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HYBRID NON-VOLATILE SOLID STATE
MEMORY SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 60/869,493 filed on Dec. 11, 2006.
Thedisclosure of the above application is incorporated herein
by reference in its entirety.

FIELD

[0002] The present disclosure relates to solid state memo-
ries, and more particularly to hybrid non-volatile solid state
memories.

BACKGROUND

[0003] The background description provided herein is for
the purpose of generally presenting the context of the disclo-
sure. Work of the presently named inventors, to the extent it is
described in this background section, as well as aspects of the
description that may not otherwise qualify as prior art at the
time of filing, are neither expressly nor impliedly admitted as
prior art against the present disclosure.

[0004] Flash memory chips, which use charge storage
devices, have become a dominant chip type for semiconduc-
tor-based mass storage devices. The charge storage devices
are particularly suitable in applications where data files to be
stored include music and image files. Charge storage devices,
however, can sustain a limited number of write cycles after
which the charge storage devices can no longer reliably store
data.

[0005] A limited number of write cycles may be acceptable
for many applications such as removable USB (universal
serial bus) drives, MP3 (MPEG Layer 3) players, and digital
camera memory cards. However, when used as general
replacements for built-in primary data drives in computer
systems, a limited number of write cycles may not be accept-
able.

[0006] Lower density flash devices, where a single bit is
stored per storage cell, typically have a usable lifetime on the
order of 100,000 write cycles. To reduce cost, flash devices
may store 2 bits per storage cell. Storing 2 bits per storage
cell, however, may reduce the usable lifetime of the device to
a level on the order of 10,000 write cycles.

[0007] Flash devices may not have a long enough lifetime
to serve as mass storage, especially where part of the mass
storage is used as virtual memory paging space. Virtual
memory paging space is used by operating systems to store
data from RAM (random access memory) when available
space in RAM is low. For purposes of illustration only, a flash
memory chip may have a capacity of 2 GB (gigabytes), may
store 2 bits per cell, and may have a write throughput of about
4 MB/s (megabytes per second). In such a flash memory chip,
it is theoretically possible to write every bit in the chip once
every 500 seconds (i.e., 2E9 bytes/4E6 bytes/s).

[0008] It is then theoretically possible to write every bit
10,000 times in only 5E6 seconds (1E4 cycles*5SE2 seconds),
which is less than two months. In reality, however, most drive
storage will not be written with 100% duty cycle. A more
realistic write duty cycle may be 10%, which may happen
when a computer is continuously active and performs virtual
memory paging operations. At 10% write duty cycle, the

Jun. 12, 2008

approximately 20 months. By contrast, the life expectation
for a magnetic hard disk storage device typically exceeds 10
years.

[0009] Referring now to FIG. 1, a functional block diagram
ofasolid-state disk according to the prior art is presented. The
solid-state disk 100 includes a controller 102 and a flash
memory 104. The controller 102 receives instructions and
data from a host (not shown). When a memory access is
requested, the controller 102 reads or writes data to the flash
memory 104, and communicates this information to the host.
[0010] Anarea of the flash memory 104 may become unre-
liable for storage after it has been written to or erased a
predetermined number of times. This predetermined number
of times is referred to as the write cycle lifetime of the flash
memory 104. Once the write cycle lifetime of the flash
memory 104 has been exceeded, the controller 102 can no
longer reliably store data in the flash memory 104, and the
solid-state disk 100 may no longer be usable.

SUMMARY

[0011] A solid state memory system comprises a first non-
volatile semiconductor (NVS) memory that has a first write
cycle lifetime, a second nonvolatile semiconductor (NVS)
memory that has a second write cycle lifetime that is different
than the first write cycle lifetime, and a wear leveling module.
The wear leveling module generates first and second wear
levels for the first and second NVS memories based on the
first and second write cycle lifetimes and maps logical
addresses to physical addresses of one of the first and second
NVS memories based on the first and second wear levels.
[0012] In other features, the first wear level is based on a
ratio of a first number of write operations performed on the
first NVS memory to the first write cycle lifetime. The second
wear level is based on a ratio of a second number of write
operations performed on the second NVS memory to the
second write cycle lifetime. The wear leveling module maps
the logical addresses to the physical addresses of the second
memory when the second wear level is less than the first wear
level. The first NVS memory has a first storage capacity that
is greater than a second storage capacity of the second NVS
memory.

[0013] In further features, the solid state memory system
further comprises a mapping module that receives first and
second [requencies for writing data to first and second of the
logical addresses. The wear leveling module biases mapping
ofthe first of the logical addresses to the physical addresses of
the second NVS memory when the first frequency is greater
than the second frequency and the second wear level is less
than the first wear level.

[0014] In still other features, the wear leveling module
biases mapping of the second of the logical addresses to the
physical addresses of the first NVS memory. The solid state
memory system further comprises a write monitoring module
that monitors subsequent frequencies of writing data to the
first and second of the logical addresses and that updates the
firstand second frequencies based on the subsequent frequen-
cies.

[0015] In other features, the solid state memory system
further comprises a write monitoring module that measures
first and second frequencies of writing data to first and second
of the logical addresses. The wear leveling module biases
mapping of the first of the logical addresses to the physical
addresses of the second NVS memory when the first fre-

usable lifetime of the flash device may be exhausted in quency ispipBstoh Ndblnetony TempnmyyaiddiescabnEX 1042
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wear level is less than the first wear level. The wear leveling
module biases mapping of the second of the logical addresses
to the physical addresses of the first NVS memory.

[0016] In further features, the solid state memory system
further comprises a degradation testing module that writes
data at a first predetermined time to one of the physical
addresses; generates a first stored data by reading data from
the one of the physical addresses; writes data to the one of the
physical addresses at a second predetermined time; generates
a second stored data by reading data from the one of the
physical addresses; and generates a degradation value for the
one of the physical addresses based on the first and second
stored data.

[0017] In still other features, the wear leveling module
maps one of the logical addresses to the one of the physical
addresses based on the degradation value. The wear leveling
module maps the logical addresses to the physical addresses
of the first NVS memory when the second wear level is
greater than or equal to a first predetermined threshold; and
the wear leveling module maps the logical addresses to the
physical addresses of the second NVS memory when the first
wear level is greater than or equal to a second predetermined
threshold.

[0018] In other features, when write operations performed
on a first block of the physical addresses of the first NVS
memory during a predetermined period are greater than or
equal to a predetermined threshold, the wear leveling module
biases mapping of corresponding ones of the logical
addresses from the first block to a second block of the physi-
cal addresses of the second NVS memory. The wear leveling
module identifies a first block of the physical addresses of the
second NVS memory as a least used block (LUB).

[0019] In further features, the wear leveling module biases
mapping of corresponding ones of the logical addresses from
the first block to a second block of the physical addresses of
the first NVS memory when available memory in the second
NVS memory is less than or equal to a predetermined thresh-
old. The first NVS memory comprises a flash device and the
second NVS memory comprises a phase-change memory
device. The first NVS memory comprises a Nitride Read-
Only Memory (NROM) flash device. The first write cycle
lifetime is less than the second write cycle lifetime.

[0020] A method comprises generating first and second
wear levels for first and second nonvolatile semiconductor
(NVS) memories based on first and second write cycle life-
times. The first and second write cycle lifetimes correspond to
the first and second NVS memories, respectively; and map-
ping logical addresses to physical addresses of one of the first
and second NVS memories based on the first and second wear
levels.

[0021] In other features, the first wear level is based on a
ratio of a first number of write operations performed on the
first NVS memory to the first write cycle lifetime. The second
wear level is based on a ratio of a second number of write
operations performed on the second NVS memory to the
second write cycle lifetime. The method further comprises
mapping the logical addresses to the physical addresses of the
second memory when the second wear level is less than the
first wear level.

[0022] Infurther features, the first NVS memory has a first
storage capacity that is greater than a second storage capacity
of the second NVS memory. The first write cycle lifetime is
less than the second write cycle lifetime. The method further

(o}
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data to first and second of the logical addresses; and biasing
mapping of the first of the logical addresses to the physical
addresses of the second NVS memory when the first fre-
quency is greater than the second frequency and the second
wear level is less than the first wear level.

[0023] Instill other features, the method further comprises
biasing mapping of the second of the logical addresses to the
physical addresses of the first NVS memory. The method
further comprises monitoring subsequent frequencies of writ-
ing data to the first and second of the logical addresses; and
updating the first and second frequencies based on the sub-
sequent frequencies.

[0024] In other features, the method further comprises
measuring first and second frequencies of writing data to first
and second of the logical addresses; and biasing mapping of
the first of the logical addresses to the physical addresses of
the second NVS memory when the first frequency is greater
than the second frequency and the second wear level is less
than the first wear level. The method further comprises bias-
ing mapping of the second of the logical addresses to the
physical addresses of the first NVS memory.

[0025] 1In further features, the method further comprises
writing data at a first predetermined time to one of the physi-
cal addresses; generating a first stored data by reading data
from the one of the physical addresses; writing data to the one
of the physical addresses at a second predetermined time;
generating a second stored data by reading data from the one
of the physical addresses; and generating a degradation value
for the one of the physical addresses based on the first and
second stored data.

[0026] Instill other features, the method further comprises
mapping one of the logical addresses to the one of the physi-
cal addresses based on the degradation value. The method
further comprises mapping the logical addresses to the physi-
cal addresses of the first NVS memory when the second wear
level is greater than or equal to a first predetermined thresh-
old; and mapping the logical addresses to the physical
addresses of the second NVS memory when the first wear
level is greater than or equal to a second predetermined
threshold.

[0027] In other features, when write operations performed
on a first block of the physical addresses of the first NVS
memory during a predetermined period are greater than or
equal to a predetermined threshold, biasing mapping of cor-
responding ones of the logical addresses from the first block
to a second block of the physical addresses of the second NVS
memory. The method further comprises identifying a first
block ofthe physical addresses of the second NVS memory as
a least used block (LUB).

[0028] In further features, the method further comprises
biasing mapping of corresponding ones of the logical
addresses from the first block to a second block of the physi-
cal addresses of the first NVS memory when available
memory in the second NVS memory is less than or equal to a
predetermineed threshold. The first NVS memory comprises
a flash device and the second NVS memory comprises a
phase-change memory device. The first NVS memory com-
prises a Nitride Read-Only Memory (NROM) flash device.
[0029] A computer program stored for use by a processor
for operating a solid state memory system comprises gener-
ating first and second wear levels for first and second non-
volatile semiconductor (NVS) memories based on first and
second write cycle lifetimes. The first and second write cycle

comprises receiving first and second frequencies for writing Iifetime&&gégﬂ&;gqghﬁglﬂgy S ORPARY NS Al X 1042
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respectively; and mapping logical addresses to physical
addresses of one of the first and second NVS memories based
on the first and second wear levels.

[0030] In other features, the first wear level is based on a
ratio of a first number of write operations performed on the
first NVS memory to the first write cycle lifetime. The second
wear level is based on a ratio of a second number of write
operations performed on the second NVS memory to the
second write cycle lifetime. The computer program further
comprises mapping the logical addresses to the physical
addresses of the second memory when the second wear level
is less than the first wear level.

[0031] In further features, the first NVS memory has a first
storage capacity that is greater than a second storage capacity
of the second NVS memory. The first write cycle lifetime is
less than the second write cycle lifetime. The computer pro-
gram further comprises receiving first and second frequencies
for writing data to first and second of the logical addresses;
and biasing mapping of the first of the logical addresses to the
physical addresses of the second NVS memory when the first
frequency is greater than the second frequency and the second
wear level is less than the first wear level.

[0032] Instill other features, the computer program further
comprises biasing mapping of the second of the logical
addresses to the physical addresses of the first NVS memory.
The computer program further comprises monitoring subse-
quent frequencies of writing data to the first and second of the
logical addresses; and updating the first and second frequen-
cies based on the subsequent frequencies.

[0033] In other features, the computer program further
comprises measuring first and second frequencies of writing
data to first and second of the logical addresses; and biasing
mapping of the first of the logical addresses to the physical
addresses of the second NVS memory when the first fre-
quency is greater than the second frequency and the second
wear level is less than the first wear level. The computer
program further comprises biasing mapping of the second of
the logical addresses to the physical addresses of the first
NVS memory.

[0034] In further features, the computer program further
comprises writing data at a first predetermined time to one of
the physical addresses; generating a first stored data by read-
ing data from the one of the physical addresses; writing data
to the one of the physical addresses at a second predetermined
time; generating a second stored data by reading data from the
one of the physical addresses; and generating a degradation
value for the one of the physical addresses based on the first
and second stored data.

[0035] Instill other features, the computer program further
comprises mapping one of the logical addresses to the one of
the physical addresses based on the degradation value. The
computer program further comprises mapping the logical
addresses to the physical addresses of the first NVS memory
when the second wear level is greater than or equal to a first
predetermined threshold; and mapping the logical addresses
to the physical addresses of the second NVS memory when
the first wear level is greater than or equal to a second prede-
termined threshold.

[0036] In other features, when write operations performed
on a first block of the physical addresses of the first NVS
memory during a predetermined period are greater than or
equal to a predetermined threshold, biasing mapping of cor-
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memory. The computer program further comprises identify-
ing a first block of the physical addresses of the second NVS
memory as a least used block (LUB).

[0037] In further features, the computer program further
comprises biasing mapping of corresponding ones of the
logical addresses from the first block to a second block of the
physical addresses of the first NVS memory when available
memory in the second NVS memory is less than or equal to a
predetermined threshold. The first NVS memory comprises a
flash device and the second NVS memory comprises a phase-
change memory device. The first NVS memory comprises a
Nitride Read-Only Memory (NROM) flash device.

[0038] A solid state memory system comprises a first non-
volatile semiconductor (NVS) memory that has a first write
cycle lifetime; a second nonvolatile semiconductor (NVS)
memory that has a second write cycle lifetime that is different
than the first write cycle lifetime; and wear leveling means for
generating first and second wear levels for the firstand second
NVS memories based on the first and second write cycle
lifetimes and for mapping logical addresses to physical
addresses of one of the first and second NVS memories based
on the first and second wear levels.

[0039] 1Inother features, the first wear level is substantially
based on a ratio of a first number of write operations per-
formed on the first NVS memory to the first write cycle
lifetime. The second wear level is substantially based on a
ratio of a second number of write operations performed on the
second NVS memory to the second write cycle lifetime. The
wear leveling means maps the logical addresses to the physi-
cal addresses of the second memory when the second wear
level is less than the first wear level. The first NVS memory
has a first storage capacity that is greater than a second storage
capacity of the second NVS memory.

[0040] In further features, the first write cycle lifetime is
less than the second write cycle lifetime. The solid state
memory system further comprises mapping means for receiv-
ing first and second frequencies for writing data to first and
second of the logical addresses. The wear leveling means
biases mapping of the first of the logical addresses to the
physical addresses of the second NVS memory when the first
frequency is greater than the second frequency and the second
wear level is less than the first wear level.

[0041] In still other features, the wear leveling means
biases mapping of the second of the logical addresses to the
physical addresses of the first NVS memory. The solid state
memory system further comprises write monitoring means
for monitoring subsequent frequencies of writing data to the
first and second of the logical addresses and for updating the
firstand second frequencies based on the subsequent frequen-
cies.

[0042] 1In other features, the solid state memory system
further comprises write monitoring means for measures first
and second frequencies of writing data to first and second of
the logical addresses. The wear leveling means biases map-
ping of the first of the logical addresses to the physical
addresses of the second NVS memory when the first fre-
quency is greater than the second frequency and the second
wear level is less than the first wear level. The wear leveling
means biases mapping of the second of the logical addresses
to the physical addresses of the first NVS memory.

[0043] In further features, the solid state memory system
further comprises degradation testing means for writing data

responding ones of the logical addresses from the first block ata first Sredetemuned time to one of the physical addresses;
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the physical addresses; writing data to the one of the physical
addresses at a second predetermined time; generating a sec-
ond stored data by reading data from the one of the physical
addresses; and generating a degradation value for the one of
the physical addresses based on the first and second stored
data.

[0044] Instill other features, the wear leveling means maps
one of the logical addresses to the one of the physical
addresses based on the degradation value. The wear leveling
means maps the logical addresses to the physical addresses of
the first NVS memory when the second wear level is greater
than or equal to a first predetermined threshold; and the wear
leveling means maps the logical addresses to the physical
addresses of the second NVS memory when the first wear
level is greater than or equal to a second predetermined
threshold.

[0045] In other features, when write operations performed
on a first block of the physical addresses of the first NVS
memory during a predetermined period are greater than or
equal to a predetermined threshold, the wear leveling means
biases mapping of corresponding ones of the logical
addresses from the first block to a second block of the physi-
cal addresses of the second NVS memory. The wear leveling
means identifies a first block of the physical addresses of the
second NVS memory as a least used block (LUB).

[0046] In further features, the wear leveling means biases
mapping of corresponding ones of the logical addresses from
the first block to a second block of the physical addresses of
the first NVS memory when available memory in the second
NVS memory is less than or equal to a predetermined thresh-
old. The first NVS memory comprises a flash device and the
second NVS memory comprises a phase-change memory
device. The first NVS memory comprises a Nitride Read-
Only Memory (NROM) flash device.

[0047] A solid state memory system comprises a first non-
volatile semiconductor (NVS) memory having a first access
time and a first capacity; a second nonvolatile semiconductor
(NVS) memory having a second access time that is less than
the first access time and a second capacity that is different
than the first capacity; and a mapping module that maps
logical addresses to physical addresses of one of the first and
second NVS memories based on at least one of the first access
time, the second access time, the first capacity, and the second
capacity.

[0048] Inotherfeatures, the mapping module caches datato
the second NVS memory. The solid state memory system
further comprises a wear leveling module that monitors first
and second wear levels of the first and second NVS memories,
respectively. The first and second NVS memories have first
and second write cycle lifetimes, respectively.

[0049] In further features, the first wear level is substan-
tially based on a ratio of a first number of write operations
performed on the first NVS memory to the first write cycle
lifetime. The second wear level is substantially based on a
ratio of a second number of write operations performed on the
second NVS memory to the second write cycle lifetime. The
wear leveling module maps the logical addresses to the physi-
cal addresses of the second memory when the second wear
level is less than the first wear level.

[0050] In still other features, the mapping module that
receives first and second frequencies for writing data to first
and second of the logical addresses. The wear leveling mod-
ule biases mapping of the first of the logical addresses to the
physical addresses of the second NVS memory when the first
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frequency is greater than the second frequency and the second
wear level is less than the first wear level. The wear leveling
module biases mapping of the second of the logical addresses
to the physical addresses of the first NVS memory.

[0051] In other features, the solid state memory system
further comprises a write monitoring module that monitors
subsequent frequencies of writing data to the first and second
of the logical addresses and that updates the first and second
frequencies based on the subsequent frequencies. The solid
state memory system further comprises a write monitoring
module that measures first and second frequencies of writing
data to first and second of the logical addresses. The wear
leveling module biases mapping of the first of the logical
addresses to the physical addresses of the second NVS
memory when the first frequency is greater than the second
frequency and the second wear level is less than the first wear
level.

[0052] In further features, the wear leveling module biases
mapping of the second of the logical addresses to the physical
addresses of the first NVS memory. The solid state memory
system further comprises a degradation testing module that
writes data at a first predetermined time to one of the physical
addresses; generates a first stored data by reading data from
the one of the physical addresses; writes data to the one of the
physical addresses at a second predetermined time; generates
a second stored data by reading data from the one of the
physical addresses; and generates a degradation value for the
one of the physical addresses based on the first and second
stored data.

[0053] In still other features, the wear leveling module
maps one of the logical addresses to the one of the physical
addresses based on the degradation value. The wear leveling
module maps the logical addresses to the physical addresses
of the first NVS memory when the second wear level is
greater than or equal to a predetermined threshold; and the
wear leveling module maps the logical addresses to the physi-
cal addresses of the second NVS memory when the first wear
level is greater than or equal to a predetermined threshold.

[0054] In other features, when write operations performed
on a first block of the physical addresses of the first NVS
memory during a predetermined period are greater than or
equal to a predetermined threshold, the wear leveling module
biases mapping of corresponding ones of the logical
addresses from the first block to a second block of the physi-
cal addresses of the second NVS memory. The wear leveling
module identifies a first block of the physical addresses of the
second NVS memory as a least used block (LUB).

[0055] In further features, the wear leveling module biases
mapping of corresponding ones of the logical addresses from
the first block to a second block of the physical addresses of
the first NVS memory when available memory in the second
NVS memory is less than or equal to a predetermined thresh-
old. The first NVS memory comprises a flash device and the
second NVS memory comprises a phase-change memory
device. The first NVS memory comprises an Nitride Read-
Only Memory (NROM) flash device.

[0056] A method comprises receiving access commands
including logical addresses; and mapping the logical
addresses to physical addresses of one of first and second
nonvolatile semiconductor (NVS) memories based on at least
one of a first access time, a second access time, a first capacity,
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the second access time, which is less than the first access time,
and the second capacity, which is less than the first capacity.

[0057] In other features, the method further comprises
caching data to the second NVS memory. The method further
comprises monitoring first and second wear levels of the first
and second NVS memories, respectively. The firstand second
NVS memories have first and second write cycle lifetimes,
respectively. The first wear level is substantially based on a
ratio of a first number of write operations performed on the
first NVS memory to the first write cycle lifetime. The second
wear level is substantially based on a ratio of a second number
of write operations performed on the second NVS memory to
the second write cycle lifetime.

[0058] In further features, the method further comprises
mapping the logical addresses to the physical addresses ofthe
second memory when the second wear level is less than the
first wear level. The method further comprises receiving first
and second frequencies for writing data to first and second of
the logical addresses; and biasing mapping of the first of the
logical addresses to the physical addresses ofthe second NVS
memory when the first frequency is greater than the second
frequency and the second wear level is less than the first wear
level.

[0059] Instill other features, the method further comprises
biasing mapping of the second of the logical addresses to the
physical addresses of the first NVS memory. The method
further comprises monitoring subsequent frequencies of writ-
ing data to the first and second of the logical addresses; and
updating the first and second frequencies based on the sub-
sequent frequencies. The method further comprises measur-
ing first and second frequencies of writing data to first and
second of the logical addresses; and biasing mapping of the
first of the logical addresses to the physical addresses of the
second NVS memory when the first frequency is greater than
the second frequency and the second wear level is less than
the first wear level.

[0060] Inother features, the method further comprises bias-
ing mapping of the second of the logical addresses to the
physical addresses of the first NVS memory. The method
further comprises writing data at a first predetermined time to
one of the physical addresses; generating a first stored data by
reading data from the one of the physical addresses; writing
data to the one of the physical addresses at a second prede-
termined time; generating a second stored data by reading
data from the one of the physical addresses; and generating a
degradation value for the one of the physical addresses based
on the first and second stored data.

[0061] In other features, the method further comprises
mapping one of the logical addresses to the one of the physi-
cal addresses based on the degradation value. The method
further comprises mapping the logical addresses to the physi-
cal addresses of the first NVS memory when the second wear
level is greater than or equal to a predetermined threshold;
and mapping the logical addresses to the physical addresses
of the second NVS memory when the first wear level is
greater than or equal to a predetermined threshold.

[0062] In still other features, when write operations per-
formed on a first block of the physical addresses of the first
NVS memory during a predetermined period are greater than
or equal to a predetermined threshold, biasing mapping of
corresponding ones of the logical addresses from the first
block to a second block of the physical addresses of the

N

Jun. 12, 2008

fying a first block of the physical addresses of the second
NVS memory as a least used block (LUB).

[0063] Inother features, the method further comprises bias-
ing mapping of corresponding ones of the logical addresses
from the first block to a second block of the physical
addresses of the first NVS memory when available memory in
the second NVS memory is less than or equal to a predeter-
mined threshold. The first NVS memory comprises a flash
device and the second NVS memory comprises a phase-
change memory device. The first NVS memory comprises a
Nitride Read-Only Memory (NROM) flash device.

[0064] A computer program stored for use by a processor
for operating a solid state memory system comprises receiv-
ing access commands including logical addresses; and map-
ping the logical addresses to physical addresses of one of first
and second nonvolatile semiconductor (NVS) memories
based on at least one of a first access time, a second access
time, a first capacity, and a second capacity. The first NVS
memory has the first access time and the first capacity and the
NVS memory has the second access time, which is less than
the first access time, and the second capacity, which is less
than the first capacity.

[0065] In other features, the computer program further
comprises caching data to the second NVS memory. The
computer program further comprises monitoring first and
second wear levels of the first and second NVS memories,
respectively. The first and second NVS memories have first
and second write cycle lifetimes, respectively. The first wear
level is substantially based on a ratio ofa first number of write
operations performed on the first NVS memory to the first
write cycle lifetime. The second wear level is substantially
based on a ratio of a second number of write operations
performed on the second NVS memory to the second write
cycle lifetime.

[0066] In further features, the computer program further
comprises mapping the logical addresses to the physical
addresses of the second memory when the second wear level
is less than the first wear level. The computer program further
comprises receiving first and second frequencies for writing
data to first and second of the logical addresses; and biasing
mapping of the first of the logical addresses to the physical
addresses of the second NVS memory when the first fre-
quency is greater than the second frequency and the second
wear level is less than the first wear level.

[0067] Instill other features, the computer progran further
comprises biasing mapping of the second of the logical
addresses to the physical addresses of the first NVS memory.
The computer program further comprises monitoring subse-
quent frequencies of writing data to the firstand second of the
logical addresses; and updating the first and second frequen-
cies based on the subsequent frequencies.

[0068] In other features, the computer progran further
comprises measuring first and second frequencies of writing
data to first and second of the logical addresses; and biasing
mapping of the first of the logical addresses to the physical
addresses of the second NVS memory when the first fre-
quency is greater than the second frequency and the second
wear level is less than the first wear level. The computer
program further comprises biasing mapping of the second of
the logical addresses to the physical addresses of the first
NVS memory.

[0069] In further features, the computer program further
comprises writing data at a first predetermined time to one of
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ing data from the one of the physical addresses; writing data
to the one of the physical addresses at a second predetermined
time; generating a second stored data by reading data from the
one of the physical addresses; and generating a degradation
value for the one of the physical addresses based on the first
and second stored data.

[0070] Instill other features, the computer program further
comprises mapping one of the logical addresses to the one of
the physical addresses based on the degradation value. The
computer program further comprises mapping the logical
addresses to the physical addresses of the first NVS memory
when the second wear level is greater than or equal to a
predetermined threshold; and mapping the logical addresses
to the physical addresses of the second NVS memory when
the first wear level is greater than or equal to a predetermined
threshold.

[0071] In other features, when write operations performed
on a first block of the physical addresses of the first NVS
memory during a predetermined period are greater than or
equal to a predetermined threshold, biasing mapping of cor-
responding ones of the logical addresses from the first block
to a second block of the physical addresses of the second NVS
memory. The computer program further comprises identify-
ing a first block of the physical addresses of the second NVS
memory as a least used block (LUB).

[0072] In further features, the computer program further
comprises biasing mapping of corresponding ones of the
logical addresses from the first block to a second block of the
physical addresses of the first NVS memory when available
memory in the second NVS memory is less than or equal to a
predetermined threshold. The first NVS memory comprises a
flash device and the second NVS memory comprises a phase-
change memory device. The first NVS memory comprises a
Nitride Read-Only Memory (NROM) flash device.

[0073] A solid state memory system comprises a first non-
volatile semiconductor (NVS) memory having a first access
time and a first capacity; a second nonvolatile semiconductor
(NVS) memory having a second access time that is less than
the first access time and a second capacity that is different
than the first capacity; and mapping means for mapping logi-
cal addresses to physical addresses of one of the first and
second NVS memories based on at least one of the first access
time, the second access time, the first capacity, and the second
capacity.

[0074] Inother features, the mapping means caches data to
the second NVS memory. The solid state memory system
further comprises wear leveling means for monitoring first
and second wear levels of the first and second NVS memories,
respectively. The first and second NVS memories have first
and second write cycle lifetimes, respectively. The first wear
level is substantially based on a ratio of a first number of write
operations performed on the first NVS memory to the first
write cycle lifetime. The second wear level is substantially
based on a ratio of a second number of write operations
performed on the second NVS memory to the second write
cycle lifetime.

[0075] In further features, the wear leveling means maps
the logical addresses to the physical addresses of the second
memory when the second wear level is less than the first wear
level. The mapping means receives first and second frequen-
cies for writing data to first and second of the logical
addresses. The wear leveling means biases mapping of the
first of the logical addresses to the physical addresses of the
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second NVS memory when the first frequency is greater than
the second frequency and the second wear level is less than
the first wear level.

[0076] In still other features, the wear leveling means
biases mapping of the second of the logical addresses to the
physical addresses of the first NVS memory. The computer
program further comprises write monitoring means that
monitors subsequent frequencies of writing data to the first
and second of the logical addresses and that updates the first
and second frequencies based on the subsequent frequencies.

[0077] In other features, the computer program further
comprises write monitoring means for measuring first and
second frequencies of writing data to first and second of the
logical addresses. The wear leveling means biases mapping of
the first of the logical addresses to the physical addresses of
the second NVS memory when the first frequency is greater
than the second frequency and the second wear level is less
than the first wear level. The wear leveling means biases
mapping of the second of the logical addresses to the physical
addresses of the first NVS memory.

[0078] In further features, the computer program further
comprises degradation testing means for writing data at a first
predetermined time to one of the physical addresses; gener-
ating a first stored data by reading data from the one of the
physical addresses; writing data to the one of the physical
addresses at a second predetermined time; generating a sec-
ond stored data by reading data from the one of the physical
addresses; and generating a degradation value for the one of
the physical addresses based on the first and second stored
data.

[0079] Instill other features, the wear leveling means maps
one of the logical addresses to the one of the physical
addresses based on the degradation value. The wear leveling
means maps the logical addresses to the physical addresses of
the first NVS memory when the second wear level is greater
than or equal to a predetermined threshold; and the wear
leveling means maps the logical addresses to the physical
addresses of the second NVS memory when the first wear
level is greater than or equal to a predetermined threshold.

[0080] In other features, when write operations performed
on a first block of the physical addresses of the first NVS
memory during a predetermined period are greater than or
equal to a predetermined threshold, the wear leveling means
biases mapping of corresponding ones of the logical
addresses from the first block to a second block of the physi-
cal addresses of the second NVS memory. The wear leveling
means identifies a first block of the physical addresses of the
second NVS memory as a least used block (LUB).

[0081] In further features, the wear leveling means biases
mapping of corresponding ones of the logical addresses from
the first block to a second block of the physical addresses of
the first NVS memory when available memory in the second
NVS memory is less than or equal to a predetermined thresh-
old. The first NVS memory comprises a flash device and the
second NVS memory comprises a phase-change memory
device. The first NVS memory comprises an Nitride Read-
Only Memory (NROM) flash device.

[0082] In still other features, the systems and methods
described above are implemented by a computer program
executed by one or more processors. The computer program
can reside on a computer readable medium such as but not
limited to memory, non-volatile data storage and/or other
suitable tangible stora
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[0083] Further areas of applicability of the present disclo-
sure will become apparent from the detailed description pro-
vided hereinafter. It should be understood that the detailed
description and specific examples, while indicating the pre-
ferred embodiment of the disclosure, are intended for pur-
poses of illustration only and are not intended to limit the
scope of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0084] The present disclosure will become more fully
understood from the detailed description and the accompa-
nying drawings, wherein:

[0085] FIG. 1 is a functional block diagram of a solid state
disk drive according to the prior art;

[0086] FIG. 2 is a functional block diagram of a solid state
disk drive according to the present disclosure;

[0087] FIG. 3 is a functional block diagram of a solid state
disk drive comprising a wear leveling module;

[0088] FIG.4A isafunctional block diagram ofa solid state
disk drive comprising the wear leveling module of FIG. 3 and
a write monitoring module;

[0089] FIG. 4B isa functional block diagram of'a solid state
disk drive comprising the wear leveling module FIG. 3 and a
write mapping module;

[0090] FIG. 5 is a functional block diagram of a solid state
disk drive comprising a degradation testing module and the
wear leveling module of FIG. 3 that includes the write moni-
toring module and the write mapping module;

[0091] FIG. 6 is a functional block diagram of a solid state
disk drive including a mapping module and the wear leveling
module of FIG. 3 that includes the write monitoring module
and the write mapping module;

[0092] FIGS. 7A-7E are exemplary flowcharts of a method
for operating the solid state disk drives illustrated in FIGS.
2-5;

[0093] FIG. 8 is an exemplary flowchart of a method for
operating the solid state disk drive illustrated in FIG. 6;
[0094] FIG. 9A is a functional block diagram of a high
definition television;

[0095] FIG. 9B is a functional block diagram of a vehicle
control system;

[0096] FIG. 9C is a functional block diagram of a cellular
phone;

[0097] FIG. 9D is a functional block diagram of a set top
box; and
[0098]
device.

FIG. 9E is a functional block diagram of a mobile

DETAILED DESCRIPTION

[0099] The following description is merely exemplary in
nature and is in no way intended to limit the disclosure, its
application, or uses. For purposes of clarity, the same refer-
ence numbers will be used in the drawings to identify similar
elements. As used herein, the phrase at least one of A, B, and
C should be construed to mean a logical (A or B or C), using
anon-exclusive logical or. It should be understood that steps
within a method may be executed in different order without
altering the principles of the present disclosure. As used
herein, the term “based on” or “substantially based on” refers
to a value that is a function of, proportional to, varies with,
and/or has a relationship to another value. The value may be
a function of, proportional to, vary with, and/or have a rela-
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[0100] As used herein, the term module refers to an Appli-
cation Specific Integrated Circuit (ASIC), an electronic cir-
cuit, a processor (shared, dedicated, or group) and memory
that execute one or more software or firmware programs, a
combinational logic circuit, and/or other suitable components
that provide the described functionality.

[0101] The cost of charge-storage-based flash devices such
as Nitride Read-Only Memory (NROM) and NAND flash has
been decreasing in recent years. At the same time, new high-
density memory technologies are being developed. Some of
these memory technologies, such as phase change memory
(PCM), may provide significantly higher write endurance
capability than charge-storage-based flash devices. However,
being newer technologies, the storage capacity, access time,
and/or cost of these memories may be less attractive than the
storage capacity, access time, and/or cost of the flash devices.

[0102] To combine the longer write cycle lifetime of new
memory technologies with the low cost of traditional tech-
nologies, a solid-state memory system can be constructed
using both types of memory. Large amounts of low cost
memory may be combined with smaller amounts of memory
having a higher write cycle lifetime. The memory having the
higher write cycle lifetime can be used for storing frequently
changing data, such as operating system paging data.

[0103] FIG. 2 depicts an exemplary solid-state memory
system. The solid-state memory system may be used as a
solid-state disk in a computer system. For example only, a
PCM chip, such as a 2 GB PCM chip, may be combined with
NAND flash devices or NROM flash devices. The write cycle
lifetime of PCM memory may soon be of the order of 1E13
write cycles. PCM chips having a write cycle lifetime in
excess of 1E7 write cycles are available. At 1E7 write cycles,
aPCM chip has a write cycle lifetime that is 1000 times longer
than a 2 bit/cell flash device that can endure 1E4 write cycles.

[0104] PCM chips may provide faster data throughput than
the flash device. For example, a PCM chip may provide 100
times faster data throughput than the flash device. Even if the
PCM chip provides 100 times faster data throughput than the
flash device, the 1000 time greater write cycle lifetime yields
an effective write cycle lifetime that is 10 times longer than
the flash device. For example, at 10% write duty cycle, it
would take 15.9 years to exhaust the lifetime of the PCM chip
even if the PCM chip provides 100 times faster data through-
put than the flash device.

[0105] 1In FIG. 2, a functional block diagram of an exem-
plary solid-state disk 200 according to the present disclosure
is presented. The solid-state disk 200 includes a controller
202 and first and second solid-state nonvolatile memories 204
and 206. Throughout the remainder of this disclosure, solid-
state nonvolatile memories may be implemented as integrated
circuits (IC). The controller 202 receives access requests from
a host 220. The controller 202 directs the access requests to
the first solid-state nonvolatile memory 204 or the second
solid-state nonvolatile memory 206, as will be described
below.

[0106] For example only, the first solid-state nonvolatile
memory 204 may include relatively inexpensive nonvolatile
memory arrays and have a large capacity. The second solid-
state nonvolatile memory 206 may have a greater write cycle
lifetime while being more expensive and having a smaller
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that will change relatively frequently and the logical
addresses that correspond to data that will change relatively
infrequently.

[0107] The controller 202 may map the logical addresses
corresponding to data that will change relatively frequently to
physical addresses in the second solid-state nonvolatile
memory 206. The controller 202 may map the logical
addresses corresponding to data that will change relatively
infrequently to physical addresses in the first solid-state non-
volatile memory 204.

[0108] The first solid-state nonvolatile memory 204 may
include single-level cell (SLC) flash memory or multi-level
cell (MLC) flash memory. The second solid-state nonvolatile
memory 206 may include single-level cell (SLC) flash
memory or multi-level cell (MLC) flash memory.

[0109] Before a detailed discussion, a brief description of
drawings is presented. FIG. 3 depicts an exemplary solid-
state disk including a wear leveling module. The wear level-
ing module controls mapping between logical addresses from
the host 220 to physical addresses in the first and second
solid-state memories 204 and 206. The wear leveling module
may perform this mapping based on information from the
host.

[0110] Alternatively or additionally, the wear leveling
module may measure or estimate the wear across the solid-
state nonvolatile memories and change the mapping to equal-
ize wear across the solid-state nonvolatile memories. The
goal of the wear leveling module may be to level the wear
across all the areas of the solid-state nonvolatile memories so
that no one area wears out before the rest of the areas of the
solid-state nonvolatile memories.

[0111] With various nonvolatile memories, writing data to
a block may require erasing or writing to the entire block. In
such a block-centric memory, the wear leveling module may
track the number of times that each block has been erased or
written. When a write request arrives from the host, the wear
leveling module may select the block of memory that has
been written to the least from among the available blocks. The
wear leveling module then maps the incoming logical address
to the physical address of this block. Over time, this may
produce a nearly uniform distribution of write operations
across memory blocks.

[0112] FIGS. 4A and 4B include additional modules that
help to control wear leveling. In FIG. 4A, the wear leveling
module determines how frequently data is written to each of
the logical addresses. Logical addresses that are the target of
relatively frequent writes or erases should be mapped to
physical addresses that have not experienced as much wear.

[0113] InFIG. 4B, a write mapping module receives write
frequency information from the host 220. The write fre-
quency information identifies the logical addresses that cor-
respond to data that is expected to change relatively fre-
quently and/or the logical addresses that correspond to data
that is expected to change relatively infrequently. In addition,
the write mapping module may determine how frequently
data is actually written to the logical addresses, as in FIG. 4A.
FIG. 5 shows a solid-state disk where degradation of the
memory and resulting remaining life is determined empiri-
cally, in addition to or instead of estimating remaining life
based on the number of writes or erases.

[0114] FIG. 6 shows a solid-state disk where a combination
of first and second solid-state nonvolatile memories is used
for caching data. The first solid-state nonvolatile memory
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capacity. The second solid-state nonvolatile memory may
have a faster access time than the first memory, but may be
more expensive and may therefore be a smaller capacity. The
first and second memories may both have high write cycle
lifetimes.

[0115] A mapping module may be used to map logical
addresses from a host to the first and second memories based
on access time considerations. The mapping module may
receive access time information from the host, such as a list of
addresses for which quick access times are or are not desir-
able. Alternatively or additionally, the mapping module may
monitor accesses to logical addresses, and determine for
which logical addresses reduced access times would be most
beneficial. The logical addresses for which low access times
are important may be mapped to the second memory, which
has reduced access times.

[0116] As used herein, access times may include, for
example, read times, write times, erase times, and/or com-
bined access times that incorporate one or more of the read,
write, or erase times. For example, a combined access time
may be an average of the read, write, and erase times. By
directing certain logical addresses to be mapped to the second
memory, the host may optimize storage for operations such as
fast boot time or application startup. The mapping module
may also be in communication with a wear leveling module
that adapts the mapping to prevent any one area in the firstand
second memories from wearing out prematurely.

[0117] FIGS. 7A-7E depict exemplary steps performed by
the controllers shown in FIGS. 4A-5. FIG. 8 depicts exem-
plary steps performed by the controller shown in FIG. 6. A
detailed discussion of the systems and methods shown in
FIGS. 2-8 is now presented.

[0118] Referring now to FIG. 3, a solid-state disk 250
includes a controller 252 and the first and second solid-state
nonvolatile memories 204 and 206. The controller 252 com-
municates with the host 220. The controller 252 comprises a
wear leveling module 260 and first and second memory inter-
faces 262 and 264. The wear leveling module 260 communi-
cates with the first and second solid-state nonvolatile memory
204 via first and second memory interfaces 262 and 264,
respectively.

[0119] The wear leveling module 260 receives logical
addresses from the host 220. The logical addresses are con-
verted into physical addresses associated with the first
memory interface 262 and/or the second memory interface
264. During a write operation, data from the host 220 is
written to the first solid-state nonvolatile memory 204 via the
first memory interface 262 or to the second solid-state non-
volatile memory 206 via the second memory interface 264.
During a read operation, data is provided to the host 220 from
the first or second solid-state nonvolatile memory 204 and
206 via the first or second memory interface 262 and 264,
respectively.

[0120] For example only, the first solid-state nonvolatile
memory 204 may be relatively inexpensive per megabyte of
capacity and may therefore have a large capacity. The second
solid-state nonvolatile memory 206 may have a longer write
cycle lifetime and may be more expensive than the first solid-
state nonvolatile memory 204, and may therefore have a
smaller capacity.

[0121] The first and second solid-state nonvolatile memo-
ries 204 and 206 may be written to and/or erased in blocks.
For example, in order to erase one byte in a block, the entire

may be inexpensive and may therefore have a high storage
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a block, all bytes of the block may be written. The wear
leveling module 260 may track and store the number of write
and/or erase operations performed on the blocks of the first
and second solid-state nonvolatile memories 204 and 206.
[0122] The wear leveling module 260 may use a normal-
ized version of the write and/or erase cycle counts. For
example, the number of write cycles performed on a block in
the first solid-state nonvolatile memory 204 may be divided
by the total number of write cycles that a block in the first
solid-state nonvolatile memory 204 can endure. A normalized
write cycle count for a block in the second solid-state non-
volatile memory 206 may be obtained by dividing the number
of write cycles already performed on that block by the number
of write cycles that the block can endure.

[0123] The wear leveling module 260 may write new data
to the block that has the lowest normalized write cycle count.
To avoid fractional write cycle counts, the write cycle counts
can be normalized by multiplying the write cycle counts by
constants based on the write cycle lifetime of the respective
memories 204 and 206. For example, the number of write
cycles performed on a block of the first solid-state nonvolatile
memory 204 may be multiplied by a ratio. The ratio may be
the write cycle lifetime of the second solid-state nonvolatile
memory 206 divided by the write cycle lifetime of the first
solid-state nonvolatile memory 204.

[0124] In various implementations, the write cycle count
may only be partially normalized. For example, the write
cycle lifetime of the second solid-state nonvolatile memory
206 may be significantly higher than the write cycle lifetime
of the first solid-state nonvolatile memory 204. In such a case,
the write cycle count of the first solid-state nonvolatile
memory 204 may be normalized using a write cycle lifetime
that is less than the actual write cycle lifetime. This may
prevent the wear leveling module 260 from being too heavily
biased toward assigning addresses to the second solid-state
nonvolatile memory 206.

[0125] The normalization may be performed using a pre-
determined factor. For example, if the write cycle lifetime of
the first solid-state nonvolatile memory 204 is 1E6, and for a
given application of the solid-state disk 250, the necessary
write cycle lifetime of the second solid-state nonvolatile
memory 206 is 1E9, the normalization can be performed
using a factor of 1,000. The factor may be a rounded off
estimate and not an exact calculation. For example, a factor of
1000 may be used when respective write cycle lifetimes are
4.5E6 and 6.3E9.

[0126] The wear leveling module 260 may include a data
shifting module 261 that identifies a first block wherein data
stored is unchanged over a predetermined period of time.
Such data may be called static data. The static data may be
moved to a second block of memory that has experienced
more frequent write cycles than the first block. The wear
leveling module 260 may map the logical addresses that were
originally mapped to the physical addresses of the first block,
to the physical addresses of the second block. Since the static
data is now stored in the second block. the second block may
experience fewer write cycles.

[0127] Additionally, static data may be shifted from the
second solid-state nonvolatile memory 206 to the first solid-
state nonvolatile memory 204. For example. the data shifiing
module 261 may identify a least used block (LUB) of the
second solid-state nonvolatile memory 206. If a number of
write operations performed on a block during a predeter-
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old. the block is called a LUB. When the amount of usable or
available memory in the second solid-state nonvolatile
memory 206 decreases to a predetermined threshold, the wear
leveling module 260 may map the LUB to a block of the first
solid-state nonvolatile memory 204,

[0128] Occasionally, the number of write operations per-
formed on a first block of the first solid-state nonvolatile
memory 204 may exceed a predetermined threshold. The
wear leveling module 260 may bias mapping of logical
addresses that were originally mapped to the first block, to a
second block of the second solid-state nonvolatile memory
206 thereby reducing the wear on the {irst solid-state nonvola-
tile memory 204.

[0129] Referring now to FIG. 4A, a solid-state disk 300
includes a controller 302 that interfaces with the host 220. The
controller 302 includes the wear leveling module 260, a write
monitoring module 306, and the first and second memory
interfaces 262 and 264. The write monitoring module 306
monitors logical addresses received from the host 220. The
write monitoring module 306 may also receive control signals
indicating whether a read or a write operation is occurring.
Additionally, the write monitoring module 306 tracks the
logical addresses to which data is frequently written by mea-
suring frequencies at which data is written to the logical
addresses. This information is provided to the wear leveling
module 260, which biases the logical addresses to the second
solid-state nonvolatile memory 206.

[0130] Referring now to FIG. 4B, a solid-state disk 350
includes a controller 352, which interfaces with the host 220.
The controller 352 includes the wear leveling module 260, a
write mapping module 356, and the first and second memory
interfaces 262 and 264. The write mapping module 356
receives address information from the host 220 indicating the
logical addresses that will be more frequently written to. This
information is provided to the wear leveling module 260,
which biases the logical addresses to the second solid-state
nonvolatile memory 206.

[0131] The write mapping module 356 may also include
functionality similar to the write monitoring module 306 of
FIG. 4A. The write mapping module 356 may therefore
update stored write frequency data based on measured write
frequency data. Additionally, the write mapping module 356
may determine write frequencies for the logical addresses
that were not provided by the host 220. In other words, the
write frequency data may be adjusted even if a logical address
has not been accessed for a predetermined period. The wear
leveling module 260 may store all data corresponding to the
logical addresses that are flagged as frequently written to in
the second solid-state nonvolatile memory 206.

[0132] If the second solid-state nonvolatile memory 206 is
full, the write operations may be assigned to the first solid-
state nonvolatile memory 204 and vice versa. Data can also be
remapped and moved from the second solid-state nonvolatile
memory 206 to the first solid-state nonvolatile memory 204 to
create space in the second solid-state nonvolatile memory 206
and vice versa. Alternatively, data may be mapped solely to
the first or the second solid-state nonvolatile memory 204,
206 when the wear level of the second or the first solid-state
nonvolatile memory 206, 204 is greater than or equal to a
predetermined threshold. It should be noted that the predeter-
mined threshold for the wear level of the first and second
solid-state nonvolatile memory 204, 206 may be the same or
different. Furthermore, the predetermined threshold may

mined period is less than or equal to a predetermined thresh-
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number of write operations have been performed on the first
solid-state nonvolatile memory 204, the predetermined
threshold may be adjusted to take into consideration the per-
formed write operations.

[0133] The wear leveling module 260 may also implement
the write monitoring module 306 and the write mapping
module 356. Hereinafter, the wear leveling module 260 may
also include the write monitoring module 306 and the write
mapping module 356.

[0134] Referring now to FIG. 5, the solid-state disk 400
includes a controller 402 that interfaces with the host 220. The
controller 402 includes the wear leveling module 260, a deg-
radation testing module 406, and the first and second memory
interfaces 262 and 264. The degradation testing module 406
tests the first and second solid-state nonvolatile memories 204
and 206 to determine whether their storage capability has
degraded.

[0135] Invarious implementations, the degradation testing
module 406 may test only the first solid-state nonvolatile
memory 204, since the write cycle lifetime of the first solid-
state nonvolatile memory 204 is less than the write cycle
lifetime of the second solid-state nonvolatile memory 206.
The degradation testing module 406 may periodically test for
degradation. The degradation testing module 406 may wait
for periods of inactivity, at which point the degradation test-
ing module 406 may provide addresses and data to the first
and/or second memory interfaces 262 and 264.

[0136] The degradation testing module 406 may write and
then read data to selected areas of the first and/or second
solid-state nonvolatile memories 204 and 206. The degrada-
tion testing module 406 can then compare the read data to the
written data. In addition, the degradation testing module 406
may read data written in previous iterations of degradation
testing,.

[0137] Alternatively, the degradation testing module 406
may write the same data to the same physical address at first
and second times. At each of the two times, the degradation
testing module 406 may read back the data written. The
degradation testing module 406 may determine a degradation
value for the physical address by comparing the data read
back at the two times or by comparing the data read back at the
second time to the written data.

[0138] The wear leveling module 260 may adapt its map-
ping based on the degradation value measured by the degra-
dation testing module 406. For example, the degradation test-
ing module 406 may estimate a maximum write cycle count
for a block based on the amount of degradation. The wear
leveling module 260 may then use this maximum write cycle
count for normalization.

[0139] Alternatively, the wear leveling module 260 may
use the number of writes cycles remaining for a block to make
assignment decisions. If one of the solid-state nonvolatile
memories 204 and 206 is approaching the end of its usable
lifetime (e.g., a predetermined threshold), the wear leveling
module 260 may assign all new writes to the other one of the
memories 204 and 206.

[0140] The wear leveling module 260 may also implement
the degradation testing module 406. Hereinafter, the wear
leveling module 260 includes the degradation testing module
406.

[0141] Referring now to FIG. 6, a small solid-state nonvola-
tile memory having faster access time may be used in com-
bination with a large solid-state nonvolatile memory having
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controller 460, a first solid-state nonvolatile memory 462, and
a second solid-state nonvolatile memory 464. The first solid-
state nonvolatile memory 462 may be inexpensive and may
have a high storage capacity and a high write cycle lifetime
but a lower read/write speed (i.e., access time). The second
solid-state nonvolatile memory 464 may be smaller in storage
capacily, may be more expensive, and may have a high write
cycle lifetime and a faster access time relative to the first
solid-state nonvolatile memory 462.

[0142] The second solid-state nonvolatile memory 464 may
have a write access time, a read access time, an erase time, a
program time, or a cumulative access time that is shorter than
that of the first solid-state nonvolatile memory 462. Accord-
ingly, the second solid-state nonvolatile memory 464 may be
used to cache data. The controller 460 may include the wear
leveling module 260 and a mapping module 465. The wear
leveling module 260 may also implement the mapping mod-
ule. The mapping module 465 may map the logical addresses
to the physical addresses of one of the first and second solid-
state nonvolatile memory 462, 464 based on access times
and/or storage capacities of the first and second solid-state
nonvolatile memory 462, 464.

[0143] Specifically, the mapping module may receive data
from the host 220 related to the frequencies and access times
at which data may be written to the logical addresses. The
mapping module 465 may map the logical addresses that are
to be written more frequently and/or faster than others to the
physical addresses of second solid-state nonvolatile memory
464. All other logical addresses may be mapped to the physi-
cal addresses of the first nonvolatile memory 462. The actual
write frequencies access times may be updated by measuring
write frequencies and/or access times when data is written. In
doing so, the mapping module 465 may minimize overall
access time for all accesses made to the solid-state disk 450
during read/write/erase operations.

[0144] Depending on the application executed by the host
220, the mapping module 465 may consider additional factors
when mapping the logical addresses to one of the first and
second solid-state nonvolatile memory 462, 464. The factors
may include but are not limited to the length of a block being
written and the access time with which the block needs to be
written.

[0145] Referring now to FIGS. 7A-7E, a method 500 for
providing a hybrid nonvolatile solid-state (NVS) memory
system using first and second NVS memories having different
write cycle lifetimes and storage capacities is shown. The first
NVS memory has a lower write cycle lifetime and higher
capacity than the second NVS memory.

[0146] In FIG. 7A, the method 500 begins at step 502.
Control receives write frequencies for logical addresses
where data is to be written from the host in step 504. Control
maps the logical addresses having low write frequencies (e.g.,
having write frequencies less than a predetermined threshold)
to the first NVS memory in step 506. Control maps the logical
addresses having high write frequencies (e.g., having write
frequencies greater than a predetermined threshold) to the
second NVS memory in step 508.

[0147] Control writes data to the first and/or second NVS
memories in step 510 according to the mapping generated in
steps 506 and 508. Control measures actual write frequencies
at which data is in fact written to the logical addresses and
updates the mapping in step 512.
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step 514 is false, control determines whether time to perform
degradation analysis has arrived in step 516. If the result of
step 516 is false, control determines whether time to perform
wear level analysis has arrived in step 518. If theresult of step
514 is false, control returns to step 510.

[0149] In FIG. 7C, when the result of step 514 is true,
control determines in step 520 if a number of write operations
to a first block of the first NVS memory during a predeter-
mined time is greater than or equal toa predetermined thresh-
old. Tf the result of step 520 is false, control returns to step
516. If the result of step 520 is true, control maps the logical
addresses that correspond to the first block to a second block
of the second NVS memory in step 522.

[0150] Control determines in step 524 if the available
memory in the second NVS memory is less than a predeter-
mined threshold. If the result of step 524 is false, control
returns to step 516. If the result of step 524 is true, control
identifies a block of the second NVS memory is a LUB instep
526. Control maps the logical addresses that correspond to the
LUB to a block of the first NVS memory in step 528, and
control returns to step 516.

[0151] In FIG. 7D, when the result of step 516 is true,
control writes data to a physical address at a first time in step
530. Control reads back the data from the physical address in
step 532. Control writes data to the physical address at a
second time (i.e., after a predetermined time after the first
time) in step 534. Control reads back the data from the physi-
cal address in step 536. Control compares the data read back
in step 532 to the data read back in step 536 and generates a
degradation value for the physical address in step 538. Con-
trol updates the mapping in step 540, and control returns to
step 518.

[0152] In FIG. 7E, when the result of step 518 is true,
control generates wear levels for the first and second NVS
memories in step 542 based on the number of write operations
performed on the first and second memories and the write
cycle lifetime ratings of the first and second memories,
respectively. Control determines in step 544 il the wear level
of the second NVS memory is greater than a predetermined
threshold. If the result of step 544 is true, control maps all the
logical blocks to physical blocks of the first NVS memory in
step 546, and contro] returns to step 510.

[0153] If the result of step 544 is false, control determines
in step 548 if the wear level of the first NVS memory is greater
than a predetermined threshold. If the result of step 548 is
true, control maps all the logical blocks to physical blocks of
{he second NVS memory in step 550 and, control returns to
step 510. If the result of step 548 is false, control returns to
step 510.

[0154] Referring now to FIG. 8, amethod 600 for providing
a hybrid nonvolatile solid-state (NVS) memory system for
caching data using first and second NVS memories having
different access times and storage capacities is shown. The
first NVS memory has a higher access time and higher capac-
ity than the second NVS memory. The first and second NV
memories have high write cycle lifetimes.

[0155] The method 600 begins at step 602. Control receives
data related to write frequency and access time requirement
for writing data to logical addresses from the host in step 604.
Control maps the logical addresses having low write frequen-
cies (e.g., having write frequencies less thana predetermined
threshold) and/or requiring slower access times to the first
NVS memory in step 606. Control maps the logical addresses
having high write frequencies (e.g., having write frequencies
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greater than a predetermined threshold) and/or requiring
faster access times to the second NVS memory in step 606.
Control maps the logical addresses having low write frequen-
cies (e.g., having write frequencies less thana predetermined
threshold) and/or requiring slower access times to the first
NVS memory in step 608.

[0156] Control writes data to the first and/or second NVS
memories in step 610 according to the mapping generated in
steps 606 and 608. Control measures actual write frequencies
and/or actual access times at which data is in fact written to
the logical addresses and updates the mapping in step 612. In
step 614, control executes steps beginning at step 514 of the
method 500 as shown in FIGS. 7A-TE.

[0157] Wear leveling modules according to the principles
of the present disclosure may determine wear levels for each
block of the first and second nonvolatile semiconductor
memories (referred to as first and second memories). The
term block may refer to the group of memory cells that must
be written and/or erased together. For purposes of discussion
only, the term block will be used for a group of memory cells
that is erased together, and the wear level of a memory cell
will be based on the number of erase cycles it has sustained.
[0158] The memory cells within a block will have experi-
enced the same number of erases, although individual
memory cells may not have been programmed when the erase
was initiated, and thus may not experience as much wear.
However, the wear leveling module may assume that the wear
levels of the memory cells of a block can be estimated by the
number of erase cycles the block has experienced.

[0159] The wear leveling module may track the number of
erases experienced by each block of the first and second
memories. For example, these numbers may be stored in a
certain region of the first and/or second memories, in a sepa-
rate working memory of the wear leveling module, or with
their respective blocks. For example only, a predetermined
area of the block, which is not used for user data, may be used
to store the total number of times that block has been erased.
When a block is going to be erased, the wear leveling module
may read that value, increment the value, and write the incre-
mented value to the block after the block has been erased.
[0160] With a homogeneous memory architecture, the
erase count could be used as the wear level of a block. How-
ever, the first and second memories may have different life-
times, meaning that the number of erases each memory cell
can withstand is different. In various implementations, the
second memory has a longer lifetime than the first memory.
The mmber of erases each block can withstand is therefore
greater in the second memory than in the first.

[0161] The number of erases performed on a block may
therefore not be an appropriate comparison between a block
from the first memory and a block of the second memory. To
achieve appropriate comparisons, the erase counts can be
normalized. One way of normalizing is to divide the erase
count by the total number of erase counts a block in that
memory is expected to be able to withstand. For example
only, the first memory have a write cycle lifetime of 10,000,
while the second memory has a write cycle lifetime of 100,
000.

[0162] A block in the first memory that has been erased
1,000 times would then have a normalized wear level of Yo,
while a block in the second memory that has been erased
1,000 times would then have a normalized wear level of Yico.
Once the wear levels have been normali zed, a wear leveling
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first and second memories as if all the blocks formed a single
memory having a singe write cycle lifetime. Wear levels as
used herein, unless otherwise noted, are normalized wear
levels.

[0163] Another way of normalizing, which avoids frac-
tional numbers, is to multiply the erase counts of blocks in the
first memory (having the lower write cycle lifetime) by the
ratio of write cycle lifetimes. In the current example, the ratio
is 10 (100,000/10,000). A block in the first memory that has
been erased 1,000 times would then have a normalized wear
level of 10,000, while a block in the second memory that has
been erased 1,000 times would then have a normalized wear
level of 1,000.

[0164] When a write request for a logical address arrives at
the wear leveling module, the wear leveling module may
determine if the logical address is already mapped to a physi-
cal address. If so, the wear leveling module may direct the
write to that physical address. If the write would require an
erase ol the block, the wear leveling module may determine if
there are any unused blocks with lower wear levels. If so, the
wear leveling module may direct the write to the unused block
having the lowest wear level.

[0165] For a write request to a logical address that is not
already mapped, the wear leveling module may map the logi-
cal address to the unused block having the lowest wear level.
1f the wear leveling module expects that the logical address
will be rewritten relatively infrequently, the wear leveling
module may map the logical address to the unused block
having the highest wear level.

[0166] When the wear leveling module has good data for
estimating access frequencies, the wear leveling module may
move data from a used block to free that block for an incom-
ing write. In this way, an incoming write to a block that is
relatively frequently accessed can be written to a block with a
low wear level. Also, an incoming write to a block that is
relatively infrequently accessed can be written to a block with
ahigh wear level. The data that was moved can be placed inan
unused block that may be chosen based on how often the
moved data is expected to be rewritten.

[0167] At various times, such as periodically, the wear lev-
eling module may analyze the wear levels of the blocks, and
remap relatively frequently rewritten logical addresses to
blocks with low wear levels. In addition, the wear leveling
module may remap relatively infrequently rewritten logical
addresses to blocks with high wear levels, which is known as
static data shifting. Remapping may involve swapping data in
two blocks. During the swap, the data from one of the blocks
may be stored in an unused block, or in temporary storage.
[0168] The wear leveling module may also maintain a list
of blocks that have surpassed their write cycle lifetime. No
new data will be written to these blocks, and data that was
previously stored in those blocks is written to other blocks.
Although the goal of the wear leveling module s that no block
wears out before the others, some blocks may wear out pre-
maturely under real-world circumstances. Identifying and
removing unreliable blocks allows the full lifetime of the
remaining blocks to be used before the solid-state disk is no
longer usable.

[0169] Tt should be understood that while the present dis-
closure, for illustration purposes, describes first and second
solid-state nonvolatile memories 204, 206, the teachings of
the present disclosure may also be applied to other types of
memories. In addition, the memories may not be limited to
individual modules. For example, the teachings of the present
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disclosure may be applied to memory zones within a single
memory chip or across multiple memory chips. Each memory
zone may be used to store data in accordance with the teach-
ings of the present disclosure.

[0170] Referring now to FIGS. 9A-9E, various exemplary
implementations incorporating the teachings of the present
disclosure are shown. In FIG. 9A, the teachings of the disclo-
sure can be implemented in a storage device 942 of a high
definition television (HDTV) 937. The HDTV 937 includes
an HDTV control module 938, a display 939, a power supply
940, memory 941, the storage device 942, a network interface
943, and an external interface 945. If the network interface
943 includes a wireless local area network interface, an
antenna (not shown) may be included.

[0171] The HDTV 937 can receive input signals from the
network interface 943 and/or the external interface 945,
which can send and receive data via cable, broadband Inter-
net, and/or satellite. The HDTV control module 938 may
process the input signals, including encoding, decoding, fil-
tering, and/or formatting, and generate output signals. The
output signals may be communicated to one or more of the
display 939, memory 941, the storage device 942, the net-
work interface 943, and the external interface 945.

[0172] Memory 941 may include random access memory
(RAM) and/or nonvolatile memory. Nonvolatile memory
may include any suitable type of semiconductor or solid-state
memory, such as flash memory (including NAND and NOR
flash memory), phase change memory, magnetic RAM, and
multi-state memory, in which each memory cell has more
than two states. The storage device 942 may include an opti-
cal storage drive, such as a DVD drive, and/or a hard disk
drive (HDD). The HDTV control module 938 communicates
externally via the network interface 943 and/or the external
interface 945. The power supply 940 provides power to the
components of the HDTV 937.

[0173] InFIG. 9B, the teachings of the disclosure may be
implemented in a storage device 950 of a vehicle 946. The
vehicle 946 may include a vehicle control system 947, a
power supply 948, memory 949, the storage device 950, and
anetwork interface 952. If the network interface 952 includes
a wireless local area network interface, an antenna (not
shown) may be included. The vehicle control system 947 may
be a powertrain control system, a body control system, an
entertainment control system, an anti-lock braking system
(ABS), a navigation system, a telematics system, a lane
departure system, an adaptive cruise control system, etc.
[0174] The vehicle control system 947 may communicate
with one or more sensors 954 and generate one or more output
signals 956. The sensors 954 may include temperature sen-
sors, acceleration sensors, pressure sensors, rotational sen-
sors, airflow sensors, etc. The output signals 956 may control
engine operating parameters, {ransmission operating param-
eters, suspension parameters, etc.

[0175] The power supply 948 provides power to the com-
ponents of the vehicle 946. The vehicle control system 947
may store data in memory 949 and/or the storage device 950.
Memory 949 may include random access memory (RAM)
and/or nonvolatile memory. Nonvolatile memory may
include any suitable type of semiconductor or solid-state
niemory, such as flash memory (including NAND and NOR
flash memory), phase change memory, magnetic RAM, and
multi-state memory, in which each memory cell has more
than two states. The storage device 950 may include an opti-
cal storage drive, such as a DVD drive, and/or a hard disk
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drive (HDD). The vehicle control system 947 may commu-
nicate externally using the network interface 952.

[0176] In FIG. 9C, the teachings of the disclosure can be
implemented in a storage device 966 of a cellular phone 958.
The cellular phone 958 includes a phone control module 960,
apower supply 962, memory 964, the storage device 966, and
a cellular network interface 967. The cellular phone 958 may
include a network interface 968, a microphone 970, an audio
output 972 such as a speaker and/or output jack, adisplay 974,
and a user input device 976 such as a keypad and/or pointing
device. If the network interface 968 includes a wireless local
area network interface, an antenna (not shown) may be
included.

[0177] The phone control module 960 may receive input
signals from the cellular network interface 967, the network
interface 968, the microphone 970, and/or the user input
device 976. The phone control module 960 may process sig-
nals, including encoding, decoding, filtering, and/or format-
ting, and generate output signals. The output signals may be
communicated to one or more of memory 964, the storage
device 966, the cellular network interface 967, the network
interface 968, and the audio output 972.

[0178] Memory 964 may include random access memory
(RAM) and/or nonvolatile memory. Nonvolatile memory
may include any suitable type of semiconductor or solid-state
memory, such as flash memory (including NANT and NOR
flash memory), phase change memory, magnetic RAM, and
multi-state memory, in which each memory cell has more
than two states. The storage device 966 may include an opti-
cal storage drive, such as a DVD drive, and/or a hard disk
drive (HIDD). The power supply 962 provides power to the
components of the cellular phone 958.

[0179] In FIG. 9D, the teachings of the disclosure can be
implemented in a storage device 984 ofa set top box 978. The
set top box 978 includes a set top control module 980, a
display 981, a power supply 982, memory 983, the storage
device 984, and a network interface 985. If the network inter-
face 985 includes a wireless local area network interface, an
antenna (not shown) may be included.

[0180] The set top control module 980 may receive input
signals from the network interface 985 and an external inter-
face 987, which can send and receive data via cable, broad-
band Internet, and/or satellite. The set top control module 980
may process signals, including encoding, decoding, filtering,
and/or formatting, and generate output signals. The output
signals may include audio and/or video signals in standard
and/or high definition formats. The output signals may be
communicated to the network interface 985 and/or to the
display 981. The display 981 may include a television, a
projector, and/or a monitor.

[0181] The power supply 982 provides power to the com-
ponents of the set top box 978. Memory 983 may include
random access memory (RAM) and/or nonvolatile memory.
Nonvolatile memory may include any suitable type of semi-
conductor or solid-state memory, such as flash memory (in-
cluding NAND and NOR flash memory), phase change
memory, magnetic RAM, and multi-state memory, in which
each memory cell has more than two states. The storage
device 984 may include an optical storage drive, such as a
DVD drive, and/or a hard disk drive (HDD).

[0182] In FIG. 9E, the teachings of the disclosure can be
implemented in a storage device 993 of a mobile device 989.
The mobile device 989 may include a mobile device control
module 990, a power supply 991, memory 992, the storage
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device 993, a network interface 994, and an external interface
999 If the network interface 994 includes a wireless local
area network interface, an antenna (not shown) may be
included.

[0183] The mobile device control module 990 may receive
input signals from the network interface 994 and/or the exter-
nal interface 999. The external interface 999 may include
USB, infrared, and/or Ethernet. The input signals may
include compressed audio and/or video, and may be compli-
ant with the MP3 format. Additionally, the mobile device
control module 990 may receive input from a user input 996
such as a keypad, touchpad, or individual buttons. The mobile
device control module 990 may process input signals, includ-
ing encoding, decoding, filtering, and/or formatting, and gen-
erate output signals.

[0184] The mobile device control module 990 may output
audio signals to an audio output 997 and video signals to a
display 998. The audio output 997 may include a speaker
and/or an output jack. The display 998 may present a graphi-
cal user interface, which may include menus, icons, etc. The
power supply 991 provides power to the components of the
mobile device 989. Memory 992 may include random access
memory (RAM) and/or nonvolatile memory.

[0185] Nonvolatile memory may include any suitable type
of semiconductor or solid-state memory, such as flash
memory (including NAND and NOR flash memory), phase
change memory, magnetic RAM, and multi-state memory, in
which each memory cell has more than two states. The stor-
age device 993 may include an optical storage drive, such as
a DVD drive, and/or a hard disk drive (HDD). The mobile
device may include a personal digital assistant, a media
player, a laptop computer, a gaming console, or other mobile
computing device.

[0186] Those skilled in the art can now appreciate from the
foregoing description that the broad teachings of the disclo-
sure can be implemented in a variety of forms. Therefore,
while this disclosure includes particular examples, the true
scope of the disclosure should not be so limited since other
modifications will become apparent to the skilled practitioner
upon a study of the drawings, the specification, and the fol-
lowing claims.

What is claimed is:

1. A solid state memory system comprising:

a first nonvolatile semiconductor (NVS) memory that has a
first write cycle lifetime;

a second nonvolatile semiconductor (NVS) memory that
has a second write cycle lifetime that is different than
said first write cycle lifetime; and

a wear leveling module that generates first and second wear
levels for said first and second NVS memories based on
said first and second write cycle lifetimes and that maps
logical addresses to physical addresses of one of said
first and second NVS memories based on said first and
second wear levels.

2. The solid state memory system of claim 1 wherein said
first wear level is substantially based on a ratio of a first
number of write operations performed on said first NVS
memory to said first write cycle lifetime, and wherein said
second wear level is substantially based on a ratio of a second
number of write operations performed on said second NVS
memory to said second write cycle lifetime.

3. The solid state memory system of claim 1 wherein said
wear leveling module maps said logical addresses to said
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physical addresses of said second memory when said second
wear level is less than said first wear level.

4. The solid state memory system of claim 1 wherein said
first NVS memory has a first storage capacity that is greater
than a second storage capacity of said second NVS memory.

5. The solid state memory system of claim 1 further com-
prising a mapping module that receives first and second fre-
quencies for writing data to first and second of said logical
addresses, wherein said wear leveling module biases map-
ping of said first of said logical addresses to said physical
addresses of said second NVS memory when said first fre-
quency is greater than said second frequency and said second
wear level is less than said first wear level.

6. The solid state memory system of claim 5 wherein said
wear leveling module biases mapping of said second of said
logical addresses to said physical addresses of said first NVS
menory.

7. The solid state memory system of claim 5 further com-
prising a write monitoring module that monitors subsequent
frequencies of writing data to said first and second of said
logical addresses and that updates said first and second fre-
quencies based on said subsequent frequencies.

8. The solid state memory system of claim 1 further com-
prising a write monitoring module that measures first and
second frequencies of writing data to first and second of said
logical addresses, wherein said wear leveling module biases
mapping of said first of said logical addresses to said physical
addresses of said second NVS memory when said first fre-
quency is greater than said second frequency and said second
wear level is less than said first wear level.

9. The solid state memory system of claim 8 wherein said
wear leveling module biases mapping of said second of said
logical addresses to said physical addresses of said first NVS
memory.

10. The solid state memory system of claim 1 further com-
prising a degradation testing module that:

writes data at a first predetermined time to one of said

physical addresses;

generates a first stored data by reading data from said one

of said physical addresses;

writes data to said one of said physical addresses at a

second predetermined time;

generates a second stored data by reading data from said

one of said physical addresses; and

generates a degradation value for said one of said physical

addresses based on said first and second stored data.

11. The solid state memory system of claim 10 wherein
said wear leveling module maps one of said logical addresses
to said one of said physical addresses based on said degrada-
tion value.

12. The solid state memory system of claim 1 wherein:

said wear leveling module maps said logical addresses to

said physical addresses of said first NVS memory when
said second wear level is greater than or equal to a first
predetermined threshold; and

said wear leveling module maps said logical addresses to

said physical addresses of said second NVS memory
when said first wear level is greater than or equal to a
second predetermined threshold.

13. The solid state memory system of claim 1 wherein
when write operations performed on a first block of said
physical addresses of said first NVS memory during a prede-
termined period are greater than or equal to a predetermined
threshold, said wear leveling module biases mapping of cor-
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responding ones of said logical addresses from said first block
to a second block of said physical addresses of said second
NVS memory.

14. The solid state memory system of claim 1 wherein said
wear leveling module identifies a first block of said physical
addresses of said second NVS memory as a least used block
(LUB).

15. The solid state memory system of claim 14 wherein
said wear leveling module biases mapping of corresponding
ones of said logical addresses from said first block to a second
block of said physical addresses of said first NVS memory
when available memory in said second NVS memory is less
than or equal to a predetermined threshold.

16. The solid state memory system of claim 1 wherein said
first NVS memory comprises a flash device and said second
NVS memory comprises a phase-change memory device.

17. The solid state memory system of claim 16 wherein
said first NVS memory comprises a Nitride Read-Only
Memory (NROM) flash device.

18. The solid state memory system of claim 1 wherein said
first write cycle lifetime is less than said second write cycle
lifetime.

19. A method comprising:

generating first and second wear levels for first and second

nonvolatile semiconductor (NVS) memories based on
first and second write cycle lifetimes, wherein said first
and second write cycle lifetimes correspond to said first
and second NVS memories, respectively; and

mapping logical addresses to physical addresses of one of

said first and second NVS memories based on said first
and second wear levels.

20. The method of claim 19 wherein said first wear level is
substantially based on a ratio ofa first number of write opera-
tions performed on said first NVS memory to said first write
cycle lifetime, and wherein said second wear level is substan-
tially based on a ratio of a second number of write operations
performed on said second NVS memory to said second write
cycle lifetime.

21. The method of claim 19 further comprising mapping
said logical addresses to said physical addresses of said sec-
ond memory when said second wear level is less than said first
wear level.

22. The method of claim 19 wherein said first NVS
memory has a first storage capacity that is greater than a
second storage capacity of said second NVS memory.

23. The method of claim 19 wherein said first write cycle
lifetime is less than said second write cycle lifetime.

24. The method of claim 19 further comprising:

receiving first and second frequencies for writing data to

first and second of said logical addresses; and

biasing mapping of said first of said logical addresses to

said physical addresses of said second NVS memory
when said first frequency is greater than said second
frequency and said second wear level is less than said
first wear level.

25. The method of claim 24 further comprising biasing
mapping of said second of said logical addresses to said
physical addresses of said first NVS memory.

26. The method of claim 24 further comprising;

monitoring subsequent frequencies of writing data to said

first and second of said logical addresses; and
updating said first and second frequencies based on said
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27. The method of claim 19 further comprising:

measuring first and second frequencies of writing data to

first and second of said logical addresses; and

biasing mapping of said first of said logical addresses to

said physical addresses of said second NVS memory
when said first frequency is greater than said second
frequency and said second wear level is less than said
first wear level.

28. The method of claim 27 further comprising biasing
mapping of said second of said logical addresses to said
physical addresses of said first NVS memory.

29. The method of claim 19 further comprising:

writing data at a first predetermined time to one of said

physical addresses;

generating a first stored data by reading data from said one

of said physical addresses;

writing data to said one of said physical addresses at a

second predetermined time;

generating a second stored data by reading data from said

one of said physical addresses; and

generating a degradation value for said one of said physical

addresses based on said first and second stored data.

30. The method of claim 29 further comprising mapping
one of said logical addresses to said one of said physical
addresses based on said degradation value.

31. The method of claim 19 further comprising:

mapping said logical addresses to said physical addresses

of said first NVS memory when said second wear level is
greater than or equal to a first predetermined threshold;
and

mapping said logical addresses to said physical addresses

of'said second NVS memory when said first wear level is
greater than or equal to a second predetermined thresh-
old.

32. The method of claim 19 wherein when write operations
performed on a first block of said physical addresses of said
first NVS memory during a predetermined period are greater
than or equal to a predetermined threshold, biasing mapping
of corresponding ones of said logical addresses from said first
block to a second block of said physical addresses of said
second NVS memory.
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33. The method of claim 19 further comprising identifying
a first block of said physical addresses of said second NVS
memory as a least used block (LUB).

34. The method of claim 33 further comprising biasing
mapping of corresponding ones of said logical addresses
from said first block to a second block of said physical
addresses of said first NVS memory when available memory
in said second NVS memory is less than or equal to a prede-
termined threshold.

35. The method of claim 19 wherein said first NVS
memory comprises a flash device and said second NVS
memory comprises a phase-change memory device.

36. The method of claim 35 wherein said first NVS
memory comprises a Nitride Read-Only Memory (NROM)
flash device.

37. The solid state memory system of claim 1 wherein said
second NVS memory includes single-level cell (SLC) flash
memory and said first NVS memory include multi-level cell
(MLC) flash memory.

38. The solid state memory system of claim 1 wherein said
first NVS memory has a first access time and said second
NVS memory has a second access time that is shorter than
said first access time, wherein said wear leveling module
maps first logical addresses to said first NVS memory and
second logical addresses to said second NVS memory and
wherein said first logical addresses are accessed less fre-
quently than said second logical addresses.

39. The method of claim 19 wherein said second NVS
memory includes single-level cell (SLC) flash memory and
said first NVS memory include multi-level cell (MLC) flash
memory.

40. The method of claim 19 wherein said first NVS
memory has a first access time and said second NVS memory
has a second access time that is shorter than said first access
time, the method further comprising mapping first logical
addresses to said first NVS memory and second logical
addresses to said second NVS memory, wherein said first
logical addresses are accessed less frequently than said sec-
ond logical addresses.
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