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SYSTEM AND METHOD FOR WEAR LEVELING
UTILIZING A RELATIVE WEAR COUNTER

by Inventors

Robert Alan Reid, Robert Pierce
Narayanan Vinay Krishnan, and Amit Bhardwa

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to non-volatile memory, and more particularly to

providing wear leveling using a relative counter in a non-volatile memory system.
2. Description of the Related Art

In general, non-volatile memory is memory that stores data when power is
disconnected from the system. Phase-change memory (PCM) and flash memory are
examples of non-volatile computer memory in use today. Flash memory is a non-volatile
computer memory that can be electrically erased and reprogrammed. Because flash
memory retains stored data even when power to the memory is turned off, flash memory
is widely used in battery-driven portable devices. For example, flash memory often is
utilized in digital audio players, digital cameras, mobile phones, and USB flash drives,
which are used for general storage and transfer of data between computers.

Unlike many other storage devices, flash devices cannot be overwritten. Instead,
to update data in a particular storage location within flash memory, the location must first
be erased, then the new data written in its place. Moreover, when erasing data in a flash
device, an entire block must be erased instead of just the particular page or pages of the
block that were updated. To facilitate this process, a typical flash controller will find a
block of memory that has been previously erased and write the updated page to this new
block at the same page offset. Then, the remaining pages of the old block are copied to
the new block. Later, the old block is erased and made available for use by some other

operation.
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However, there are electrical limitations to the number of times a memory block
can be erased before the block ceases to function properly. When this occurs, the flash
memory system typically experiences a general degradation of overall performance and
capacity. The actual wear within a non-volatile memory system depends on how often
the individual memory blocks are erased and reprogrammed. For example, if a block is
erased repeatedly, that block will wear out relatively quickly. One the other hand, if a
block is programmed and the data is allowed to remain for a significant amount of time,
the block will wear relatively slowly. Since many prior art non-volatile memory systems
search for free blocks starting at the beginning of memory, the erase counts of blocks
near the beginning of memory are typically higher than those near the end of memory, as
illustrated in FIG. 1.

FIG. 1 is a graph 100 showing the erase counts of a prior art non-volatile memory
using a simple search for free blocks when writing data. In FIG. 1, each bar represents
the erase counts of each memory block. That is, each bar represents the number of erase-
write cycles experienced by each memory block, with longer bars indicating a larger
number of erase-write cycles. The memory starts at memory block 0 and ends at memory
block N.

When writing data using a simple search for free blocks, the device typically will
find the free blocks closest to the location where the search starts. In graph 100, the
search starts at memory block 0. Hence, as illustrated in FIG. 1, the memory blocks
closest to memory block 0 have higher erase counts than blocks closer to memory block
N. When particular blocks cease to function properly because of high wear levels while
other blocks are still fully operational, the non-functioning blocks can cause the flash
memory system to experience a general degradation of overall performance. Hence, in
the example of FIG. 1, the high wear level of memory block 0 can cause the entire
memory to be compromised despite the existence of relatively unused blocks near the end
of the memory. This can also occur when particular blocks of memory are programmed
once and effectively never reprogrammed while other blocks are programmed and erased
continuously, as illustrated next in FIG. 2.

FIG. 2 is a graph 200 showing erase counts of a prior art non-volatile memory
having low erase-write cycle blocks and high erase-write cycle blocks. Similar to FIG. 1,

in FIG. 2 each bar represents the relative wear level of each memory block, with longer
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bars indicating a larger number of erase-write cycles. The memory starts at memory 0
and ends at memory block N.

In the example of FIG. 2, several low wear level memory blocks 202 are present
in the memory. These memory blocks 202 represent memory blocks that have been
programmed relatively very few times. For example, they can represent blocks storing a
user’s favorite songs in an MP3 player. Because the user does not want to remove the
songs, the memory blocks 202 storing the song data is programmed once with the song
and then not reprogrammed. While the remaining memory blocks 204 are
reprogrammed regularly with song data that the user only stores for a relatively short
period of time. As a result, the memory blocks 202 storing the favorite songs have a low
wear level, while the remaining memory blocks 204 storing transient songs have much
higher wear levels. Hence, as in the example of FIG. 1, the high wear level of memory
blocks 204 can cause the entire memory to be compromised despite the existence of the
low wear level memory blocks 202 storing the favorite song data.

To increase the life of non-volatile memory, wear leveling procedures can be
performed on the memory. Wear leveling procedures attempt to utilize the memory in an
even fashion, distributing erase-write cycles evenly across the individual memory blocks
of the non-volatile memory. One prior art method for wear leveling is to map addresses
associated with sectors of worn memory blocks to spare arcas once the blocks in which
the sectors have been stored have become unusable. Unfortunately, this approach does
not effectively distribute erase-write cycles evenly across the individual memory blocks.
Moreover, this approach allows the non-volatile memory to degrade as the blocks are
remapped.

In view of the foregoing, there is a need for systems and methods for providing
effective wear leveling in a non-volatile memory system. The systems and methods
should wear blocks evenly allowing increased memory usage. Moreover, the systems
and methods should provide effective wear leveling without undue overhead costs and

additional memory usage.
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SUMMARY OF THE INVENTION

Broadly speaking, the present invention addresses these needs by providing wear
leveling in a non-volatile memory system utilizing relative wear counters to indicate
relative levels of wear for each memory block in a non-volatile memory system. For
example, in one embodiment a method for providing wear leveling in a non-volatile
memory system is disclosed. The non-volatile memory system includes a plurality of
memory blocks and a plurality of relative wear counters associated with the memory
blocks. Whenever a memory block is erased, the associated relative wear counter is
incremented. Then, when any relative wear counter reaches a predetermined limit, the
value of the lowest relative wear counter is subtracted from each relative wear counter.
Each relative wear counter indicates a relative wear level of the associated memory block
relative to other memory blocks. In this manner, the relative wear levels are maintained
while reducing the amount of memory needed for each relative wear counter. The
predetermined limit can have a value, for example, equal to the maximum value capable
of being stored in a relative wear counter. However, it should be noted that any value
capable of being stored in a relative wear counter can be utilized as the predetermined
limit.

Using the above relative wear counters, embodiments of the present invention can
perform dynamic or stating wear leveling. For example, in one aspect, a request is
received to write data to non-volatile memory. In response, the plurality of relative wear
counters is searched for a relative wear counter storing a lowest value, and corresponding
to a free memory block. The data is then stored in the memory block associated with the
relative wear counter storing the lowest value. To perform static wear leveling, an
embodiment of the present invention searches the plurality of relative wear counters for a
relative wear counter storing the highest value, and for a relative wear counter storing a
lowest value. Data stored in the memory block associated with the relative wear counter
storing the lowest value is then copied to the memory block associated with the relative
wear counter storing the highest value.

A non-volatile memory system is disclosed in a further embodiment of the present
invention. The non-volatile memory system includes a plurality of memory blocks, and a

plurality of relative wear counters. Each relative wear counter is associated with a



10

15

20

25

WO 2009/064542 PCT/US2008/077863

_5_

particular memory block. The non-volatile memory further includes logic that
increments a relative wear counter associated with a memory block when the memory
block is erased. Also included is logic that subtracts the value of the lowest relative wear
counter from each relative wear counter when any relative wear counter reaches a
predetermined limit. Each relative wear counter of the plurality of relative wear counters
indicates a relative wear level of the associated memory block relative to other memory
blocks. As above, logic can be included that that searches the plurality of relative wear
counters for a relative wear counter storing a lowest value upon receiving a request to
write data to non-volatile memory, and logic that stores the data in the memory block
associated with the relative wear counter storing the lowest value.

In an additional embodiment, a data structure arranged in non-volatile memory is
disclosed. The data structure includes a plurality of relative wear counters indicating
relative wear levels of memory blocks, with each relative wear counter being associated
with a particular memory block in non-volatile memory. The data structure is updated by
incrementing a relative wear counter associated with a memory block when the memory
block is erased. In addition, when any relative wear counter in the data structure reaches
a predetermined limit, the value of the lowest relative wear counter is subtracted from
cach relative wear counter. In one embodiment, each relative wear counter is relatively
small, for example one byte, or two bytes. However, it should be noted that each relative
wear counter can be of any size, depending on the needs the system.

Because embodiments of the present invention are not required to store an
absolute count of block erases, embodiments of the present invention can utilize small
relative wear counters, such as a single byte, to store relative levels of wear for memory
blocks. As can be appreciated, embodiments of the present invention can reduce the size
of the plurality of relative wear counters by a factor of three or more depending on the
size of the non-volatile memory. Other aspects and advantages of the invention will
become apparent from the following detailed description, taken in conjunction with the

accompanying drawings, illustrating by way of example the principles of the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

The invention, together with further advantages thereof, may best be understood
by reference to the following description taken in conjunction with the accompanying
drawings in which:

FIG. 1 is a graph showing a relative wear levels of a prior art non-volatile
memory using a simple search for free blocks when writing data;

FIG. 2 is a graph showing relative wear levels of a prior art non-volatile memory
having low erase-write cycle blocks and high erase-write cycle blocks;

FIG. 3 is a diagram showing a system, which includes non-volatile memory with
wear leveling logic utilizing relative wear counters, in accordance with an embodiment of
the present invention;

FIG. 4 is a block diagram showing an exemplary memory array, in accordance
with an embodiment of the present invention;

FIG. 5 is a block diagram showing the relation between memory blocks and
relative wear counters, in accordance with an embodiment of the present invention;

FIG. 6 is a flowchart showing a method for providing wear leveling in a non-
volatile memory system using relative wear counters, in accordance with an embodiment
of the present invention;

FIG. 7A is a diagram showing an exemplary table of relative wear counters, in
accordance with an embodiment of the present invention;

FIG. 7B is a diagram showing the table of relative wear counters after subtracting
the value of the lowest relative wear counter from all relative wear counters, in
accordance with an embodiment of the present invention;

FIG. 8 is a flowchart showing a method for performing dynamic wear leveling
using relative wear counters, in accordance with an embodiment of the present invention;

FIG. 9 is a graph showing relative wear levels of a non-volatile memory using
dynamic wear leveling, in accordance with an embodiment of then present invention; and

FIG. 10 is a flowchart showing a method for static wear leveling utilizing relative

wear counters, in accordance with an embodiment of the present invention.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

An invention is disclosed for providing wear leveling in a non-volatile memory
system utilizing relative wear counters. Broadly speaking, embodiments of the present
invention utilize relative wear counters to indicate relative levels of wear for each
memory block in a non-volatile memory system. A relative wear counter is a counter that
stores a value indicating the relative erase count of a memory block compared to other
memory blocks. For example, whenever a memory block is erased, an associated relative
wear counter is incremented. When any relative wear counter reaches a predetermined
limit, the value of the lowest relative wear counter is subtracted from all relative wear
counters. In this manner, the relative wear levels are maintained while reducing the
amount of memory needed to for each counter. Thus, by having an indication of which
memory blocks have lower levels of wear, embodiments of the present invention can
provide a more even distribution of erase-write cycles across the non-volatile memory
blocks.

In the following description, numerous specific details are set forth in order to
provide a thorough understanding of the present invention. It will be apparent, however,
to one skilled in the art that the present invention may be practiced without some or all of
these specific details. In other instances, well known process steps have not been
described in detail in order not to unnecessarily obscure the present invention.

FIGS. 1 and 2 were described in terms of the prior art. FIG. 3 is a diagram
showing a system 300, which includes non-volatile memory with wear leveling logic
utilizing relative wear counters, in accordance with an embodiment of the present
invention. The system 300 includes a host processor 302 coupled to system memory 306.
The host processor 302 also is coupled to a memory controller 308, which is in
communication with a non-volatile memory 310. The non-volatile memory 310 includes
a memory array 312 coupled to a buffer 314. The non-volatile memory 310 can be any
type of non-volatile memory, such as PCM, flash memory, or any other type of non-
volatile memory as will be apparent to those skilled in the art after a careful reading of
the present disclosure.

During normal operation, the processor 302 utilizes the system memory 306 for

many logic operations. When access to the non-volatile memory 310 is required, the
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processor 302 generally utilizes the memory controller 308 to read and write data to the
non-volatile memory 310. To write data to the non-volatile memory 310, the processor
generally instructs the memory controller 308 to transfer the data from the system
memory 306 into the buffer 314 of the non-volatile memory 310. The data then is
transferred from the buffer 314 and stored into the memory array 312. When the data is
later read from the non-volatile memory 310, the data is transferred from the memory
array 312 to the buffer 314. The memory controller 308 then reads the data from the
buffer 314, and stores the data into the system memory 306 for use by the host processor
302. Typically, data is arranged in the memory array 312 in blocks, each comprised of a
plurality of pages, as illustrated in FIG. 4.

FIG. 4 is a block diagram showing an exemplary memory array 312, in
accordance with an embodiment of the present invention. As illustrated in FIG. 4, the
memory array 312 generally includes a plurality of memory blocks 0 — N 400, which
typically is the smallest unit of memory that can be erased. Each memory block 400 is
comprised of a plurality of pages 402, which generally are the smallest unit of
programming. That is, when writing or reading data to and from the memory array 312,
an entire page 402 of data generally is accessed at one time. When erasing data, an entire
memory block 400 generally is the minimum amount of data that is erased in each
operation.

As mentioned previously, there are electrical limitations to the number of times a
memory block 400 can be erased before the memory block 400 ceases to function
properly. When this occurs, the memory system typically experiences loss of stored data
and a general degradation of overall performance. The actual wear within a non-volatile
memory system depends on how often the individual memory blocks are erased and
reprogrammed. For example, if a block is erased repeatedly, that block will wear out
relatively quickly. One the other hand, if a block is programmed and the data is allowed
to remain for a significant amount of time, the block will wear relatively slowly. Thus,
uneven usage of the non-volatile memory can lead to the entire memory being
compromised despite the existence of many low wear level memory blocks.

To increase the life of non-volatile memory, wear leveling procedures can be
performed on the memory. Wear leveling procedures attempt to utilize the memory in an

even fashion, distributing erase-write cycles evenly across the individual memory blocks
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of the non-volatile memory. To provide wear leveling in the non-volatile memory
system, embodiments of the present invention utilize relative wear counters to indicate
relative levels of wear for each memory block 400 in the memory array 312.

FIG. 5 is a block diagram showing the relation between memory blocks 400 and
relative wear counters 500, in accordance with an embodiment of the present invention.
As mentioned previously, embodiments of the present invention can provide a more even
distribution of erase-write cycles across the memory blocks 400 by having an indication
of which memory blocks have lower levels of wear. To this end, embodiments of the
present invention associate a relative wear counter 500 with each memory block 400 in
the memory array. For example, in FIG. 5, relative wear counter 500a is associated with
memory block 0 400a, relative wear counter 500b is associated with memory block 1
400D, relative wear counter 500c¢ is associated with memory block 2 400c, and so on to
relative wear counter 500n is associated with memory block N 400n.

A relative wear counter is a counter that stores a value indicating the relative erase
count of a memory block compared to other memory blocks. For example, in FIG. 5,
cach relative wear counter 500a-500n provides an indication of the relative wear level of
the associated memory block 400a-400n relative to other memory blocks. Using the
relative wear counters 500a-500n, embodiments of the present invention can determine
which memory block 400a-400n have been erased the most number times, and which
memory block 400a-400n has been erased the least number of times. In this manner,
embodiments of the present invention can perform wear leveling operations to extend the
life of non-volatile memory systems by more evenly distributing memory block usage, as
will be described in greater detail subsequently.

To provide an indication of the relative wear level of the memory blocks 400a-
400n, the associated relative wear counter 500a-500n is incremented each time the
associate memory block 400a-400n is erased. For example, each time memory block 1
400b is ecrased, the associated relative wear counter 500b is incremented. Thus, by
examining the relative wear counters 500a-500n, embodiments of the present invention
can determine which memory block 400a-400n has been erased the most number times,
and which memory block 400a-400n has been erased the least number of times. That is,
the memory block 400a-400n associated with the relative wear counter 500a-500n having

the highest value is the memory block that has been erased the most number of times.
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Similarly, the memory block 400a-400n associated with the relative wear counter 500a-
500n having the lowest value is the memory block that has been erased the least number
of times.

Although variances occur depending on the specific memory, typical non-volatile
memory blocks often can withstand over 100,000 write-erase cycles before becoming
unusable. Thus, to keep an absolute count of the number of times a memory block has
been erased would require a counter capable of storing a value of at least 100,000.
Storing a value of 100,000 requires a counter of at least three bytes. Thus, the amount of
memory required to store a table of absolute erase counters requires a large amount of
memory as the number of memory blocks increases. To address this issue, embodiments
of the present invention utilize relative wear counters that reflect the relative wear level
of the associate memory blocks rather than the absolute erase count of each memory
block. This is accomplished by subtracting the value of lowest relative wear counter
from all the relative wear counters when any relative wear counter reaches a
predetermined limit, as discussed next with reference to FIG. 6.

FIG. 6 is a flowchart showing a method 600 for providing wear leveling in a non-
volatile memory system using relative wear counters, in accordance with an embodiment
of the present invention. In an initial operation 602, preprocess operations are performed.
Preprocess operations can include, for example, performing read/write operations,
updating address tables, and other preprocess operations that will be apparent to those
skilled in the art after a careful reading of the present disclosure.

In operation 604, a request to erase a specified memory block is received. The
request may include erasing a single memory block or a plurality of memory blocks
depending on the needs of the system. Although reads and writes can be performed on a
single page of data, typical non-volatile memory often has a minimum memory size that
must be erased in a single operation. Generally, this minimum amount is one memory
block.

Once the request is received, the specific memory block is erased, in operation
606. For example, referring back to FIG. 5, a request may be received to erase memory
block 2 400c. In this case, the memory controller instructs the non-volatile memory
device to erase the data corresponding to the pages of memory block 2 400c. As

mentioned above, the actual wear within a non-volatile memory system depends on how



10

15

20

25

30

WO 2009/064542 PCT/US2008/077863

~11 -

the individual memory blocks are erased and reprogrammed. To increase the life of non-
volatile memory, wear leveling procedures that attempt utilize the memory in an even
manner are performed on the memory. The embodiments of the present invention
provide wear leveling utilizing relative wear counters to indicate relative levels of wear
for each memory block in the memory array, as described in operation 608.

Referring back to FIG. 6, wear leveling logic increments the relative wear counter
associated with the specified memory block, in operation 608. Continuing with the
example of FIG. 5, the corresponding relative wear counter for memory block 2 400c is
relative wear counter 500c. Thus, in this example, relative wear counter 500c¢ is
incremented when memory block 2 400c¢ is erased, as shown in FIG. 7A.

FIG. 7A is a diagram showing an exemplary table 700 of relative wear counters,
in accordance with an embodiment of the present invention. The exemplary table 700
includes a plurality of relative wear counters 500a-500n. As mentioned above, when a
memory block is erased, the corresponding relative wear counter 500a-500n is
incremented. For example, when memory block 2 400c of FIG. 5 is erased, the
corresponding relative wear counter 500c of FIG. 7A is incremented.

In addition, FIG. 7A shows exemplary values of relative wear counters after
relative wear counter 500c is incremented. For example, relative wear counter 500a has
an exemplary value of 195, relative wear counter 500b has an exemplary value of 232,
relative wear counter 500c has an exemplary value of 255, and relative wear counter 500n
has an exemplary value of 50.

Referring back to FIG. 6, a decision is made as to whether the relative wear
counter just incremented is equal to a predetermined limit, in operation 610. In one
embodiment, the predetermined limit is the maximum value that one relative wear
counter can store. For example, when the relative wear counter is one byte, the
predetermined limit can be a value of 255. However, it should be noted that any value
that can be represented in a single relative wear counter can be utilized as a
predetermined limit. Also, although embodiments of the present invention will be
described in terms of testing for equality with the predetermined limit, subtraction can
alternatively be triggered when a relative wear counter is greater than the predetermined

limit. If the relative wear counter just incremented is equal to a predetermined limit, the
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method 600 branches to operation 612. Otherwise the method 600 ends with operation
614.

In operation 612, the value of the lowest relative wear counter is subtracted from
all relative wear counters. As mentioned above, when a memory block is erased, the
corresponding relative wear counter 500a-500n is incremented. In the example of FIG.
7A, the predetermined limit is the value 255. However, as mentioned previously, it
should be noted that the predetermined limit can be any value capable of being
represented by a single relative wear counter.

Continuing with the example of FIG. 7A, relative wear counter 500c has reached
the predetermined limit of 255. Thus, the wear leveling logic of the embodiments of the
present invention searches the table 700 of relative wear counters 500a-500n to determine
the value of lowest relative wear counter. In this example, the lowest value is 50, which
is stored in relative wear counter 500n. The wear leveling logic then subtracts 50 from
cach relative wear counter 500a-500n, as illustrated next with reference to FIG. 7B.

FIG. 7B is a diagram showing the table 700 of relative wear counters after
subtracting the value of the lowest relative wear counter from all relative wear counters,
in accordance with an embodiment of the present invention. For example, relative wear
counter 500a previously stored a value of 195 in the example of FIG. 7A. The value of
50 is subtracted from the previously stored a value of 195 leaving a value of 145 stored in
relative wear counter 500a. Similarly, relative wear counter 500b previously stored a
value of 232 in the example of FIG. 7A. The value of 50 is subtracted from the
previously stored a value of 232 leaving a value of 182 stored in relative wear counter
500b. Subtracting the value of 50 from the previously stored values of 255 and 50 in
relative wear counters 500c and 500n leaves values of 205 and 0 stored in relative wear
counters 500c and 500n respectively.

Turning back to FIG. 6, post process operations are performed in operation 614.
Post process operations can include, for example, performing dynamic wear leveling
functions, performing static wear leveling functions, and other post process operations
that will be apparent to those skilled in the art after a careful reading of the present
disclosure. In this manner, embodiments of the present invention can determine wear
levels of memory blocks relative to each other. Also, by subtracting the value of the

lowest relative wear counter from all relative wear counters when the predetermined limit
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is reached by a counter, embodiments of the present invention are able to utilize smaller
counters to indicate relative wearing levels. As mentioned previously, typical non-
volatile memory blocks often can withstand over 100,000 write-erase cycles before
becoming unusable. Thus, to keep an absolute count of the number of times a memory
block has been erased would require a counter capable of storing a value of at least
100,000, which requires a counter of at least three bytes. Because embodiments of the
present invention are not required to store an absolute count of block erases, embodiment
of the present invention can utilize relative wear counters that are only a single byte to
store relative levels of wear for memory blocks. As can be appreciated, in this example
embodiments of the present invention can reduce the size of the table of counters by a
factor of three. Using the table of relative wear counters, embodiments of the present
invention can perform wear leveling either dynamically or statically.

FIG. 8 is a flowchart showing a method 800 for performing dynamic wear
leveling using relative wear counters, in accordance with an embodiment of the present
invention. In an initial operation 802, preprocess operations are performed. Preprocess
operations can include, for example, receiving requests to erase memory blocks, updating
relative wear counters, and other preprocess operations that will be apparent to those
skilled in the art after a careful reading of the present disclosure.

In operation 804, a request to write data to non-volatile memory is received. The
request may include writing to a single page or a plurality of pages depending on the
needs of the system. Although erase operations typically require an entire memory block
to be erased, read and write operations generally can be performed on a single page of
data.

Once the request is received, the table of relative wear counters is searched for the
lowest stored value, in operation 806. As mentioned above with respect to FIG. 6, each
time a memory block is erased, embodiments of the present invention increment the
associated relative wear counter. Thus, the relative wear counters provide an indication
of the wear levels for the various memory blocks of the non-volatile memory. That is,
using the relative wear counters, embodiments of the present invention can determine
which memory block have been erased the most number times, and which memory block

has been erased the least number of times. Thus, embodiments of the present invention
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determine which memory block has the lowest level of wear by determining which
relative wear counter has the lowest value.

In operation 808, the data is written to the memory block corresponding to the
relative wear counter having the lowest value. The memory block corresponding the
relative wear counter having the lowest value is the memory block having the least
number of erase operations performed on it, and thus the lowest level of wear. Hence, in
operation 808, embodiments of the present invention write the data in the memory bock
having the lowest level of wear.

Post process operations are performed in operation 810. Post process operations
can include, for example, receiving further erase requests, receiving further read/write
requests, performing static wear leveling, and other post process operations that will be
apparent to those skilled in the art after a careful reading of the present disclosure. In this
manner, embodiments of the present invention perform wear leveling during normal
operation when writing data to non-volatile memory, as illustrated next with reference to
FIG. 9.

FIG. 9 is a graph 900 showing relative wear levels of a non-volatile memory using
dynamic wear leveling, in accordance with an embodiment of then present invention. In
FIG. 9 each bar represents the relative wear level of a memory block, with longer bars
indicating a larger number of erase-write cycles. The memory starts at memory 0 and
ends at memory block N. As can be seen, when writing data to non-volatile memory
utilizing dynamic wear leveling as discussed with respect to FIG. 8, embodiments of the
present invention utilize the memory in an even fashion, distributing erase-write cycles
more evenly across the individual memory blocks of the non-volatile memory. In
addition to performing wear leveling dynamically during write operations, embodiments
of the present invention can perform static wear leveling, as described next with reference
to FIG. 10.

FIG. 10 is a flowchart showing a method 1000 for static wear leveling utilizing
relative wear counters, in accordance with an embodiment of the present invention. In an
initial operation 1002, preprocess operations are performed. Preprocess operations can
include, for example, performing dynamic wear leveling, receiving a static wear leveling
request, and other preprocess operations that will be apparent to those skilled in the art

after a careful reading of the present disclosure.
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In operation 1004, the table of relative wear counters is searched for the relative
wear counter corresponding to both a free memory block and storing the largest value.
One purpose of static wear leveling is to reduce the usage of memory blocks having a
high level of wear. To do this, embodiments of the present invention identify a free
memory block having a high level of wear. The relative wear counter storing the largest
value, and corresponding to a free memory block, corresponds to the free memory block
having the highest level of wear. Once found, the memory block will be utilized to store
data that is predicted to be maintained in memory, without being erased frequently, as
described next.

In operation 1006, the table of relative wear counters is searched for the relative
wear counter corresponding to a memory block currently in use and storing the lowest
value. Static data is data that is to remain stored in non-volatile memory for a relatively
prolonged period of time. An example of such data is system data utilized for system
operation. Such data stored in non-volatile memory generally is not erased once written
to memory. Another example of generally static data can be favorite MP3 data or
favorite image files. For example, when a user stores MP3 data for a favorite song, or a
favorite image file, the user generally allows the data to remain in non-volatile memory.
When such data is stored in non-volatile memory, the memory block or blocks storing
such data generally have a low level of wear because the data is stored and allowed to
remain in non-volatile memory without being erased.

Thus, to predict which memory blocks store static data, embodiments of the
present invention search for memory blocks having low levels of wear. The relative wear
counter corresponding to a memory block currently in use and storing the lowest value
corresponds to a memory block having the lowest level of wear and thus is predicted as
capable of storing static data.

Once the two memory blocks are found, the data from the memory block
corresponding to the relative wear counter storing the lowest value is copied to the free
memory block corresponding the relative wear counter storing the highest value, in
operation 1008. As mentioned above, the data found in operation 1006 is likely to remain
relatively static, and thus unlikely to be erased frequently. Thus, embodiments of the
present invention copy this data to the high wear level free memory block found in

operation 1004 to slow the wearing of the memory block.
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Post process operations are performed in operation 1010. Post process operations
can include, for example, updating an address table to indicate the new location of the
moved data, updating free memory usage data, and other post process operations that will
be apparent to those skilled in the art after a careful reading of the present disclosure. In
this manner, embodiments of the present invention attempt to predict where static data is
stored, and move that data to high wear level memory locations. Once static data is
stored in a high wear level memory location, the wear in that location should slow
because the static data is unlikely to be erased or at least erased less frequently. In one
embodiment, static wear leveling operations are performed in response to receiving a
command to perform static wear leveling. In this manner, static wear leveling can occur
during lowest use periods or when the non-volatile memory is otherwise idle.

Although the foregoing invention has been described in some detail for purposes
of clarity of understanding, it will be apparent that certain changes and modifications may
be practiced within the scope of the appended claims. Accordingly, the present
embodiments are to be considered as illustrative and not restrictive, and the invention is
not to be limited to the details given herein, but may be modified within the scope and

equivalents of the appended claims.
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CLAIMS
What is claimed is:
1. A method for providing wear leveling in a non-volatile memory system,

the non-volatile memory system including a plurality of memory blocks and a plurality of

5  relative wear counters associated with the memory blocks, comprising the operations of:

incrementing a relative wear counter associated with a memory block when the

memory block is erased; and

subtracting a value of a lowest relative wear counter from each relative wear

counter when any relative wear counter reaches a predetermined limit.
10

2. A method as recited in claim 1, wherein each relative wear counter
indicates a relative wear level of the associated memory block relative to other memory

blocks.

15 3. A method as recited in claim 1, wherein the predetermined limit is a value

equal to the maximum value capable of being stored in a relative wear counter.

4. A method as recited in claim 1, further comprising the operations of:
receiving a request to write data to non-volatile memory;

20 searching the plurality of relative wear counters for a relative wear counter storing

a lowest value; and

storing the data in the memory block associated with the relative wear counter

storing the lowest value.

25 5. A method as recited in claim 4, wherein the memory block having the

lowest value is a free memory block.
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6. A method as recited in claim 1, further comprising the operations of:

searching the plurality of relative wear counters for a relative wear counter storing

a highest value;

5 searching the plurality of relative wear counters for a relative wear counter storing

a lowest value; and

moving data stored in a memory block associated with the relative wear counter
storing the lowest value to the memory block associated with the relative wear counter

storing the highest value.
10

7. A method as recited in claim 6, wherein the relative wear counter having

the highest value is associated with a free memory block.

8. A non-volatile memory system, comprising;:
15 a plurality of memory blocks;

a plurality of relative wear counters, each relative wear counter being associated

with a particular memory block;

logic that increments a relative wear counter associated with a memory block

when the memory block is erased; and

20 logic that subtracts a value of a lowest relative wear counter from each relative

wear counter when any relative wear counter reaches a predetermined limit.

9. A non-volatile memory system as recited in claim 8, wherein each relative
wear counter of the plurality of relative wear counters indicates a relative wear level of

25  the associated memory block relative to other memory blocks.
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10. A non-volatile memory system as recited in claim 8, wherein the

predetermined limit is a value equal to the maximum value capable of being stored in a

relative wear counter.

5 11. A non-volatile memory system as recited in claim 8, further comprising:

logic that searches the plurality of relative wear counters for a relative wear
counter storing a lowest value upon receiving a request to write data to non-volatile

memory; and

logic that stores the data in the memory block associated with the relative wear

10  counter storing the lowest value.

12. A non-volatile memory system as recited in claim 11, the relative wear

counter storing the lowest value is associated with a free memory block.

15 13. A non-volatile memory system as recited in claim 8, further comprising:

logic that searches the plurality of relative wear counters for a relative wear

counter storing a highest value;

logic that searches the plurality of relative wear counters for a relative wear

counter storing a lowest value; and

20 logic that moves data stored in a memory block associated with the relative wear
counter storing the lowest value to the memory block associated with the relative wear

counter storing the highest value.

14. A non-volatile memory system as recited in claim 13, further comprising

25  the operation of receiving a request to perform static wear leveling.



WO 2009/064542 PCT/US2008/077863

—20—

15. A non-volatile memory system as recited in claim 13, wherein the relative

wear counter storing the highest value is associated with a free memory block.

16. A non-volatile memory system as recited in claim 8, further comprising:

5 logic that searches the plurality of relative wear counters for a relative wear

counter storing a relatively high value;

logic that searches the plurality of relative wear counters for a relative wear

counter storing a relatively low value; and

logic that moves data stored in a memory block associated with the relative wear
10 counter storing the relatively low value to the memory block associated with the relative

wear counter storing the relatively high value.

17. A data structure arranged in non-volatile memory, comprising:

a plurality of relative wear counters indicating relative wear levels of memory
15  blocks, each relative wear counter being associated with a particular memory block in

non-volatile memory,

wherein a relative wear counter associated with a memory block is incremented
when the memory block is erased, and wherein a value of a lowest relative wear counter
is subtracted from each relative wear counter when any relative wear counter reaches a

20  predetermined limit.

18. A data structure as recited in claim 17, wherein cach relative wear counter
of the plurality of relative wear counters indicates a relative wear level of the associated

memory block relative to other memory blocks.

25 19. A data structure as recited in claim 17, wherein the predetermined limit is

a value equal to the maximum value capable of being stored in a relative wear counter.



WO 2009/064542 PCT/US2008/077863

21—
20. A data structure as recited in claim 17, wherein cach relative wear counter
is one byte in length.
21. A data structure as recited in claim 17, wherein cach relative wear counter

5  istwo bytes in length.



WO 2009/064542 PCT/US2008/077863

1/10

=
1
1
g -
S
-
=
[
-—
()]
w p—
\—E
" | -
~ Os
—I:
LL
© Q.
Tp]
<
(o0 ]
N
-—
[




WO 2009/064542

2/10

200
204

204

202

204

202

PCT/US2008/077863

11 12

10

FIG. 2
(Prior Art)



PCT/US2008/077863

WO 2009/064542

3/10

/

143

/

¢ 'Old

SEEE

AVIIY
\\ AUONW3N

A%

AJON3N
3171LVIOA-NON

/

] %

00€

N

dITIOHULNOD
AJON3N

AJON3N

W3LSAS

80¢

J0SS300ud

AN

c0¢

90¢€



WO 2009/064542

PCT/US2008/077863

4/10

’/' 312

MEMORY
ARRAY

400

Block b Block 1 )3Iock 2 Block N

- . 402

400 /

FIG. 4




PCT/US2008/077863

WO 2009/064542

5/10

\\\\\\\\ 005
= — —~
/7 uoos 9009 q00S e00S
/ Jajunon Jojunon | 1ouno9 | Jaunon \
\ JeapA Jeap\ Jeap\ Jeap\ y,
\ | enneey annejoy | aanejey | aanejey
~ L — —
e -0
/ T T \
/ / | \
4 / \
/ y |
/ y _ \
/ y | \ \
/
» y v \ N
uooy 200¥ q007 eooy
N M00149 ¢ M00149 I MOO19 0 M00149




WO 2009/064542 PCT/US2008/077863

6/10

600
N

Receive Request to Erase a
Specified Memory Block

604

Erase Specified Memory Block 606

Increment Relative Wear
Counter Associated With 608
Specified Memory Block

610

Counter

Yes Predetermined

612 2 Limit
?

Subtract Value of
Lowest Relative

Wear Counter From No
All Counters




WO 2009/064542

PCT/US2008/077863

7/10
/‘ 700
Relative Relative Relative Relative
Wear Wear Wear Wear
Counter Counter Counter Counter
0 1 2 N
195 232 255 coe 50
500a 500b 500c 500n
Relative Relative Relative Relative
Wear Wear Wear Wear
Counter Counter Counter Counter
0 1 2 N
145 182 205 soe 0
500a 500b 500c 500n

FIG. 7B



WO 2009/064542

8/10

PCT/US2008/077863

800
/_

Receive Request to Write Data
to Non-Volatile Memory

Search Table of Relative Wear
Counters For Lowest Value

Write Data to Memory Block
Corresponding to Relative
Wear Counter Storing Lowest
Value

FIG. 8

804

806

808



900

WO 2009/064542

9/10

11 12

10

PCT/US2008/077863

FIG. 9



WO 2009/064542 PCT/US2008/077863

10/10

1000
/_

Search Table of Relative Wear Counters
for Counter Corresponding to a Free

Memory Block and Storing the Largest 1004
Value
Search Table of Relative Wear Counters 1006

For Counter Storing the Lowest Value

Copy Data From Memory Block
Corresponding to Lowest Relative Wear
Counter to Free Memory Block 1008
Corresponding to Relative Wear Counter
Storing Largest Value

FIG. 10



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2008/077863

A. CLASSIFICATION OF SUBJECT MATTER

G11C 16/02(2006.01)i, GOGF 12/00(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC
B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
IPC 8: G11C, HO1L, GO6F

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean Utility Models and applications for Utility Models since 1975
Japanese Utility Models and application for Utility Models since 1975

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKIPASS(KIPO internal) "non volatile memory, wear level, plurality, counter, increment"

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 7257668 B2 (JOHNNY CHAN, et.al ) 14 Aug. 2007 1-21
See the abstract, Fig.2, column 3 line 60 ~ column 4 line 61, claim 1

A US 6985992 B1 (ROBERT C. CHANG, et.al ) 10 Jan. 2006 1-21
See the abstract, Fig.6, claim 1 and 10

A US 6856546 B2 (DANIEL C. GUTERMAN, et.al ) 15 Feb. 2005 1-21
See the abstract, Fig.10, column 16 line 29 ~ column 17 line 12, claim 1

|:| Further documents are listed in the continuation of Box C. IE See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority

"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention

"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive

"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art

"P"  document published prior to the international filing date but later "&" document member of the same patent family

than the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
22 JANUARY 2009 (22.01.2009) 23 JANUARY 2009 (23.01.2009)
Name and mailing address of the ISA/KR Authorized officer
' Korean Intellectual Property Office
Government Complex-Daejeon, 139 Seonsa-ro, Seo- CHO, Myoung Kwan
. gu, Daejeon 302-701, Republic of Korea
Facsimile No. 82-42-472-7140 Telephone No.  82-42-481-8212

Form PCT/ISA/210 (second sheet) (July 2008)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/US2008/077863
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 7257668 B2 14.08.2007 CN 1871592 A 29.11.2006
EP 1680744 A2 19.07.2006
US 2005-0086440 A1 21.04.2005
US 2006-0236044 A1 19.10.2006
US 7082490 B2 25.07.2006
WO 2005-043589 A2 12.05.2005
WO 2005-043589 A3 01.06.2006
US 6985992 B1 10.01.2006 AU 2003-266007 A8 25.05.2004
AU 2003-266007 A1 25.05.2004
CN 1701309 A 23.11.2005
EP 1559018 A2 03.08.2005
JP 2006-504195 T 02.02.2006
KR 10-2005-0050148 A 27.05.2005
TW 236019 B 11.07.2005
TW 236019 A 11.07.2005
WO 2004-040578 A2 13.05.2004
WO 2004-040578 A3 15.07.2004
US 6856546 B2 15.02.2005 JP 2001-504973 A 10.04.2001
US 7187592 B2 06.03. 2007
US 7345934 B2 18.03.2008
US 7385843 B2 10.06.2008
US 7443723 B2 28.10.2008
Us 7457162 B2 25.11.2008
US 2002-0163838 A1 07.11.2002
US 2004-0042294 A1 04.03.2004
US 2004-0047195 A1 11.03.2004
US 2004-0165431 A1 26.08.2004
US 2004-0213049 A9 28.10.2004
US 2004-0246798 A1 09.12.2004
US 2004-0213049 A9 28.10.2004
US 2005-0002233 A1 06.01.2005
US 2005-0018481 A1 27.01.2005
US 2005-0180211 A1 18.08. 2005
US 2006-0129751 A1 15.06. 2006
US 2008-0043529 A1 21.02.2008
US 6222762 B1 24.04.2001
US 6275419 B1 14.08.2001
US 6317363 B1 13.11.2001
US 6317364 B1 13.11.2001
US 6862218 B2 01.03.2005
US 6894926 B2 17.05.2005
US 7088615 B2 08.08.2006
US 7289360 B2 30.10.2007
WO 99-08284 A2 18.02. 1999
WO 99-08284 A3 07.06.2001

Form PCT/ISA/210 (patent family annex) (July 2008)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - wo-search-report
	Page 34 - wo-search-report

