in FIG. 1C corresponds to the 7.6,4,5,1,0,2,3} 
ordering. There also are 15 orderings that have a total of 
eight comparisons, which is close to optimal. 
0086 For the 4-bit case, the 36 orderings listed in Appen 
dix B are optimal according to this criterion. Each Such 
ordering has a total of 15 comparisons. The encoding 
illustrated in FIG. 1D corresponds to the first of these 
orderings, 15, 14,12,13,9,8,10,11.3.2.0,4,6,7,5,1}. 
0087 Criterion B. Minimize the maximum number of 
comparisons for reading a single bit of a cell using Static 
reading. 
0088. In a cell that uses static reading with a single 
comparator, the maximum time required for reading any bit 
of a cell increases with the maximum number of compari 
Sons of any bit. Therefore a good criterion for Selecting an 
ordering is to minimize the maximum number of compari 
Sons for any bit. 
0089 For the 2-bit case this maximum number is two for 
{3,2,0,1} and three for the other two alternatives. Therefore 
{3,2,0,1} is optimal according to this criterion too. 
0090 For the 3-bit case, Appendix A lists ten optimal 
orderings under this criterion, with a maximum number of 
comparisons of three: {7,6,2,4,5,1,3,0}, {7,6,2,4,5,3,10}, 
{7,6,4,2,3,5,1,0}, {7,6,4,0,2,3,5,1}, {7.6.4,0.5,1,3,2}, {7,6, 
4.5,1,3,2,0}, {7,6,5,1,3,2,4,0}, {7,5,6,2,3,14,0}, {7,3,6,4,5, 
1,2,0} and {7,3,6,4,5,10,2}. 
0091. A complete enumeration of all valid 4-bit orderings 
shows that the minimum for this criterion is five compari 
Sons. Some of these orderings are listed in Appendix B. 
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0092 Criterion C. Minimize the minimum number of 
comparisons for reading a single bit of a cell, using Static 
reading. 
0093. In a cell that uses static reading with a single 
comparator, the minimum time required for reading any bit 
of a cell increases with the minimum number of compari 
Sons of any bit. Therefore a good criterion for Selecting an 
ordering is to minimize the minimum number of compari 
Sons for any bit. 
0094) For the 2-bit case this minimum number is one, and 
is the same for all three valid orderings. For the 3-bit case 
Appendix A shows that the best minimum number is again 
one, but there are many orderings that result in a higher 
minimum number, meaning a slower reading operation. 
0.095 A complete enumeration of all valid 4-bit orderings 
shows that the minimum for this criterion for the 4-bit case 
also is one comparison. Some of these orderings are listed in 
Appendix B. 
0096. The method of Takeuchi mentioned above results 
in an ordering that gives the upper bit only one comparison 
(note that Takeuchi uses a terminology that is the opposite 
of the one we use: he calls the first bit that is written into the 
cell “the upper bit” and not “the lower bit'. We continue to 
use our terminology when discussing Takeuchi method). 
This implies that the Takeuchi method may be considered 
optimal in this sense. However, the Takeuchi method is 
based on assigning the States in a very simple and Straight 
forward manner-writing the first bit brings the threshold to 
one of the two left-most States, writing the Second bit brings 
the threshold to one of the four left-most states, writing the 
third bit brings the threshold to one of the eight left-most 
states, and writing the M-th bit brings the threshold to one 
of the 2 left-most bits. The way this is done (see FIGS. 
90A to 90E in Takeuchi) always results in the trivial serial 
ordering in which we start with the highest value for the 
left-most State and go down by one on each move to the 
right. For example, the Takeuchi ordering for the 3-bit case 
is {7,6,5,4,3,2,1,0), and the Takeuchi ordering for the 4-bit 
case is {15,14,13,12,11,10,9,8,7,6,5,4,3,2,1,0}. 
0097 Such an ordering requires one comparison for the 
last bit to be written into the cell, three comparisons for the 
next-to-last bit, seven comparisons for the third bit from the 
end, and 2-1 comparisons for the M-th bit from the end. 
While it is true the Takeuchi ordering provides one bit with 
only one comparison, the first bit to be written into the cell 
has the highest number of comparisons possible (seven for 
the 3-bit case, 15 for the 4-bit case). This creates a large 
difference in the reading time of different bits of the cell and 
is not desirable, and therefore Such ordering is not consid 
ered optimal in Spite of having one bit with the minimal 
number of comparisons. 
0098. We use herein the term “serial assignment” for 
referring to an assignment that results in an ordering Such as 
Takeuchi, having the form {2-1,2-2, . . . , 4.3.2.1.0}. 
The corresponding bit ordering is called herein a “serial' bit 
ordering. All other orderings are called “nonserial’ herein. 
0099 Criterion D. Achieve equal number of comparisons 
for reading a single bit of a cell (regardless which bit is 
read), using static reading. 
0100. In a cell that uses static reading with a single 
comparator, it might be beneficial to have all bits being read 
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using the same number of comparisons, So as to provide the 
Same response time regardless of which bit is being read. 
Therefore a good criterion for Selecting an ordering is to 
achieve the Same number of comparisons for all bits. 

0101 For the 2-bit case no ordering satisfies this crite 
rion. For the 3-bit case Appendix Ashows that there are four 
orderings in which all bits require three comparisons: {7,6, 
2,4,5,1,3,0}, {7,6,2,4,5,3,1,0}, {7,6,4,2,3,5,1,0} and 7.6.5, 
1,3,2,4,0}. 
0102) Obviously, there can be no 4-bit ordering with a 
total of 15 comparisons in which all bits have the same 
number of comparisons, because 15 is not divisible by 4. 
Appendix C lists all 4-bit valid orderings with a total of 16 
comparisons in which the difference between the lowest and 
highest bit is not more than two comparisons, and we see 
that even in this case there is no valid ordering which 
Satisfies this optimization criterion. The best that can be 
achieved is a difference of two comparisons between the bit 
with the lowest number of comparisons and the bit with the 
highest number of comparisons. Actually, if there is a Strong 
desire to get as close as possible to an equal spread of 
comparisons over all bits, one would do better to choose a 
17-comparison 4-bit ordering. Appendix D lists all valid 
orderings with a total of 17 comparisons in which the 
difference between the lowest and highest bit is not more 
than one comparison, and one can see that there are really 
orderings in which the difference between lowest and high 
est is only one comparison, resulting in more constant 
reading response time than can be achieved with either a 
15-comparison ordering or a 16-comparison ordering. 

0.103 Criterion E. Minimize the number of comparisons 
for Sequentially reading all bits in a cell, using dynamic 
reading. 

0104. This is the equivalent of criterion A, but for 
dynamic reading. 

0105 For the 2-bit case, all valid orderings result in the 
Same number of comparisons and therefore there is no one 
optimal ordering. 

0106 For the 3-bit case, Appendix A shows that there is 
one optimal ordering (7,6,4,5,1,3,2,0}), with a total of five 
comparisons. There also are many orderings with a total of 
Six comparisons. 

0107 A complete enumeration of all valid 4-bit orderings 
shows that the minimum for this criterion for the 4-bit case 
is nine comparisons. Some of these orderings are listed in 
Appendix B. 

0108 Criterion F. Minimize the maximum number of 
comparisons for reading a single bit of a cell, using dynamic 
reading. 

0109) This is the equivalent of criterion B, but for 
dynamic reading. 

0110 For the 2-bit case, all valid orderings result in the 
same number of comparisons (two) and therefore there is no 
one optimal ordering. 

0111 For the 3-bit case, Appendix A shows that there are 
ten optimal orderings with a maximum number of compari 
sons of two: {7,6,2,4,5,1,3,0}, {7,6,2,4,5,3,1,0}, {7,6,4,2,3, 
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5,1,0}, {7,6,4,0,2,3,5,1}, {7.6.4,0.5,1,3,2}, {7,6,4,5,1,3,2, 
0}, {7,6,5,1,3,2,4,0}, {7,5,6,2,3,14,0}, {7,3,6,4,5,1,2,0} 
and {7,3,6,4,5,10,2}. 
0112 A complete enumeration of all valid 4-bit orderings 
shows that the minimum for this criterion for the 4-bit case 
is three comparisons. Some of these orderings are listed in 
Appendix B. 

0113 Criterion G. Minimize the minimum number of 
comparisons for reading a single bit of a cell, using dynamic 
reading. 

0114. This is the equivalent of criterion C, but for 
dynamic reading. 

0115 For the 2-bit case, all valid orderings result in the 
same minimum number of comparisons (one) and therefore 
there is no one optimal ordering. 

0116 For the 3-bit case, Appendix A shows that the best 
minimum number is again one, but there are many orderings 
that result in a higher minimum number, meaning a slower 
reading operation. 

0117. A complete enumeration of all valid 4-bit orderings 
shows that the minimum for this criterion for the 4-bit case 
is one comparison. Some of these orderings are listed in 
Appendix B. 

0118 Criterion H. Achieve equal number of comparisons 
for reading a single bit of a cell (regardless which bit is 
read), using dynamic reading. 
0119) This is the equivalent of criterion D, but for 
dynamic reading. 

0120 For the 2-bit case no ordering satisfies this crite 
rion. For the 3-bit case, Appendix Ashows that there are nine 
orderings in which all bits require two comparisons: {7,6, 
2,4,5,1,3,0}, {7,6,2,4,5,3,1,0}, {7,6,4,2,3,5,10}, {7.6.4.0.2, 
3,5,1}, {7.6.4,0.5,1,3,2}, {7,6,5,1,3,2,4,0}, {7,5,6,2,3,14, 
0}, {7,3,6,4,5,1,2,0} and {7,3,6,4,5,10,2}. 
0121 Appendix E lists some valid 4-bit orderings for 
which the difference between the largest number of com 
parisons and the Smallest number of comparisons is 1. 

0.122 One point of clarification should be added to the 
definition of the concept of valid allocations and valid 
orderings. It is assumed above that any intermediate Step 
resulting from programming only Some of the bits of a cell 
(but not all) is identical to the state that would be created if 
the still not written bits will be written as “1”. In other 
words, programming the last bits of a cell to “1” is actually 
“doing nothing” but keeping the cells State unchanged. This 
is really a convenient way to implement the cell, and this is 
how typical MBC cells are currently built. However, it is 
possible to design an MBC cell a bit differently. If we 
assume the cell is always programmed with the full number 
of bits it can Store, we can rely on the last programming 
operations to shift the State (the threshold voltage) even if a 
“1” is to be programmed. This means, for example, that a 
4-bit MBC that was programmed with three “0” bits and is 
waiting to be programmed with the fourth bit will have a 
different State than the same cell after being programmed 
with “0001'. In such a design either we do not allow not 
programming all bits, or we devise a different reading 
scheme for reading cells that were not “filled” with all bits. 
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0123 FIGS. 2-4, as well as the examples and explana 
tions above, all assume the first implementation. For the 
Second implementation it is still not allowed to decrease the 
threshold voltage (that is—to move left on the Voltage axis) 
when programming each bit, but there may be more flex 
ibility in the Sense that transitions that are impossible in the 
first implementation are possible in the Second one. There 
fore the concept of “validity” still is applicable, but the exact 
rules of which ordering or allocation is valid and which is 
not may be different. Unlike the first implementation, to 
which the precedence trees of FIGS. 2-4 apply, it is not 
possible here to draw similar generic diagrams, as the rules 
depend on the exact way the intermediate States are defined. 
The more to the right an intermediate State is, the fewer 
transitions from it remain valid. 

0.124. It should be understood that all the methods of the 
first implementation of the present invention are equally 
applicable to the Second implementation, except that the 
validity of an allocation or ordering must be checked against 
its specific transition rules and not against FIGS. 2-4. 
0.125 Criteria A-H relate to performance issues. How 
ever, it may be the case that reliability issues are much more 
important than performance. In Such case one should opti 
mize the Selection of the allocation and encoding according 
to its influence on the number and distribution of expected 
bit errors when reading the data stored in the cell. The 
following embodiment of the present invention attains this 
end. 

0.126 When reading the values of the bits previously 
stored in an MBC cell we are attempting to find out in which 
of the voltage bands is the cell located. After the band is 
found, it is converted into the corresponding bits represented 
by that band according to the allocation and ordering used 
when writing the cell. It might happen that an error had 
occurred and the cells State was changed since it was 
written. The most common Source of Such an error in a flash 
cell is the leakage of electrons Stored in the cell's floating 
gate. This will typically result in the threshold voltage of the 
cell Shifting a bit, resulting in the cell moving from the band 
it was written into to another band. There are also other error 
mechanisms in flash cells, for example disturbances of 
various kinds (e.g. write disturb, read disturb) in which an 
operation that is not intended to change the State of a certain 
cell unintentionally changes the State of that cell because of 
Side-effects of the Signals and Voltages applied to neighbor 
ing cells or to the same cell. 
0127 Extensive tests of statistics of flash MBC errors 
have shown that the overwhelming majority of errors 
involve the shift of the cells state by one band along the 
voltage axis. For example, assuming the 2-bit MBC of FIG. 
1B, a cell programmed to the “00” state might eventually be 
read to be in the immediately neighboring “01” or “10” 
states, but almost never in the “11” state that is two states 
away from the written state. Similarly, in a 4-bit MBC whose 
states ordering is {15,14.12.13,9,8,10,113.2,0.4,6,7,5,1} if 
the cell was written to State 3 we can expect the most 
common errors to bring it to either State 11 or State 2, both 
of which are the immediate neighbors of state 3. Only rarely 
does an error lead to reading the cell as being in any of the 
other 13 states. 

0128 Let us investigate the effect of such an error in 
which a cell is read in a different State than the one it was 
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written in. We start with the simple case of the 2-bit MBC 
of FIG. 1B. If the written state was “OO’ and the read State 
is "01", we shall correctly report the upper bit to be “0” but 
the lower bit will be wrong: we shall get a “1” instead of “0”. 
If the written state was “00' and the read state is “10”, we 
shall correctly report the lower bit to be “0” but the upper bit 
will be wrong: we shall get a “1” instead of “0”. We are not 
exploring the implications of a “00” to “11” error because, 
as we explained above, this 2-States-away error is rare. 
0129. The above argument could lead us to the conclu 
Sion that each error in reading the cells State results in one 
bit being wrong. However, this is an incorrect conclusion. 
Let us examine a 2-bit MBC using the ordering of Tanaka 
({11,10.01.00). Suppose the physical phenomenon is 
exactly the same as in the previous example-the cell was 
written to be in the third state from the left and ended up 
being in the Second State from the left. In the previous 
example this meant a transition from “00” to “10”. However, 
in this case there is a different bit assignment which makes 
this error correspond to a shift from “01” to “10”. What we 
end up with are errors in both lower and upper bits-the 
lower bit is reported as “0” instead of “1” and the upper bit 
is reported as “1” instead of “0”. So we see that the selection 
of bit allocation and ordering has an influence on the number 
of bit errors we shall get when reading the Stored data. 
0130 Let us now look at the more complicated case of a 
4-bit MBC. Consider a 4-bit cell using the serial ordering of 
{15,14,13,12,11,10,9,8,7,6,5,4,3,2,1,0}. Suppose the cell 
was written as “0” and read as “1”. This means we wrote 
“OOOO’ and read “0001. So the lowest bit is in error but the 
other three bits are Still correct. One State error was trans 
lated into one bit error. This seems a good result, So is this 
Specific ordering a good one? Suppose now the cell was 
written as “1” and read as “2. This means we wrote “OOO1 
and read "0010”. So now the two lowest bits are in error, 
while the two upper bits are correct. One State error was 
translated into two bit errors. This certainly raises questions 
about the optimality of this ordering, So let us continue the 
analysis. Suppose the cell was written as “3' and read as “4”. 
This means we wrote “O011 and read “O100'. Now all three 
lowest bits are in error, leaving only the upper bit correct. 
One State error was translated into three bit errors, certainly 
not a good result. But we are not finished yet. Suppose the 
cell was written as “7” and read as “8”. This means we wrote 
“O111’ and read “1000'. Now all four bits are incorrect. One 
State error was translated into four bit errors, showing that 
the Serial ordering is not a good one when considering the 
Storage bit error rate. 
0131) To see that such "error amplification” is not inevi 
table and there really are orderings that are better than the 
serial ordering, let us return to the 15,14,12,13,9,8,10,11, 
3.2,0.4,6,7,5,1} ordering already mentioned above. By try 
ing out each and every one-state-away error we verify the 
following fact: each State error results in exactly one bit 
error. Let us write down all the possible State transitions to 
show this fact: 

0132) i. 15<-->14, “1111"<-->“1110”, only lowest 
bit affected 

0133) ii. 14-->12, “1110”<-->“1100", only second 
lowest bit affected 

0134) iii. 12<-->13, “1100”<-->“1101", only lowest 
bit affected 
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0135) iv. 13-->9, “1101"<-->“1001", only second 
highest bit affected 

0136 v. 9.<-->8, “1001”<-->“1000", only lowest bit 
affected 

0137 vi. 8<-->10, “1000”<-->“1010”, only second 
lowest bit affected 

0138 vii. 10<-->11, “1010”<-->“1011", only lowest 
bit affected 

0139 viii. 11<-->3, “1011".<-->"0011”, only highest 
bit affected 

0140) ix.3<-->2, “0011”<-->"0010”, only lowest bit 
affected 

0141 x. 2<-->0, “0010”<-->"0000", only second 
lowest bit affected 

0142 xi. 0<-->4, “0000"<-->"0100”, only second 
highest bit affected 

0143 xii. 4-->6, “0100”<-->“0110”, only second 
lowest bit affected 

014.4 xiii. 6-->7, “0110”<-->“0111", only lowest 
bit affected 

014.5 xiv. 7.<-->5, “0111”<-->“0101", only second 
lowest bit affected 

0146 xv. 5<-->1, “0101"<-->“0001", only second 
highest bit affected 

0.147. It is important to understand that what we are 
comparing are different orderings over the Same physical 
cells. The physical phenomena which are the Source of the 
errors are not affected by how we interpret the States to 
represent bits. The number of cells that end up being in an 
incorrect State is dictated by the laws of physics and not by 
the bit assignments. Nevertheless, the same physical fact of 
a given number of erroneous cells translates into different 
numbers of erroneous bits depending on the way the bits 
were allocated to the physical States. So a flash memory 
designer has an influence on the bit error rate of the data and 
can reduce the number of bit errors using an appropriately 
optimized bit allocation. 
0.148. As it is obvious that each error in a cell's state must 
generate at least one bit error (or otherwise two different 
States would represent exactly the same bits), we conclude 
that the above {15,14,12,13,9,8,10,11.3.2,0.4,6,7,5,1} 
ordering is optimal in this Sense. We define an ordering to be 
"error-rate optimal” if it satisfies the condition that every 
error in reading the cells State that results in reading an 
incorrect State that is one State away from the correct State 
generates exactly one bit error. It is easy to identify Such an 
ordering: when looking at the ordering as a Sequence of 
binary numbers, the difference between any two directly 
adjacent numbers is limited to one bit position. Any ordering 
Satisfying this condition is error-rate optimal, and any order 
ing that is error-rate optimal must have this feature. This 
type of binary coding is well known in the mathematical 
literature and is called a “Gray code”, after the inventor of 
U.S. Pat. No. 2,632,058, which patent is incorporated by 
reference for all purposes as if fully set forth herein. 
014.9 There is another way to look at the above error rate 
optimality condition that is Sometimes easier to work with, 
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based on the notion of “transitions' as defined above. As we 
saw above, the number of bit errors generated in a certain bit 
position of a cell depends on the way the value of the bit 
changes when moving from State to State along the threshold 
Voltage axis. As a first example let us consider the 2-bit 
MBC case with the ordering of {3,2,0,1}. Writing that same 
ordering using binary notation provides {11, 10,0001}. Now 
we separate the bits, each into its own Sequence. When we 
move along the States from left to right the lower bit passes 
through the values {1,0,0,1} while the upper bits passes 
through {1,1,0,0). It is easy to see that whenever there is a 
transition in the sequence of a bit, this bit will be in error if 
a State error occurs at that position. For example, if a State 
error moves this 2-bit cell between the second and third 
states, the lower bit will not be in error (no transition at this 
point in {1,0,0,1) but the upper bit will be in error (there is 
a transition at the middle of {1,1,0,0). Similarly, let us look 
at a 3-bit cell with the ordering 7.6.2.4,0.5,3,1}= {111,110, 
010,100,000,101,011,001 that produces the sequence {10, 
0,0,0,1,1,1} for the lower bit, {1,1,1,0,0,0,1,0) for the 
middle bit, and {1,1,0,1,0,1,0,0) for the upper bit. A state 
error between the third and fourth states from the right 
results in bit errors in both the lower and upper bits but not 
in the middle bit, as there are transitions at this point at the 
lower and upper bits Sequences but not at the middle bit 
Sequence. 

0150. The implication of this is that location of transi 
tions in the Sequence of a bit position determines if it will 
incur an error upon a State error at that position. If we 
assume that all the States of a cell are equally likely to occur 
when the cell is used (in other words we have no prior 
knowledge of the data stored in the cells) and also that the 
State errors in both directions (right and left) are approxi 
mately equally likely to occur, then we can conclude that the 
probability of an error in a certain bit is directly proportional 
to the number of transitions along its Sequence. Also, the 
total probability of a bit error in any bit position is directly 
proportional to the total number of transitions in all the bit 
Sequences together. This leads to the conclusion that the 
lower the total number of transitions, the better is the 
ordering from the bit errors point of view. AS we previously 
concluded that an optimal ordering generates exactly one bit 
transition from each State transition, an equivalent condition 
for an ordering to be optimal is that the total number of bit 
transitions is equal to the number of States minus one. For a 
3-bit MBC this means the total number of transitions is 7, 
and for a 4-bit MBC this means the total number of 
transitions is 15. To Summarize-an ordering is error-rate 
optimal if and only if its total number of transitions over all 
bit positions is equal to the number of States of the cell minus 
Oc. 

0151. It is interesting to note that the above error rate 
optimality condition is equivalent to performance optimality 
criterion A, the minimization of the number of comparisons 
for Sequentially reading all bits in a cell using Static reading. 
Any ordering that is optimal according to that criterion is 
also optimal according to the bit error rate criterion, and Vice 
WCS. 

0152 From Appendix A one can see there are only two 
valid orderings that are error-rate optimal for a 3-bit MBC: 
{7,6,4,5,1,0,2,3} and {7,6,4,5,1,3,2,0}. For the 4-bit MBC 
case one can see by complete enumeration of all valid 
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orderings that there are 36 valid orderings that are error-rate 
optimal, as listed in Appendix B. 
0153. We showed above that the 4-bit ordering of {15, 
14,12,13,9,8,10,11,3,2,0,4,6,7,5,1} is optimal for bit errors 
reduction. If we take 15 cells of 4 bits each using that 
ordering and cause each one of them to exhibit one of the 15 
possible state errors (for this purpose we consider errors of 
crossing the same boundary between States to be the Same, 
regardless if the crossing is left-to-right or right-to-left), the 
total number of bit errors in all cells will be 15, which is the 
lowest number possible. 
0154) Let us look at which bit positions (out of the 4 bit 
positions of the cells) these 15 bit errors appear. We already 
listed above which one of the 4 bits of the cell is affected 
upon each of the state errors. We see that the lowest bit 
Suffers an error in 6 of the cases, the second lowest bit in 5 
of the cases, the Second highest bit in 3 of the cases, and the 
highest bit in one case. This means that the distribution of 
the bit errors between the bit positions is not even, so that 
Some bit positions encounter many more errors than others. 
O155 Consider the case in which each bit position of a 
4-bit MBC belongs to a different logical page. Suppose the 
flash memory architecture is based on groups of 15,000 cells 
each Storing 4 bits, So each group Stores 4 pages of 15,000 
bits. Suppose further that the probability of a state error is 1 
in 1,000, that is-on average one cell out of each 1,000 cells 
will be read in an incorrect State. If the ordering used is 
error-rate optimal, each state error generates exactly one bit 
error and therefore the bit error rate is also 1 per 1,000 cells 
and there will be on average 15 bit errors when reading the 
full group. However, the distribution of those 15 bit errors 
is not even-instead of each of the 4 pages including 
15/4=3.75 errors on average, we have one page with 15*6/ 
15=6 errors, one page with 155/15=5 errors, one page with 
15*3/15=3 errors, and one page with 15* 1/15=1 error 
(again, we assume here all State errors are equally likely to 
occur). 
0156. At first thought one might say this uneven distri 
bution is not important-after all why should we care where 
are the errors located if their total number is the same. But 
Suppose that we have to design Error Correction Code 
(ECC) circuitry for correcting the errors in the data read 
from the flash memory. As a page is the unit of data that is 
read at one time, the correction circuitry should be designed 
to handle one page at a time. If the errors were distributed 
evenly among the pages residing in the same cells then the 
expected error rate when reading each Single page (specified 
in bit errors per bits read) would be the same as the expected 
error rate calculated over the 4 pages together. In the above 
example this results in 3.75 bit errors per each page of 
15,000 bits. But if the errors are distributed as in the 
{15,14,12,13,9,8,10,11.3.2.0,4,6,7,5,1} ordering, we have 
different error rates for different pages: one page with an 
average of 6 errors, one page with an average of 5 errors, one 
page with an average of 3 errors, and one page with an 
average of 1 error. 
O157 The expected average of bit errors is a most crucial 
factor in the design of ECC circuitry. The larger the number 
of expected errors, the more redundancy is needed for 
Storing extra parity or check bits, and the more complex is 
the circuitry for both encoding and decoding the Stored bits. 
When working with relatively high error rates (1 per 1,000 
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and higher) the dependency of ECC complexity and redun 
dancy cost, on the error rate is quite Significant, and it is 
highly advantageous if one can Somehow reduce the bit error 
rate one has to protect against. Therefore, from the ECC 
design point of View the two cases of even and uneven errors 
distribution among the pages are very much different. In the 
even case the design has to protect against an expected 
average number of 3.75 errors per page, while in the uneven 
case the design must protect against an expected average 
number of 6 errors per page, which is a much more difficult 
and costly task. 
0158. The bottom line of all this is that while the error 
rate optimal ordering {15,14,12,13,9,8,10,11.3.2.0.4.6.7.5, 
1} is an optimal ordering when looking at the total number 
of errors, it is not optimal when looking at each page 
Separately. In order to Satisfy both optimality criteria we 
need to find a valid ordering that Satisfies the following two 
conditions: 

0159. a. The total number of transitions is the lowest 
possible. In other words, the ordering is error-rate 
optimal. 

0160 b. Those transitions are evenly spread over the 
different bit positions. 

0161 For the 3-bit MBC case the minimal number of 
transitions is 7. Unfortunately 7 is not divisible by 3, so there 
is no way to achieve an optimal overall error rate with 
completely even distribution. The best we can hope for is an 
ordering with one bit having 3 transitions and the other two 
bits having two transitions each. 
0162 For the 4-bit MBC case the minimal number of 
transitions is 15. Unfortunately 15 is not divisible by 4, so 
there is no way to achieve an optimal overall error rate with 
completely even distribution. The best we can hope for is an 
ordering with one bit having 3 transitions and the other 3 bits 
having 4 transitions each. Returning to our previous 
example, Such ordering will result in one page having 3 
errors and 3 pages having 4 errors, as compared with overall 
average of 3.75 errors per page. 
0163 We define an ordering to be “evenly distributed” if 
the ordering results in the number of transitions of any bit 
position being different from the number of transitions of 
any other bit position by no more than one transition. 
0164. Appendix A lists all valid orderings of the 3-bit 
MBC case. We already mentioned above only two of these 
orderings are error-rate optimal. However we find out nei 
ther of these two Satisfies the even distribution requirement. 
{7,6,4,5,1,0,2,3} has a distribution of (4.2.1) transitions, 
while 7.6,4,5,1,3,2,0} has a distribution of (3,3,1) transi 
tions. 

0.165. Appendix B lists all valid 4-bit orderings that are 
error-rate optimal. There are 36 of those. Again we realize 
none of them is evenly distributed, or even close to evenly 
distributed. The most evenly distributed orderings have a 
distribution of (5,5,4,1) transitions, and this is very far from 
our goal. 
0166 One could wonder why we can’t find an ordering 
that has the minimal number of transitions but is more 
evenly distributed. Indeed, Appendix F lists some 3-bit 
orderings which have a (3.2.2) distribution. Appendix G lists 
some 4-bit orderings which have a (4.4.4.3) distribution. 
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However, not a Single one of these evenly-distributed order 
ings is valid, and therefore none of them can be used for 
representing bit encodings in the MBC. Recalling from 
above, a non-valid ordering is one in which there are cases 
in which a bit cannot be written because writing the bit 
would require moving the cell's threshold to the left (i.e. 
lowering the threshold voltage), which is not possible. 
0167 For example, the 4-bit ordering {15, 11,3,1,0,2,6, 
14,10,8,9,13,12,4,5,7 is shown in Appendix G to have a 
distribution of (4.4.4.3). However, Suppose we have to write 
a value of "0000” into a cell, one bit at a time. In order to 
achieve this, we first have to program the lowest bit (getting 
to an intermediate value of “1110'="14"), then program the 
Second lowest bit (getting to an intermediate value of 
“1100"-"12"), then program the second highest bit (getting 
to an intermediate value of “1000'-“8”), and then finally 
program the highest bit and get to our desired value of 
“0000”. In the third stage of this sequence the cell should 
move from state “12” to state “8”. In the last stage of this 
sequence the cell should move from state “8” to state “0”. 
But state 12 lies to the right of state 8 and state 8 lies to the 
right of State 0 in this ordering, So these changes of State are 
impossible to do. 
0168 So we see we are facing a dilemma. On the one 
hand we wish to use an ordering that is both error-rate 
optimal and evenly distributed, while on the other hand we 
need to use a valid ordering, and there is no ordering 
Satisfying both requirements. 
0169. The following aspect of the present invention 
allows us to achieve the goals of error-optimal and even 
distribution without violating the validity requirement 
imposed by the cell's physical method of operation. The 
Solution is based upon a distinction to be made between the 
physical representation of the bits in the cells and their 
logical meaning as interpreted by the user of the data. The 
validity restriction is imposed by the physical level, while 
the error rate restriction is imposed by the logical level. 
Therefore we Solve the Seemingly contradictory require 
ments by using a different ordering at the logical level than 
at the physical level. 
0170 When physically storing the bits into the cells 
(physical level) we use an ordering that is valid and is also 
error-rate optimal, but is not necessarily evenly distributed. 
When inputting and outputting data to/from the flash 
memory (logical level) we use an ordering that is evenly 
distributed and also error-rate optimal, but is not necessarily 
valid. We establish a one-to-one mapping between the two 
orderings and Switch between them before accessing the 
cells for writing or after accessing the cells for reading. 

0171 The method is best understood with reference to a 
specific example. ASSume we choose {15,14,12,13,9,8,10, 
11.3.2.0,4,6,7,5,1} as our physical-level ordering and {15, 
11.3,1,0,2,6,14.10,8,9,13,12,4,5,7 as our logical-level 
ordering. The following table shows the correspondence 
between the two levels, and is used as a translation table for 
both writing and reading, as will be explained below. The 
left column of the table lists each of the physical states the 
cell can be in, Starting from the left-most State number 15 
(representing the erased State) up to the right-most State 
number 0 having the highest threshold Voltage. Actually this 
column is not required for using the table, but is shown for 
clarity. The center column of the table is titled “Logical level 
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interpretation' and shows how the logical level ordering is 
matched to the physical States of the cell. The right column 
of the table is titled “Physical level interpretation” and 
shows how the physical level ordering is matched to the 
physical States of the cell. 

Physical state Logical level interpretation Physical level interpretation 

15 15 15 
14 11 14 
13 3 12 
12 1. 13 
11 O 9 
1O 2 8 
9 6 1O 
8 14 11 
7 1O 3 
6 8 2 
5 9 O 
4 13 4 
3 12 6 
2 4 7 
1. 5 5 
O 7 1. 

0172 Let us see what can be learned from studying the 
table. If a cell is in the right-most (highest threshold Voltage) 
state 0, then we are to look at the last row in the table 
corresponding to physical State number 0. We See there that 
the logical level interpretation of this physical State is 
“7”="0111’, and therefore Such a cell contains data which to 
the user of the storage system means “0111'. The physical 
level interpretation of that Same State is shown in the table 
to be “1'="0001', and this is what the physical layer has to 
write into the cell in order to guarantee the writing can be 
completed without violating the validity conditions. 

0173 Returning now to the drawings, FIG. 5 is a flow 
chart of writing to a cell according to this aspect of the 
present invention. Suppose the user of the Storage System 
requests to write the bits “0111”="7" into a cell (block 10). 
Locate the value 7 in the center (“logical”) column of the 
table (block 12). Move to the right (“physical') column of 
the same row, and find the corresponding physical level 
interpretation ("0001'="1" in this example) (block 14). This 
is what is actually written into the cell (block 16). It should 
be understood that the physical mechanism of the cells is 
designed to work according to the physical level ordering 
shown in the right column of the table. So instructing the 
physical writing mechanism to write a “1” results in the cell 
being brought to the rightmost State. By identifying the 
sequence of the 15-13-9-1 branch of FIG. 4 in the right 
column of the table, we see that the intermediate States on 
the way to the rightmost state are the fourth state from the 
left when the second lowest bit is programmed and the fifth 
state from the left when the second highest bit is pro 
grammed. Programming the highest bit puts the cell in the 
rightmost State. 

0.174 FIG. 6 is a flowchart of reading a cell according to 
this aspect of the present invention. Suppose the user of the 
Storage system requests to read the cell written above (block 
20). Doing the reading at the physical level returns a value 
of “1”. Locate this value in the right column of the table 
(block 22). Move to the center column of the same row, and 
find the corresponding logical level interpretation (“0111'= 
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“7” in this example) (block 24). This is what is returned to 
the user (block 26), and indeed this is what the user had 
previously Stored in that cell. 
0.175. The advantage of this dual-level system is seen 
when we consider the example that was used above to 
demonstrate the difficulty with the logical level ordering: 
writing a value of “0” that required an intermediate step of 
writing “8” which was impossible to do because it required 
reducing the cell's threshold voltage from the threshold 
voltage of the state that represented “12'. Using the dual 
level method writing a logical value of “0” is translated into 
writing a “9” at the physical level, and as the physical level 
ordering is valid, there will be no difficulty in writing this 
value (or indeed any other value) into the cell. Indeed, as 
Seen in FIG. 4, programming an initially erased cell to 
contain “9 passes only through the intermediate value of 
“13", and “13” is to the left of “9” in the physical level 
ordering. 

0176). In order to employ the methods of this aspect of the 
present invention there is a need to have a translation Stage 
carried out in both writing and reading. It is possible in 
principle to have this translation carried out by Software, 
where the Software is executed by a host computer (where 
the flash memory is controlled directly by the host) or by a 
Stand-alone controller (where the flash memory is controlled 
by a controller in the flash device that serves as the interface 
for the host). FIG. 7 is a high-level block diagram of a 
system 30 according to the first case. FIG. 8 is a high-level 
block diagram of a System 40 according to the Second case. 
0177. In system 30, a host computer 32 executes flash 
management Software 34 to manage the flash memory of a 
flash memory device 38. Flash management software 34 
includes a translation module 36 for translating between 
logical level ordering and physical level ordering as illus 
trated in FIGS. 5 and 6. 

0.178 In system 40, a host computer 42 sends read and 
write instructions to a flash memory device 52. Flash 
memory device 52 uses a flash controller 44 to manage a 
flash memory 50 by executing flash management software 
46. Flash management Software 46 includes a translation 
module 48 for translating between logical level ordering and 
physical level ordering as illustrated in FIGS. 5 and 6. 
0179 Implementing the translation in software is ineffi 
cient, especially when taking into account that the transla 
tion has to be applied to each and every cell that is to be 
written or read. Therefore it is better to have the translation 
performed in hardware, either within a Stand-alone control 
ler die or within the same die as the flash cells. FIG. 9 is a 
high-level block diagram of a System 60 according to the 
first case. FIGS. 10 and 11 are high-level block diagrams of 
a system 80 and of a system 100 according to the second 
CSC. 

0180. In system 60, a host computer 62 sends read and 
write instructions to a flash memory device 72. Flash 
memory device 72 uses a flash controller 64 to manage a 
flash memory 70 by executing flash management software 
66. When flash controller 64 writes to flash memory 70, 
logical level ordering generated by flash management Soft 
ware 66 is translated to physical level ordering by translation 
hardware 68 in flash controller 64 as illustrated in FIG. 5. 
When flash controller 64 reads from flash memory 70, 



US 2005/0213393 A1 

physical level ordering received from flash memory 70 is 
translated to logical level ordering by translation hardware 
68 as illustrated in FIG. 6. 

0181. In system 80, a host computer 82 sends read and 
write instructions to a flash memory device 92. Flash 
memory device 92 uses a flash controller 84 to manage a 
flash memory 90 by executing flash management software 
86. When flash controller 84 writes to flash memory 90, flash 
memory 90 receives logical level ordering from flash con 
troller 84 and translation hardware 88 in flash memory 90 
translates the logical level ordering to physical level order 
ing as illustrated in FIG. 5. When flash controller 84 reads 
from flash memory 90, translation hardware 88 translates the 
physical level ordering of flash memory 90 to logical level 
ordering for presentation to flash controller 84, as illustrated 
in FIG. 6. 

0182. In system 100, a host computer 82 executes flash 
management Software 104 to manage a flash memory device 
110. Host computer 102 reads and writes flash memory 
device 110 according to logical level ordering. When host 
computer 102 writes to flash memory device 110, translation 
hardware 106 in a flash memory 108 of flash memory device 
110 translates the logical level ordering to physical level 
ordering as in FIG. 5. When host computer 102 reads from 
flash memory device 110, translation hardware 106 trans 
lates the physical level ordering of flash memory 108 to 
logical level ordering for presentation to host computer 102 
as illustrated in FIG. 6. 

0183 It should be understood that no matter what system 
architecture is chosen, the translation requires all the data 
bits, that are targeted to the cells to be written, to be available 
before the writing operation begins. This is So because in 
order to know which row in the translation table we are in 
we need all the bits of the logical data. This means that if for 
example we implement a 4-bit MBC using the methods of 
this invention, the host should have all 4 logical pages that 
will eventually reside in the same group of cells to be 
available before programming can Start. Then the data of any 
one of the 4 pages is viewed as one row in a 4-rows table, 
and then each 4-bit column of the table Serves as an input to 
the translation process described above. The following is an 
example of Such a table, for K cells: 

Lowest page O 1. O 1. 1. 1. 
2" lowest page 1. 1. O 1. 1. O 
2"highest page 1. O O 1. O O 
Highest page O O 1. O 1. O 
Cell # O 1. 2 K-3 K - 2 K - 1 

0184 Cell #0 stores a binary 6, cell # 1 stores a binary 3, 
cell # 2 stores a binary 8, etc. 

0185. In the above discussion we assumed that all state 
errors are equally likely. That is, a cell is equally likely to be 
in any of its possible states (meaning we have no prior 
knowledge of the data to be stored) and also that each of the 
States is equally reliable and has the same probability of 
error. It is possible that either one (or both) of these 
assumptions is not true. In Such case the optimal ordering is 
not necessarily the one providing even spread of transitions 
acroSS the bits, as not all transitions are equally likely to 
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occur. The same principles as discussed above are also 
applicable to that case. The optimal ordering to use in the 
logical level is one in which the overall probability of having 
a transition in any bit position is the same, or as close to this 
as possible. Such an ordering is called herein an ordering 
that evenly distributes the error probabilities of the bits, or 
equivalently, that provides an even distribution of the error 
probabilities of the bits, given the probability distributions 
of the data bits and of the state errors. Note that an ordering 
that evenly distributes the error probabilities of the bits is not 
necessarily an “evenly distributed” ordering, as defined 
above, although as we have Seen if the data bits and the State 
errors are uniformly distributed then an evenly distributed 
ordering does distribute the error probabilities evenly. If the 
ordering resulting from this optimality criteria is valid, it can 
be used as the only ordering at all levels, with no translation 
needed. For example, in the above example of an error-rate 
optimal M=4 bit ordering, {15,14,12,13,9,8,10,11,3,2,0,4,6, 
7.5.1, Suppose that the state transition error probabilities 
are as in the following table: 

State transition Error probability 

i OOOOS 
ii OOOO6 
iii OOOOS 
iv. OOO1 
w OOOOS 
wi OOOO6 
wii OOOOS 
viii OOO3 
ix OOOOS 
X OOOO6 
Xi OOO1 
xiii OOOO6 
xiii OOOOS 
xiv OOOO6 
XV OOO1 

0186 Assume further that all data bits are equally prob 
able. If these probabilities are applied to the above 15,000 
cell example, each page has on the average 0.0003x15,000= 
4.5 errors. For example, the average number of errors in the 
logical page to which the lowest bit is assigned is 15,000 
times the sum of the transition error probabilities of the 
transitions that change the lowest bit. There are Six Such 
transitions: transitions i, iii, V, vii, iX and xiii. Each of these 
transitions has an error probability of 0.00005. So the 
average number of errors in the page that Stores the lowest 
bit is 6x0.00005x15,000=4.5 errors. So in this case the 
{15,14,12,13,9,8,10,11.3.2.0,4,6,7,5,1} bit ordering is valid 
and error-rate optimal and also distributes the bit error 
probabilities evenly, and no translation is needed. However, 
Such optimal ordering may be found to be non-valid and 
therefore not possible to use at the physical cells level. In 
that case we use a translation that maps the logical bit pattern 
to be stored in a cell into a physical bit pattern that is the one 
actually written into the cell and that represents a valid 
ordering, thus achieving a better spread of bit error prob 
ability across the different bit positions while not violating 
the restrictions of the physical cells implementation. 
0187 While the invention has been described with 
respect to a limited number of embodiments, it will be 
appreciated that many variations, modifications and other 
applications of the invention may be made. 
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What is claimed is: 
1. A method of Storing N bits of data, comprising the Steps 

of: 

(a) providing N/M cells, wherein M is at least 3; and 
(b) programming each cell with up to M of the bits 

according to a valid physical bit ordering, and accord 
ing to a logical bit ordering that is different from Said 
physical bit ordering and that distributes error prob 
abilities of said up to M bits more evenly than said 
physical bit ordering. 

2. The method of claim 1, wherein Said programming 
includes, for each cell, translating Said up to Mbits, as listed 
in Said logical bit ordering, into a corresponding entry in Said 
physical bit ordering. 

3. The method of claim 1, further comprising the step of: 
(c) reading said N bits from said cells. 
4. The method of claim 3, wherein Said reading includes, 

for each cell, translating an entry, in Said physical bit 
ordering, that corresponds to a State of Said each cell, into a 
corresponding entry in Said logical bit ordering. 

5. The method of claim 1, wherein said logical bit 
ordering Substantially equalizes probability-weighted num 
bers of transitions of all said up to M bits. 

6. The method of claim 1, wherein both said physical bit 
ordering and Said logical bit ordering have a total number of 
transitions equal to 2-1. 

7. The method of claim 6, wherein M=3 and wherein both 
said physical bit ordering and said logical bit ordering have 
7 transitions. 

8. The method of claim 7, wherein said physical bit 
ordering is one of 7,6,4,5,1,0,2,3} and 7,6,4,5,1,3,2,0}. 

9. The method of claim 6, wherein M=4 and wherein both 
Said physical bit ordering and Said logical bit ordering have 
15 transitions. 

10. The method of claim 6, wherein said logical bit 
ordering is evenly distributed. 

11. The method of claim 10, wherein M=4, wherein a 
number of transitions of any bit of Said logical bit ordering 
is Selected from the group consisting of 3 and 4. 

12. The method of claim 1, wherein said physical bit 
ordering is nonserial. 

13. A memory device comprising: 
(a) a memory that includes K cells, and 
(b) a controller operative to store N bits of data in said 

cells by programming each said cell with up to M=N/ 
K of Said bits according to a valid physical bit order 
ing, and according to a logical bit ordering that is 
different from said physical bit ordering and that dis 
tributes error probabilities of said up to M bits more 
evenly than Said physical bit ordering, wherein M is at 
least 3. 

14. The memory device of claim 13, wherein said con 
troller includes a mechanism for translating between said 
physical bit ordering and Said logical bit ordering. 

15. The memory device of claim 14, wherein said mecha 
nism effects Said translating by executing Software. 

16. The memory device of claim 14, wherein said con 
troller includes dedicated hardware for effecting Said trans 
lating. 

17. The memory device of claim 13, wherein said memory 
includes dedicated hardware for translating between said 
physical bit ordering and Said logical bit ordering. 
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18. The memory device of claim 13, wherein said memory 
is a flash memory. 

19. The memory device of claim 13, wherein said physical 
bit ordering is nonserial. 

20. A System for Storing data, comprising: 
(a) a memory device that includes a memory, said 
memory including K cells, 

(b) a host of said memory device, for providing N bits of 
data to Store; and 

(c) a mechanism for translating, for each said cell, up to 
M=N/K of said bits, as listed in a logical bit ordering, 
into a corresponding entry in a valid physical bit 
ordering that is different from Said logical bit ordering, 
wherein M is at least 3, said each cell then being 
programmed according to Said entry in Said physical bit 
ordering, Said logical bit ordering distributing error 
probabilities of said up to M bits more evenly than said 
physical bit ordering. 

21. The system of claim 20, wherein said mechanism 
effects Said translating by executing Software. 

22. The System of claim 21, wherein Said mechanism is 
included in Said host. 

23. The system of claim 21, wherein said mechanism is 
included in a controller of Said memory, Said controller 
being included in Said memory device. 

24. The system of claim 20, wherein said mechanism 
includes dedicated hardware for effecting Said translating. 

25. The system of claim 24, wherein said mechanism is 
included in Said memory. 

26. The system of claim 24, wherein said mechanism is 
included in a controller of Said memory, Said controller 
being included in Said memory device. 

27. The system of claim 20, wherein said memory is a 
flash memory. 

28. The system of claim 20, wherein said physical bit 
ordering is nonserial. 

29. A method of storing N bits of data, comprising the 
Steps of 

(a) providing N/M cells, wherein M is at least 3; and 
(b) programming each cell with up to M of the bits 

according to a valid physical bit ordering, and accord 
ing to an evenly distributed logical bit ordering that is 
different from Said physical bit ordering. 

30. A memory device comprising: 

(a) a memory that includes K cells, and 
(b) a controller operative to store N bits of data in said 

cells by programming each said cell with up to M==N/ 
K of Said bits according to a valid physical bit order 
ing, and according to an evenly distributed logical bit 
ordering, wherein M is at least 3. 

31. A System for Storing data, comprising: 
(a) a memory device that includes a memory, said 
memory including K cells, 

(b) a host of said memory device, for providing N bits of 
data to Store; and 

(c) a mechanism for translating, for each said cell, up to 
M=N/K of said bits, as listed in an evenly distributed 
logical bit ordering, into a corresponding entry in a 
valid physical bit ordering that is different from said 
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logical bit ordering, wherein M is at least 3, Said each 
cell then being programmed according to Said entry in 
Said physical bit ordering. 

32. A method of storing N bits of data, comprising the 
Steps of: 

(a) providing N/M cells, wherein M is at least 3; and 
(b) programming each cell with up to M of the bits 

according to a valid, nonserial bit ordering that distrib 
utes error probabilities of all said up to M bits substan 
tially evenly. 

33. A memory device comprising: 
(a) a memory that includes K cells, and 
(b) a controller operative to store N bits of data in said 

cells by programming each said cell with up to M=N/ 
K of Said bits according to a valid, nonserial bit 
ordering that distributes error probabilities of all said 
up to M bits substantially evenly, wherein M is at least 
3. 

34. A method of of storing N bits of data, comprising the 
Steps of: 

(a) providing N/M cells, wherein M is at least 3; and 
(b) programming each cell with up to M of the bits 

according to a valid, nonserial, error-rate-optimal bit 
ordering. 
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35. The method of claim 34, wherein a total number of 
transitions in Said bit ordering is a minimum Said number of 
transitions. 

36. The method of claim 34, wherein said bit ordering has 
a total number of transitions equal to 2-1. 

37. The method of claim 36, wherein M=3 and wherein 
Said bit ordering has Seven Said transitions. 

38. The method of claim 37, wherein said bit ordering is 
Selected from the group consisting of 7,6,4,5,1,0,2,3} and 
{7,6,4,5,1,3,2,0}. 

39. The method of claim 36, wherein M=4 and wherein 
Said bit ordering has fifteen Said transitions. 

40. The method of claim 34, wherein said bit ordering is 
evenly distributed. 

41. The method of claim 40, wherien M=4 and wherein 
each bit of Said bit ordering has at least three transitions and 
at most four transitions. 

42. A memory device comprising: 

(a) a memory that includes K cells, and 
(b) a controller operative to store N bits of data in said 

cells by programming each cell with up to M=N/K of 
Said bits according to a valid, nonserial, error-rate 
optimal bit ordering, wherein M is at least 3. 

k k k k k 


