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(57) ABSTRACT 
A method includes, in a data storage device that includes a 
non-volatile memory, reading first data values from memory 
elements of the non-volatile memory using a set of reference 
Voltages that includes a first reference Voltage, and determin 
ing a first error count associated with the first reference volt 
age. The method includes reading second data values from the 
group of memory elements using a set of modified reference 
Voltages that includes a modified first reference Voltage, and 
determining a modified error count associated with the modi 
fied first reference voltage. The method includes updating the 
set of reference voltages to include the first reference voltage 
or the modified first reference Voltage based on a comparison 
of the error count to the modified error count. 
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SYSTEMIS AND METHODS OF UPDATING 
READ VOLTAGES 

CLAIM OF PRIORITY 

0001. The present application claims priority from Indian 
Patent Application No. 2024/CHF/2012 filed on May 22, 
2012, which is incorporated herein in its entirety. 
0002 FIELD OF THE DISCLOSURE 
0003. The present disclosure is generally related to updat 
ing reference Voltages in a data storage device. 

BACKGROUND 

0004 Non-volatile memory devices, such as universal 
serial bus (USB) flash memory devices or removable storage 
cards, have allowed for increased portability of data and soft 
ware applications. Flash memory devices can enhance data 
storage density by storing multiple bits in each flash memory 
cell. For example, Multi-Level Cell (MLC) flash memory 
devices can provide increased storage density by storing 3 
bits per cell, 4 bits per cell, or more. 
0005 Storing multiple bits of information in a single flash 
memory cell typically includes mapping sequences of bits to 
states of the flash memory cell. For example, a first sequence 
of bits “110 may correspond to a first state of a flash memory 
cell and a second sequence of bits “010” may correspond to a 
second state of the flash memory cell. After determining that 
a sequence of bits is to be stored into a particular flash 
memory cell, the particular flash memory cell may be pro 
grammed to a state (e.g., by setting a threshold Voltage) that 
corresponds to the sequence of bits. 
0006. Once memory cells in the memory device have been 
programmed, data may be read from the memory cells by 
sensing the programmed State of each memory cell by com 
paring the cell threshold Voltage to one or more reference 
Voltages. However, the sensed programming states can some 
times vary from the written programmed States due to one or 
more factors, such as data retention and program disturb 
conditions. 

SUMMARY 

0007 Accuracy of reading data stored in a data storage 
device may be improved by updating a set of reference volt 
ages to reduce a count of errors associated with reading the 
stored data. A selection of a first updated reference Voltage 
may be made by comparing an error count of read errors 
associated with a first reference voltage to a modified error 
count of read errors associated with a modified first reference 
voltage. For each of the set of reference voltages, either the 
reference voltage or the modified reference voltage may be 
selected based on a comparison of the error count to the 
modified error count. Each of the selections may be included 
in an updated set of reference Voltages. 
0008 Alternatively, for each reference voltage, the 
updated reference Voltage may be selected from among the 
reference Voltage and several modified reference Voltages 
based on a comparison of the corresponding error counts of 
read errors for the reference voltage and each of the modified 
reference Voltages. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0009 FIG. 1 is a general diagram of a first illustrative 
embodiment of a system including a data storage device that 
updates a set of reference Voltages based on a comparison of 
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an error count associated with each reference Voltage to error 
counts associated with each of one or more modified refer 
ence Voltages, and FIG. 1 graphically illustrates errors asso 
ciated with a reference Voltage due to overlapping of states of 
memory elements; 
0010 FIG. 2 is general diagram of a particular embodi 
ment of a sensing scheme and includes a graphical depiction 
of a cell voltage distribution for states (Er, A. . . . G) of a 
multi-bit storage element of a memory of the data storage 
device of FIG. 1; 
0011 FIG. 3 is a flow diagram illustrating a particular 
embodiment of a method of updating reference Voltages 
based on a comparison of error counts; and 
0012 FIG. 4 is a flow diagram illustrating another particu 
lar embodiment of a method of updating reference Voltages 
based on a comparison of error counts. 

DETAILED DESCRIPTION 

0013 A programmed state of a particular data element of 
a data storage device may change over time due to various 
factors, such as time-related degradation of memory, program 
disturb factors, and other proximity-related factors. A cell 
Voltage distribution of the data storage device may change 
over time depending on various parameters including a time 
elapsed since program, a temperature, a geometry (e.g., die/ 
block/word line), and a number of program and erase cycles, 
as illustrative examples. 
0014. In order to maintain reliability and performance of a 
memory device, it may be beneficial for a memory controller 
of the memory device to timely update the reference voltages 
for the memory device. When a threshold voltage of a 
memory element changes, the change may be reflected in the 
magnitude of the reference Voltage that correctly reads the 
stored data. That is, the reference voltage that is used to 
correctly sense the memory element threshold Voltage may 
change over time. As a result, use of a fixed set of reference 
Voltages may result in errors in data values read from memory 
elements whose threshold Voltages have changed over time. 
0015 Improved error correction capability of data stored 
in a memory of a data storage device may be achieved with 
reduced latency by updating reference Voltages based on a 
comparison of error counts. Systems and methods of updating 
each of a set of reference Voltages by comparing an error 
count associated with each reference Voltage to correspond 
ing error counts associated with one or more modified refer 
ence Voltages are disclosed. 
0016 Referring to FIG. 1, a particular illustrative embodi 
ment of a system generally designated 100 and including a 
data storage device 104 that is configured to update reference 
voltages. The system 100 includes the data storage device 104 
coupled to a host device 102. The data storage device 104 
includes a memory 106 coupled to a controller 108. The data 
storage device 104 is configured to enable exchange of data, 
such as data 103, between the host device 102 and the 
memory 106 of the data storage device 104. 
0017. The host device 102 may be configured to provide 
data to be stored at the memory 106 or to request data to be 
read from the memory 106. For example, the host device 102 
may include a mobile telephone, a music or video player, a 
gaming console, an electronic book reader, a personal digital 
assistant (PDA), a computer Such as a laptop computer, a 
notebook computer, or a tablet, any other electronic device, or 
any combination thereof 
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0018. The data storage device 104 may be a memory card, 
such as a Secure Digital SDR card, a microSDR) card, a 
miniSDTM card (trademarks of SD-3C LLC, Wilmington, 
Del.), a MultiMediaCard TM (MMCTM) card (trademark of 
JEDEC Solid State Technology Association, Arlington, Va.). 
or a CompactFlashR) (CF) card (trademark of SanDisk Cor 
poration, Milpitas, Calif.). As another example, the data Stor 
age device 104 may be embedded memory in the host device 
102, such as eMMCR) (trademark of JEDEC Solid State Tech 
nology Association, Arlington, Va.) memory and eSD 
memory, as illustrative examples. 
0019. The memory 106 may be a non-volatile memory of 
a flash device, such as a NAND flash device, a NOR flash 
device, or any other type of flash device. The memory 106 
may include a group of memory elements 107. For example, 
the group of memory elements 107 may include a word line. 
Each memory element in the group of memory elements 107 
may be a memory cell of a multi-level cell (MLC) memory. 
0020 Each memory element may have an associated 
threshold Voltage corresponding to a state of the memory 
element. Each state may correspond to a particular range of 
threshold voltage values, such as depicted in a graph 120. The 
state of each memory element represents data stored at the 
memory element, Such as according to a mapping 160 of bits 
to states of the memory element. The data stored at the 
memory element may be read by comparing the threshold 
Voltage of the memory element to one or more reference 
Voltages of a set of reference Voltages 116 including reference 
voltages V, V, ...V. that are stored in the memory 106. The 
set of reference voltages 116 may be used to sense the state of 
each of the memory elements of the group of memory ele 
ments 107. 

0021. The controller 108 may include an error correction 
code (ECC) engine 110. The ECC engine 110 may include an 
ECC encoder 112 and an ECC decoder 114. The ECC 
encoder 112 may be configured to encode data with error 
correction information. The ECC decoder 114 may be con 
figured to decode the error correction information of the data 
read from the memory 106 to correct errors in the data, up to 
an error correction capability of the ECC decoder 114. 
0022. The controller 108 includes an adaptive voltage 
engine 118. The adaptive voltage engine 118 is configured to 
create an updated set of reference Voltages that includes a first 
reference Voltage, e.g., V, 122, or a modified first reference 
Voltage based on a comparison of error counts associated with 
each of the first reference voltage and the modified first ref 
erence voltage, as described with reference to FIG. 2. 
0023 Graph 120 is a histogram illustrating a count of 
memory elements within a memory, Such as the memory 106. 
vs. threshold Voltage of the memory elements. For instance, 
the memory 106 may include multiple level cells (MLC), 
each MLC capable of storing data and each MLC having a 
threshold Voltage corresponding to a data value of the stored 
data. In a particular embodiment, each of the MLC memory 
elements has a total of eight states. The eight states can be 
represented by three bits, illustrated in the mapping 160 as a 
first bit in an upper page 162, a second bit in a middle page 
164, and a third bit in a lower page 166. 
0024. A first histogram curve 132 illustrates a distribution 
of memory elements of the group of memory elements 107 
having a threshold Voltage that is less than the reference 
voltage V, 122. Each memory element represented in the 
curve 132 is programmed to a state corresponding to a data 
value of 1 1 1, e.g., an “Erase state.” or “Er” corresponding to 
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a “1” bit in the upper page 162, a “1” bit in the middle page 
164, and a “1” bit in the lower page 166. 
0025. A second histogram curve 134 represents all 
memory elements of the group of memory elements 107 
having corresponding threshold Voltages between Voltage V, 
122 and voltage V, 124. Each of these memory elements is 
programmed to a state corresponding to a data value of 1 1 0 
(e.g., state 'A' corresponding to a '1' bit in the upper page 
162, a “1” bit in the middle page 164, and a “0” bit in the lower 
page 166.) In a similar fashion, each Subsequent curve in the 
graph 120 lies between two reference voltages and represents 
memory elements that are programmed to threshold Voltages 
corresponding to a data value as shown in the mapping 160. 
Each memory element in the group of memory elements 107 
stores a data value corresponding to its programmed State, 
and the corresponding data value can be found in the mapping 
160. 

0026. When the data is initially stored in the group of 
memory elements 107, each of the curves depicted in the 
graph 120 lies entirely between two reference Voltages (e.g., 
the curve 132 lies entirely below reference voltage V, 122, 
and the curve 134 lies entirely between reference voltages V, 
122 and V, 124). When the data stored in the group of 
memory elements 107 is read immediately following storage 
of the data, there may be no errors to be corrected by the ECC 
decoder 114. Because the curve 134 lies between two corre 
sponding reference Voltages, all memory elements repre 
sented in the curve 134 are read as storing the same value 
(e.g., all elements represented in the curve 134 store the value 
1 1 0) and the ECC decoder 114 detects no errors in the sensed 
data. All memory elements of a curve are initially pro 
grammed to the same state. 
0027. The programmed state of a particular data element is 
reflected in the threshold voltage, and the threshold voltage 
may change over time due to various time-driven factors and 
proximity-related factors. An example of changing threshold 
voltages is illustrated in the graph 170. A curve 142 represents 
the memory elements that were initially depicted in the curve 
132 of the graph 120, where the curve 132 has changed shape 
over time to become the curve 142. A portion of the curve 142 
appears to the right of the reference voltage V, 122 and 
represents memory elements originally programmed to state 
Er but disturbed to have threshold voltages greater than V, 
122. All memory elements to the right of the reference voltage 
V 122 will be read to have a value of 1 1 0 (as shown in the 
mapping 160) instead of the value of 111 that was originally 
stored. Memory elements programmed to store 111 but read 
as storing the 1 1 0 value introduce an error in the lower page 
166 that are reflected in an associated error count. 
0028 Curve 144 represents a histogram of memory ele 
ments for which the stored data value was 1 1 0, initially 
determinable from the reference voltages V, 122 and V, 124. 
That is, when the data was initially stored in the memory 
elements and represented by the curve 134 of the graph 120, 
the stored value of the data was 1 1 0, determined through use 
of the reference voltages V, 122 and V, 124. However, over 
time, the curve 134 has changed shape to become the curve 
144. The curve 144 crosses over the reference voltage V, 122. 
As a result, some of the memory elements within the curve 
144 that had been initially programmed to 1 1 0 no longer 
appear between the reference voltages V, 122 and V, 124. A 
portion of the curve 144 to the left of reference voltage V, 122 
represents memory elements that may be read as having a 
stored value of 1 1 1, according to the mapping 160, instead of 
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the originally stored value of 1 1 0. Thus, over time, the read 
values of some of the memory elements may be incorrect and 
may be counted as errors by the ECC decoder 114. 
0029 When the reference voltages of the set of reference 
voltages 116 are kept at their original values V, 122, V, 124, 
etc., reading the data values after a certain amount of time has 
passed may result in more errors in the read data values than 
if the set of reference Voltages is updated. For example, a 
shaded area 176 (i.e., sum of areas under curves 142 and 144 
extending beyond the original reference Voltage V, 122) rep 
resents errors in values of data read using the original refer 
ence voltages V, 122, V, 124, etc. as a result of the curves 142 
and 144 having shapes that are different than their respective 
original curves 132 and 134. 
0030. In a particularembodiment, the reference voltage V 
122 may be replaced by a modified reference voltage 172 that 
differs from the reference voltage V, 122 by an offset voltage 
AV. For example, a (dashed) vertical line representing modi 
fied reference voltage 172 may intersect the crossing point of 
the curves 142 and 144. A portion of the curve 144 lies to the 
right of the modified reference voltage 172, and another por 
tion of the curve 144 lies to the left of the modified reference 
voltage 172. The sum of the areas of these portions is a 
measure of the error count associated with the modified ref 
erence Voltage 172. There may a smaller error count associ 
ated with modified reference voltage 172 than the error count 
associated with the reference voltage 122. Typically a first 
reference voltage (represented by a first straight line) that 
does not pass through the intersection of two adjacent histo 
gram curves has an associated error count that is larger than a 
second reference Voltage (represented by a second straight 
line) that passes through the intersection of the two adjacent 
histogram curves. 
0031 Considering an alternate modified reference voltage 
174, a first region (of the curve 142) is right of the alternate 
modified reference voltage 174 and a second region (of the 
curve 144) is left of the reference voltage 174. The sum of the 
areas of first region and the second region corresponds to the 
error count associated with the alternate modified reference 
voltage 174. Of the three voltages 122, 172, and 174, the 
modified reference voltage 172 is closest to the intersection of 
curves 142 and 144, and therefore has the smallest associated 
error COunt. 

0032. By adjusting the voltage of each reference voltage 
V, V, etc., the count of read errors associated with each 
reference voltage may be reduced. Each of the reference 
Voltages may be changed by adding or subtracting the same 
offset Voltage AV from the original reference Voltage (i.e., 
using a same value of AV) or by adding or Subtracting differ 
ent offset voltages (i.e., using different values of AV). By 
comparing the error count of data read errors associated with 
the reference voltage V, 122 with the error count of data read 
errors associated with the modified reference voltage V 172, 
a selection of an updated reference Voltage may be made that 
reduces the error count of data errors. Alternatively, by com 
paring the error count using the reference Voltage V, 122 to 
the error count using the alternate modified reference Voltage 
174, an updated reference voltage may be selected that results 
in a reduction of the error count of data read errors. Alterna 
tively, a selection of an updated reference Voltage may be 
made from among reference voltages 122, 172, and 174 to 
reduce read errors. 
0033. During operation, the controller 108 may be config 
ured to read first data values from the group of memory 
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elements 107 using the set of reference voltages 116 and to 
determine a first error count associated with a first reference 
Voltage (e.g., a count of errors associated with V, 122, as 
described with respect to FIG. 2) of the set of reference 
voltages 116. The controller 108 may be configured to asso 
ciate each error identified in the first data values with a cor 
responding reference Voltage of the set of reference Voltages 
107. The controller 108 may be configured to read second 
data values from the group of memory elements 107 using a 
set of modified reference voltages and determine a modified 
error count associated with a modified first reference voltage 
(e.g., a count of errors associated with V, 172, as described 
with respect to FIG. 2). The controller 108 may be further 
configured to create an updated set of reference Voltages that 
includes the first reference voltage V, 122 or the modified first 
reference voltage V. 172 based on a comparison of the first 
error count to the second error count. 
0034. The controller 108 may be further configured to 
determine a third error count associated with a second refer 
ence voltage, e.g., V, 124 of the set of reference voltages 107 
and a fourth error count associated with a modified second 
reference voltage (e.g., V-AV.) The controller 108 may be 
configured to include, in the updated set of reference Voltages, 
the second reference voltage or the modified second reference 
Voltage based on a comparison of the third error count to the 
fourth error count. Typically, the Voltage (i.e., second refer 
ence Voltage or modified second reference Voltage) that is 
closest to the intersection of two intersecting histogram 
curves has the Smaller associated error count. 
0035. As depicted in FIG. 1 for a 3-bit percell (BPC) MLC 
memory, the set of reference Voltages may include seven 
reference Voltages. For example, the seven reference Voltages 
may beV, (i-a,...g), as in graphs 120 and 170. Each memory 
element of the group of memory elements 107 of FIG.1 may 
store three bits, as shown in the mapping 160 of FIG. 1. 
However, in other embodiments, there may be 2 bits per cell 
(3 reference voltages), 4 bits per cell (15 reference voltages), 
or a different number of bits per cell. 
0036 An updated set of reference voltages may result in 
reduced errors associated with read data. Reduced errors may 
result in a longer useful life of the data storage device 104. 
Additionally, the reduction in errors due to use of the updated 
set of references in reading the stored data may result in 
reduced processing at the ECC decoder 114, which may result 
in reduced read latency experienced by the host device 102. 
0037 FIG. 2 is a diagram of a particular embodiment of a 
sensing scheme and includes a graphical depiction of a cell 
Voltage distribution in a memory including multi-level Stor 
age elements. A graph 210, corresponding to the graph 120 of 
FIG. 1, depicts a histogram showing a number of memory 
elements versus threshold voltage. Each of the curves 142, 
144, 146, 148, 150, 152, 154, and 156 corresponds to a par 
ticular originally stored data value. For example, the memory 
elements represented in the curve 142 were originally pro 
grammed with the threshold Voltage corresponding to the 
data value 1 1 1, illustrated as the curve 132 of FIG.1. Over 
time, the curve 132 of FIG. 1 changed to the curve 142, 
typically due to physical effects such as program disturb. 
0038 Curve 144 corresponds to storage elements origi 
nally programmed to store the data value 110 (i.e., state A, 
according to the mapping 160 of FIG. 1). Similarly, the 
memory elements of each of the curves 146-156 have been 
programmed to a particular threshold Voltage and corre 
sponding stored data value, and each of the curves 142-156 in 
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the graph 210 represents a distribution of threshold voltages 
that has changed from a corresponding curve of the graph 120 
of FIG. 1. 

0039. Curves 142-146 and 150-156 include portions that 
cross over a reference Voltage. For instance, the curve 142 has 
a portion that lies to the right of the reference voltage V, 122 
and another portion that lies to the left of the reference voltage 
V 122. However, each of the memory elements represented 
in the curve 142 was originally programmed to store the data 
value 1 1 1 (i.e., the curve 132 is entirely to the left of the 
reference voltage V, 122.) Hence, there will be errors in the 
read values (read by comparing a storage elements threshold 
voltage to the reference voltage V, 122) of the data stored in 
some of the memory elements represented by the curve 142. 
Similarly, there will be errors in the read values of the data 
stored in some of the memory elements represented by the 
curves 144-146 and 150-156, because each of these curves 
crosses a reference Voltage of the original set of reference 
voltages V-V. Curve 148 lies entirely between the reference 
Voltages V and V, as originally programmed. Therefore, 
there will be no errors in the read data for memory elements 
represented by the curve 148. 
0040 First data 212 may be read from the memory 106 by 
the controller 108 of FIG. 1 and the read data may be output 
as an upper page, a middle page, and a lower page. For 
example, an initial portion of an output data stream may be the 
upper page, which is a stream of 1S and 0s that includes the 
uppermost bit extracted from the three-bit values read from 
each of the memory elements. That is, for each memory 
element, only the uppermost bit of the corresponding data 
value will be included in the upper page (i.e., each bit in the 
upper page 162 of FIG. 1 of the read data value of a memory 
element). A second portion of the output data stream is the 
middle page 164 that includes, for each memory element, the 
middle bit of the three-bit data value of each of the memory 
elements. A third portion of the output data stream includes a 
lower page 166 that corresponds to the lowest bit of the 
three-bit data value of each of the memory elements. Each of 
the upper, middle, and lower pages may include an ECC code 
word that is decoded independently of the other pages. 
0041. The ECC decoder 114 of FIG. 1 may determine a 
count of errors associated with the upper page 162 of the read 
data. In the mapping 160 of FIG. 1, there are only two tran 
sitional points in the upper page coding. That is, there are only 
two positions along the upper page of the mapping 160 where 
the value changes from 1 to 0 or from 0 to 1, corresponding to 
reference voltages V. and V. By receiving the read value of 
each of the memory elements, it is possible to determine that 
the most likely point of transition associated with the error(s) 
in the upper page reported by the ECC decoder 114 of FIG. 1 
is either V. or V. Thus, a total error count of the readout of the 
upper page of the group of memory elements, plus the read 
data value, is sufficient information to select a particular point 
of transition in the upper page 162 of the mapping 160 asso 
ciated with the errors. Specifically, a memory element that has 
an error in its upper page bit and that stores a “0” value in its 
lower page bit is most likely in state B (i.e., 10 0) or state C 
(i.e., 000) and the upper page error of the memory element is 
associated with reference Voltage V. Similarly, a memory 
element that has an error in its upper page bit and that stores 
a “1” value in its lower page bit is most likely in state F (i.e., 
0 0 1) or state G (i.e., 1 0 1) and the upper page error of the 
memory element is associated with reference Voltage V. 
Similarly, a count of errors of the middle page of the read data 
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and the read values of each of the memory elements is suffi 
cient to associate the count of errors of the middle page with 
one of the reference voltages V, V, and V, and errors in the 
lower page of the read data are associated with one of V, and 
V as may be determined through analysis of the read data 
values. 

0042. Thus, by analyzing the read data and the total error 
count for each of the upperpage, middle page, and lower page 
of the read data 212, an error count may be associated with 
each reference voltage V-V. In the example shown in his 
togram 210, V has an associated error count of 6, V, has an 
associated error count of 0, V has an associated error count of 
2, V has an associated error count of 3. V has an associated 
error count of 3, V, has an associated error count of 2, and V. 
has an associated error count of 6. For each reference Voltage, 
the associated error count may be determined as a sum of 
error counts represented by the area of each portion of the 
histogram curve extending beyond the line represented by the 
reference Voltage. For instance, considering V. 122, the error 
count contributed by curve 142 is represented by the portion 
of curve 142 that is to the right of V, 122 and the error count 
contributed by curve 144 is represented by the portion of 
curve 144 that is to the left of V, 122. The error count asso 
ciated with V122 is the sum of the contributions from curves 
142 and 144. 
0043 Agraph 220 depicts a second histogram with a set of 
modified reference voltages V, V, etc. Each of the modi 
fied reference Voltages has been determined by Subtracting an 
offset Voltage AV from a corresponding reference voltage. 
Each of the modified reference voltages V, V, V is 
formed by Subtracting the same amount AV from a corre 
sponding reference Voltage. However, in other embodiments, 
each of the modified reference voltages may be formed by 
subtracting different offset voltages from each of the corre 
sponding original reference Voltages. 
0044) The modified reference voltages, when used to read 
out second data 222 stored in the memory elements, results in 
modified error counts. For instance, modified reference volt 
age V has a modified error count of 4, as compared with 
reference voltage V, that has the error count of 6. The modi 
fied reference Voltage V passes through the intersection of 
curves D and E and has a modified error count of 1, as 
compared with the original reference Voltage V that has an 
error count of 3. 
0045 An updated set of reference voltages may be 
selected based on the first data 212 and the second data 222 in 
order to reduce the error counts associated with the read data. 
For example, the modified reference voltage V may be an 
advantageous choice to include in the updated set of reference 
Voltages instead of the reference Voltage V because the modi 
fied error count associated with V is smaller than the error 
count associated with V. In another example, there may be a 
smaller error count associated with the reference voltage V 
(error count=2) than the modified error count associated with 
the modified reference voltage V (modified error count=3). 
Therefore, including the reference voltage V instead of the 
modified reference voltage V in the updated set of reference 
Voltages may result in a reduced error count. Similarly, a 
comparison can be made of corresponding error counts of 
each reference Voltage to the corresponding modified refer 
ence Voltage. An updated set of reference Voltages may be 
determined by selecting the Smaller error count and including 
its associated reference Voltage in the updated set of reference 
Voltages. 
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0046 Although the updated set of reference voltages may 
be determined based on the first data 212 and the second data 
222, in other implementations the updated set may be further 
determined based on one or more additional sets of modified 
reference Voltages. A graph 230 depicts a third histogram 
with alternate modified reference voltages that are deter 
mined by adding an offset Voltage to each of the original 
reference Voltages. For example, an alternate modified refer 
ence Voltage V may be formed by adding an offset Voltage 
AV to the value V of the original reference voltage V. In 
similar fashion, alternate modified reference Voltages can be 
formed from each of the original reference Voltages V, V, 
V, etc. by adding the offset voltage AV to the original refer 
ence voltage. The same offset voltage (AV) is added to each of 
the reference voltages. However, in other embodiments, the 
offset voltage added may be different for one or more refer 
ence Voltages. Reading the storage elements using the alter 
nate modified reference voltages results in third data 232. 
Errors detected in each of the upper, middle, and lower pages 
of the third data 232 may be attributed to the alternate modi 
fied reference Voltages and a third set of associated counts 
(“read point error counts') may be determined, each read 
point error count associated with a unique reference Voltage. 
0047. An updated set of reference voltages may be deter 
mined by comparing, for each reference Voltage, error counts 
of the reference voltage (of the graph 210), the modified 
reference voltage (of the graph 220), and the alternative modi 
fied reference voltage (of the graph 230). An updated set of 
reference Voltages may include a selected one of V, V, and 
V, based on a comparison of their respective error counts. 
For example, V has an error count of 6, V, has a modified 
error count of 4, and V has an alternate modified error count 
of 7. Therefore, the modified reference voltage V may be 
selected to be included in the updated set of reference volt 
ages based on a comparison of the error counts associated 
with each of V. V., and V". In another example, V has an 
error count of 6. V has a modified error count of 4, and V. 
has an alternated modified error count of 7. Therefore, V. 
will be selected to be included in the updated set of reference 
Voltages based on a comparison of the error counts associated 
with each of V, V, and V. In similar fashion, error counts 
associated with each reference Voltage may be compared to 
the corresponding error counts associated with their corre 
sponding modified reference Voltage and alternate modified 
reference voltage. The selection of which of V, V, and V, 
(ia, ... g) to include in the updated set of reference Voltages 
may be based on a comparison of corresponding error counts. 
The updated set of reference voltages may result in fewer read 
errors of the data stored in the memory elements. 
0048. A graphical depiction of errors associated with vari 
ous choices of reference Voltages is shown in a histogram 
graph 270. Over time, the curve 132, shown in the graph 120 
of FIG. 1, has evolved to the curve 142. As a result, a portion 
278 of the graph 142 lies to the right of the reference voltage 
V 122. The curve 134 of the graph 120 of FIG. 1 has evolved 
to the curve 144. A portion 276 of the graph 144 lies to the left 
of reference voltage V, 122. An error count associated with 
V 122 corresponds to a sum of areas of the portion 278 and 
the portion 276. 
0049. A modified error count associated with the modified 
reference voltage V, 172 corresponds to a sum of areas of a 
portion 274 (i.e., the portion of the curve 142 to the right of 
V, 172) and a portion 272 (i.e., portion of the curve 144 to 
the left of V, 172). An alternate modified error count asso 
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ciated with the alternate modified reference voltage V, 174 
corresponds to a Sumofareas of a portion 282 (i.e., the portion 
of the curve 142 to the right of V-172) and a portion 280 (i.e., 
portion of the curve 144 to the left of V-172). 
0050 Selection of an updated reference voltage from 122, 
172, or 174 to be included in an updated set of reference 
Voltages can be made by determining the Smallest of the 
associated error counts and including the corresponding ref 
erence voltage (i.e., 122, 172, or 174) in the updated set of 
reference Voltages. The updated set of reference Voltages may 
result in a reduced error count associated with reading the 
data stored in the memory elements. 
0051 FIG. 3 is a flow diagram illustrating a particular 
embodiment of a method of updating reference Voltages 
based on a comparison of error counts. First data values are 
read from a group of memory elements using an initial set of 
reference Voltages, at 302. For example, the group of memory 
elements may be in the non-volatile memory 106 of FIG. 1, 
Such as a flash memory. The first data values may include the 
first data 212 of FIG. 2. 

0.052 A first error count associated with a first reference 
Voltage of the initial set of reference Voltages is determined, at 
304. To illustrate, the first error count may correspond to 
errors associated with V of FIG. 2 (i.e., error count of 6). 
Second data values are read from the group of memory ele 
ments using a set of modified reference Voltages, at 306 (e.g., 
the second data 222 of FIG. 2.) A modified error count asso 
ciated with a modified first reference voltage is determined, at 
308. To illustrate, the modified error count may be associated 
with V of FIG. 2 (i.e., error count of 4). An updated set of 
reference Voltages is created, including the first reference 
voltage or the modified first reference voltage based on a 
comparison of the first error count to the modified error count, 
at 310. To illustrate, in FIG. 2 the error count of 6 for V is 
greater than the modified error count of 4 for V, and there 
fore V is selected to be included in the updated set of 
reference voltages. Similarly for all remaining reference volt 
ages, selection of the corresponding updated reference Volt 
age may be made by comparing the error count of the refer 
ence Voltage to the error count of the corresponding modified 
reference voltage. The method ends at 312. The updated set of 
reference voltages may be stored in the memory 106 of FIG. 
1 and may replace the set of reference voltages 116. The 
updated set of reference voltages stored in the memory 106 
may be used to read the data values stored in the group of 
memory elements 107 of FIG. 1. For example, the updated set 
of reference voltages may be sent from the controller 108 to 
the memory 106 and may be stored in the memory 106, where 
the updated set of reference voltages is available for reading 
the stored data values in the group of memory elements 107. 
0053. In another example of updating a reference voltage 
of the set of reference Voltages, a second error count associ 
ated with a second reference voltage of the set of reference 
voltages may be determined. For example, at the graph 210 of 
FIG. 2, an error count of 3 is associated with V. A modified 
second error count may be determined that is associated with 
a modified second reference Voltage. For example, at the 
graph 220 of FIG. 2, a modified error count of 1 is associated 
with V. The second reference voltage (i.e., V) or the modi 
fied second reference Voltage (i.e., V) may be included in 
the updated set of reference Voltages based on a comparison 
of the second error count to the modified second error count. 
For example, in FIG. 2, the error count of 1 for V is less than 
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the error count of 3 for V, and therefore V is selected to be 
included in the updated set of reference voltages. 
0054 Errors in the first data values and errors in the second 
data values may be identified by an ECC decoder, such as the 
ECC decoder 114 of FIG.1. The first data values may be read 
from multiple logical pages, each logical page being decoded 
by the ECC decoder 114 of FIG. 1. Further, the second data 
values may be read from multiple logical pages, each logical 
page being decoded at the ECC decoder 114 of FIG.1. Errors 
may be determined by the ECC decoder 114, e.g., after each 
logical page of data is read, after a block of data that includes 
multiple logical pages is read, when an expected movement in 
one or more of the reference voltages exceeds a threshold 
value, e.g., X millivolts, after a defined number of reads 
and/or writes to the memory 106, when a count of read errors 
exceeds a threshold error count, or in response to another 
condition. 

0055. The set of reference voltages may include seven 
reference Voltages. For example, the seven reference Voltages 
may be V, (i-a, ... g), as in graphs 120 and 170 of FIG. 1 and 
the graph 210 of FIG. 2. Each memory element may store 
three bits. For example, each memory element of the group of 
memory elements 107 of FIG. 1 may store three bits, as 
shown in the mapping 160 of FIG. 1. In other implementa 
tions, each memory element of a group of memory elements 
may store less than three bits or more than three bits. For 
example, memory elements may store 2 bits per cell (to be 
read using 3 reference Voltages), memory elements may store 
4 bits per cell (to be read using 15 reference Voltages), etc. 
0056. For each reference voltage of the set of reference 
Voltages, a corresponding error count may be determined. For 
example, for each of the reference Voltages V, (ia, . . . g) of 
the graph 212 of FIG. 2, a corresponding error count is deter 
mined. For each of the reference voltages of the set of refer 
ence Voltages a corresponding modified reference Voltage 
may be determined by adding an offset Voltage (i.e., a nega 
tive offset voltage or a positive offset voltage) to the reference 
voltage. For example, the graph 220 of FIG. 2 shows a set of 
modified reference voltages V, (i=a. . . . g) determined by 
adding a negative offset Voltage to (i.e., Subtracting AV from) 
the corresponding reference Voltage V, (ia, . . . g) and the 
graph 230 of FIG. 2 shows a set of alternate modified refer 
ence Voltages V, (ia, ... g) determined by adding the offset 
Voltage AV to each reference Voltage V, (ia, . . . g). A 
modified error count associated with each modified reference 
voltage may be determined. For example, the graph 220 of 
FIG. 2 shows the modified error count associated with each of 
the modified reference Voltages V, (ia, ... g), and the graph 
230 shows the alternate modified error count associated with 
each of the alternate modified reference voltages V, (i=a,.. 
.g). The reference voltage or the modified reference voltage 
may be included in the updated set of reference voltages 
based on a comparison of the corresponding error count to the 
corresponding modified error count. For example, by com 
paring the error count (errorcount of V =3) of V shown in the 
graph 210 of FIG. 2 to the modified error count of V (modi 
fied error count of V=1) shown in the graph 220 of FIG. 2, 
V may be selected to be included in the updated set of 
reference Voltages because V has a smaller associated error 
count. The updated set of reference Voltages may be stored in 
the memory 106 of FIG. 1, replacing the set of reference 
voltages 116. 
0057 The method 300 may also include reading alternate 
data values from the group of memory elements using a set of 
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alternate modified reference Voltages and determining an 
alternate modified error count associated with an alternate 
modified first reference voltage of the set of alternate modi 
fied reference voltages, such as the set of alternate modified 
reference voltages V, (i-a, ... g) of the graph 230 of FIG. 2. 
The updated set of reference Voltages may be changed or 
defined to include the first reference voltage, the modified 
first reference voltage, or the alternate modified first reference 
Voltage based on a comparison of the first error count, the 
modified error count, and the alternate modified error count. 
For example, as shown in the graphs 210, 220, and 230 of 
FIG. 2, an error count (–3) is associated with V, a modified 
error count (-1) is associated with V, and an alternate 
modified error count (=4) is associated with V. An updated 
set of reference Voltages may be changed or defined to include 
V based on a comparison of the corresponding error count 
associated with each of V, V, and V. 
0.058 By selecting each updated reference voltage based 
on a comparison of associated error counts, a total number of 
errors associated with reading data stored in memory may be 
reduced when reading data using the updated set of reference 
Voltages. Updating the set of reference Voltages can be 
accomplished during operation of a data storage device (e.g., 
after a defined number of read/write cycles, upon detecting 
that an expected movement in reference Voltages exceeds a 
threshold value, in response to a periodic or aperiodic analy 
sis of error counts, e.g., an error count exceeding an error 
count threshold, or in response to another indicator. Updating 
the set of reference Voltages on a repeating basis can be 
advantageous in that the updating may compensate for 
increases in error counts due changes in the threshold Volt 
ages of some of the memory elements "on the fly.” Reducing 
errors in data read from memory may extend the useful life of 
the memory and may result in reduced read latency. 
0059 FIG. 4 is a flow diagram illustrating another particu 
lar embodiment of a method of updating reference Voltages 
based on a comparison of error counts, and is generally des 
ignated 400. A default set of reference voltages V, (i-a, b, .. 
.g) and an offset voltage AV=X millivolts (mV) where X is a 
threshold quantity, are established, at 402. Data is retained/ 
cycled as part of normal operations in a non-volatile memory, 
at 404. A determination is made (e.g., in the controller 108 of 
FIG. 1) as to whether an expected movement in the reference 
voltages exceeds X mV, at 406. If the expected movement in 
each of the reference voltages does not exceed X mV, return 
ing to 404, data cycling/retention in the non-volatile memory 
continues. If the expected movement in any of the reference 
Voltages exceeds X mV, training is started with regard to the 
reference voltages, at 408. 
0060. Three pages of data (lower, middle, upper) are read, 
at 410. For each page, ECC decoding is performed to find 
page errors, and the page errors may be split into read point 
error counts (E. E. E. E. E. E. E.), at 412. For example, 
in the graph 210 of FIG.2, each read pointerror count (E. E. 
E. E. E. E. E.) is the error count associated with the 
corresponding reference Voltage V, (ia, b, . . . g). Each 
modified reference Voltage is calculated as (reference Voltage 
-AV), at 414. For example, in the graph 220 of FIG. 2, the 
modified reference voltage V is calculated as V-AV. 
0061 The three pages of data are again read using the 
modified reference Voltages to determine the read data, at 
416. The page errors may be determined by an ECC decoder 
such as the ECC decoder 114 of FIG. 1. For each page, ECC 
decoding is performed to find page errors, and the page errors 
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may be split into read point error counts (E. E. E. E. 
E, E, E), at 418. For example, the read errors associated 
with V may be determined, the read errors associated with 
V may be determined, etc. 
0062 An alternate modified reference voltage may be 
determined from the reference voltage by adding AV to the 
reference voltage, at 420. Each of the three pages may be read 
again using the alternate modified reference Voltages, at 422. 
The read data is sent to an ECC decoder, such as the ECC 
decoder 114 of FIG. 1, and errors may be determined. For 
each page, ECC decoding is performed to find page errors, 
and the page errors may be split into read point error counts 
(E, E, E, E" E" E" E"), at 424. 
0063 For each V, (i=a, b, ... g), a smallest of the deter 
mined read point error counts may be selected from among 
the read point error count E, (associated with the reference 
voltage V), the read pointerror count E, (associated with the 
modified reference voltage V) and the read pointerror count 
E", (associated with the alternate modified reference voltage 
V), at 426. The smallest of the read pointerror counts E, E, 
and E, is determined for each ia, b, . . . g. An updated 
reference voltage associated with the smallest of the read 
pointerror counts E, E, and E, is included in an updated set 
of reference voltages. If the smallest of the read point error 
counts E, E, and E, is associated with the reference voltage 
V, then the reference Voltage is not changed and an updated 
set of reference voltages includes the original reference volt 
age. If the smallest of the three read pointerror counts E. E. 
and E", is E, an updated V, is set equal to V-AV, at 428. If 
the smallest of the three read pointerror counts E, E, and E, 
is E", the updated reference voltage V, is set equal to V+AV. 
at 430. The method returns to 404, where the memory opera 
tions continue using the updated set of reference Voltages. For 
example, the updated set of reference Voltages may be stored 
in the memory 106 of FIG. 1 and may replace the set of 
reference voltages 116. The updated set of reference voltages 
stored in the controller 108 may be used to read the data 
values stored in the memory 106 of FIG. 1. For instance, the 
updated set of reference Voltages may be sent from the con 
troller 108 to the memory 106 and may be stored in the 
memory 108, where the updated set of reference voltages is 
available for reading the stored data values in the group of 
memory elements 107. 
0064. The method 400 may be used to reduce error counts 
of read data. By selecting each updated reference Voltage 
based on a comparison of associated error counts, a total 
number of errors associated with reading data stored in 
memory may be reduced. An additional advantage of reduc 
ing the error count may be a reduction in the load of the ECC 
decoder, which may result in faster data reads. 
0065. Although various components depicted herein are 
illustrated as block components and described in general 
terms, such components may include one or more micropro 
cessors, state machines, or other circuits configured to enable 
a data storage device. Such as the data storage device 104 of 
FIG. 1, to perform the particular functions attributed to such 
components. For example, the adaptive Voltage engine 118 of 
FIG.1 may represent physical components, such as control 
lers, processors, state machines, logic circuits, or other struc 
tures to create an updated set of reference Voltages. 
0066. The adaptive voltage engine 118 may be imple 
mented using a microprocessor or microcontroller pro 
grammed to generate control information and to create the 
updated set of reference Voltages by reading a first set of data 
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using a set of reference Voltages and determining a read point 
error count associated with each reference Voltage, reading a 
second set of data using modified reference Voltages and 
determining a read point error count associated with each 
modified reference Voltage, and for each reference Voltage, 
selecting the reference voltage or the modified reference volt 
age to be included in the updated set of reference Voltages 
based on a comparison of the read point error count of the 
reference voltage to the read pointerror count of the modified 
reference Voltage. In a particular embodiment, the controller 
108 includes a processor that executes instructions that are 
stored at the memory 106. Alternatively, or in addition, 
instructions that are executable by the processor may be 
stored at a separate memory location that is not part of the 
memory 106, such as at a read-only memory (ROM). 
0067. In a particular embodiment, the data storage device 
104 may be a portable device configured to be selectively 
coupled to one or more external devices. For example, the 
data storage device 104 may be a removable device Such as a 
universal serial bus (USB) flash drive or a removable memory 
card. However, in other embodiments, the data storage device 
104 may be attached or embedded within one or more host 
devices, such as within a housing of a portable communica 
tion device. For example, the data storage device 104 may be 
within a packaged apparatus, such as a wireless telephone, a 
personal digital assistant (PDA), a gaming device or console, 
a portable navigation device, a computer, or other device that 
uses internal non-volatile memory. In a particular embodi 
ment, the data storage device 104 includes a non-volatile 
memory, such as a Flash memory (e.g., NAND, NOR, Multi 
Level Cell (MLC), Divided bit-line NOR (DINOR), AND, 
high capacitive coupling ratio (HiCR), asymmetrical contact 
less transistor (ACT), or other Flash memories), an erasable 
programmable read-only memory (EPROM), an electrically 
erasable programmable read-only memory (EEPROM), a 
read-only memory (ROM), a one-time programmable 
memory (OTP), or any other type of memory. 
0068. The illustrations of the embodiments described 
herein are intended to provide a general understanding of the 
various embodiments. Other embodiments may be utilized 
and derived from the disclosure, such that structural and 
logical Substitutions and changes may be made without 
departing from the scope of the disclosure. This disclosure is 
intended to cover any and all Subsequent adaptations or varia 
tions of various embodiments. 

0069. The above-disclosed subject matter is to be consid 
ered illustrative, and not restrictive, and the appended claims 
are intended to cover all Such modifications, enhancements, 
and other embodiments, which fall within the scope of the 
present disclosure. Thus, to the maximum extent allowed by 
law, the scope of the present invention is to be determined by 
the broadest permissible interpretation of the following 
claims and their equivalents, and shall not be restricted or 
limited by the foregoing detailed description. 
What is claimed is: 
1. A method comprising: 
in a data storage device that includes a non-volatile 

memory, performing, 
reading first data values from memory elements of the 

non-volatile memory using a set of reference Voltages 
that includes a first reference Voltage; 

determining a first error count, the first error count asso 
ciated with the first reference voltage; 
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reading second data values from the memory elements 
using a set of modified reference Voltages that 
includes a modified first reference voltage; 

determining a modified error count, the modified error 
count associated with the modified first reference 
voltage of the set of modified reference voltages; and 

updating the set of reference Voltages to include the first 
reference voltage or the modified first reference volt 
age based on a comparison of the error count to the 
modified error count. 

2. The method of claim 1, further comprising: 
determining a second error count, the second error count 

associated with a second reference Voltage of the set of 
reference Voltages; 

determining a modified second error count, the modified 
second error count associated with a modified second 
reference Voltage; and 

updating the set of reference Voltages to include the second 
reference Voltage or the modified second reference volt 
age, based on a comparison of the second error count to 
the modified second error count. 

3. The method of claim 1, wherein errors in the first data 
values and errors in the second data values are identified by an 
error correction code (ECC) decoder. 

4. The method of claim 1, wherein the first data values are 
read from multiple logical pages, each logical page being 
decoded at an error correction code (ECC) decoder. 

5. The method of claim 4, further comprising determining 
a count of page errors associated with each of the multiple 
logical pages and splitting the count of page errors into a 
plurality of read point error counts including the first error 
count, wherein each read point error count corresponding to 
each particular logical page of the multiple logical pages is 
determined based on data values corresponding to one or 
more other logical pages of the multiple logical pages 

6. The method of claim 1, wherein each memory element 
stores a plurality of bits. 

7. The method of claim 1, wherein the method is performed 
in response to a determination of one of completion of a 
number of writeferase cycles of the memory elements, an 
indication that an expected movement in the reference Volt 
age exceeds a threshold value, or an error count of read errors 
exceeding an error count threshold. 

8. The method of claim 7, further comprising after updating 
the set of reference Voltages, performing the method in 
response to a next determination of one of another completion 
of the number of write/erase cycles of the memory elements, 
another indication that the expected movement in the refer 
ence Voltage exceeds the threshold value, or another instance 
of the error count of read errors exceeding the error count 
threshold. 

9. The method of claim 1, wherein, the non-volatile 
memory is a flash memory. 

10. The method of claim 1, further comprising: 
reading alternate data values from the group of memory 

elements using a set of alternate modified reference Volt 
ageS. 

determining an alternate modified error count, the alternate 
modified error count associated with an alternate modi 
fied first reference voltage of the set of alternate modi 
fied reference Voltages; and 

updating the set of reference Voltages to include the first 
reference voltage, the modified first reference voltage, or 
the alternate modified first reference voltage, based on a 
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comparison of the first error count, the modified error 
count, and the alternate modified error count. 

11. A method comprising: 
in a data storage device that includes memory elements of 

a non-volatile memory, for each reference Voltage of a 
plurality of reference Voltages, performing, 
determining an error count, the error count associated 

with the reference voltage; 
determining a modified reference Voltage by adding a 

corresponding offset Voltage to the reference Voltage; 
determining a modified error count, the modified error 

count associated with the modified reference Voltage; 
and 

including the reference voltage or the modified refer 
ence Voltage in an updated plurality of reference Volt 
ages based on a comparison of the error count to the 
modified error count. 

12. The method of claim 11, wherein each corresponding 
offset Voltage has a common value. 

13. The method of claim 11, wherein the error count is 
determined from data values that are read from the memory 
elements of the non-volatile memory using the reference 
Voltage. 

14. The method of claim 11, wherein the modified error 
count is determined from modified data values that are read 
from the memory elements of the non-volatile memory using 
the modified reference voltage. 

15. A data storage device comprising: 
a non-volatile memory including a plurality of memory 

elements; and 
a controller, the controller configured to: 

read first data values from a group of the memory ele 
ments using a set of reference Voltages; 

determine a first error count, the first error count asso 
ciated with a first reference voltage of the set of ref 
erence Voltages; 

read second data values from the group of memory ele 
ments using a set of modified reference Voltages; 

determine a modified first error count, the modified first 
error count associated with a modified first reference 
voltage of the set of modified reference voltages; and 

create an updated set of reference Voltages that includes 
the first reference voltage or the modified first refer 
ence Voltage, based on a comparison of the first error 
count to the modified first error count. 

16. The data storage device of claim 15, further comprising 
an error correction code (ECC) decoder, the ECC decoder 
configured to identify first errors in the first data values and 
second errors in the second data values. 

17. The data storage device of claim 15, wherein the con 
troller is further configured to: 

determine a second error count, the second error count 
associated with a second reference Voltage of the set of 
reference Voltages; 

determine a modified second error count, the modified 
second error count associated with a modified second 
reference Voltage; and 

include in the updated set of reference Voltages the second 
reference voltage or the modified second reference volt 
age, based on a comparison of the second error count to 
the modified second error count. 

18. The data storage device of claim 15, wherein the first 
data values include multiple logical pages, each logical page 
being decoded at an error correction code (ECC) decoder. 
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19. The data storage device of claim 18, wherein the con 
troller is further configured to: 

determine a count of page errors associated with each of the 
multiple logical pages; and 

split the count of page errors into a plurality of read point 
error counts including the first error count, wherein each 
read point error count corresponding to each particular 
logical page of the multiple logical pages is determined 
based on data values corresponding to one or more other 
logical pages of the multiple logical pages. 

20. The data storage device of claim 15, wherein each 
memory element stores a plurality of bits. 

21. The data storage device of claim 15, wherein the non 
Volatile memory is a flash memory. 
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