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from at least one block in the second subset to the first subset, and the at least one block is added to the spare blocks of the second
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TITLE:BLOCK MANAGEMENT SCHEMES IN HYBRID SLC/MLC MEMORY

FIELD OF THE INVENTION
The present invention relates generally to data storage, and
particularly to methods and systems for memory block management

in memory devices.

BACKGROUND OF THE INVENTION

Some memory devicesg, such as Flash devices, comprise
multiple memory blocks. Various techniques for memory Dblock
management are known in the art. For example, U.S. Patent
8,040,744, whose disclosure igs incorporated herein by reference,
describeg techniqueg for management of spare Dblocks in a
reprogrammable non-volatile memory system, such as a Flash EEPROM
system. In one set of techniques, for a memory partitioned into
two sections such as a binary section and a multi-state section,
where blocks of one section are more prone to error, spare blocks
can be transferred from the more error prone partition to the
less error prone partition. In another set of techniques, blocks
which fail in the more error prone partition are transferred to
serve as spare blocks in the other partition.

As another example, U.S. Patent Application Publication
2010/0174847, whogse disclosure is incorporated Therein by
reference, degcribes techniquegs in which a portion of a non-
volatile memory is partitioned from a main multi-level memory
array to operate as a cache. The cache memory is configured to
gstore at less capacity per memory cell and finer granularity of
write units compared to the main memory. The cache memory has a
capacity dynamically increased by allocation of blocksg from the
main memory in response to a demand to increase the capacity.
Preferably, a block with an endurance count higher than average
is allocated. The logical addresses of data are partitioned into

zones to limit the size of the indices for the cache.
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SUMMARY OF THE INVENTION

An embodiment of the present invention that is described
herein provides a method for data storage. The method includes
storing data in a memory including multiple analog memory cells
arranged in blocks. A first subset of the blocks is defined for
storing first data with a first storage density, and a second
gsubgset of the blocks is defined for storing second data with a
gsecond storage density, larger than the first storage density. In
each of the first and second subsets, one or more blocks are
allocated to serve as spare blocks and blocks that become faulty
are replaced with the gpare blocks. Upon detecting that a number
of the gpare blocks in the second subset has decreagsed below a
predefined threshold, the data is copied from at least one block
in the second subset to the first subset, and the at least one
block is added to the gpare blocks of the second subset.

In some embodiments, storing the data includes programming
the memory cells in the first subset using a first number of
programming levels per memory cell, and programming the memory
cells in the second subset using a second number of programming
levels per memory cell, larger than the first number. In an
embodiment, the first storage density includes one bit per memory
cell. In a disclosged embodiment, copying the data and adding the
at least one block include maintaining the number of the gpare
blocks in the second subset at no more than a predefined upper
bound. In an embodiment, the upper bound includes a single spare
block.

In gome embodimentsg, storing the data includes carrying out
in the first subset a block compaction process that uses the
spare blocks in the first subset as over-provisioning overhead.
In an embodiment, the method includes selecting the at least one
block in the sgecond subset according to a predefined selection
criterion. In an example embodiment, the gelection criterion
dependg on an amount of wvalid data in the at least one block. In

another embodiment, the selection criterion depends on a number
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of fragments into which wvalid data in the at least one block is

fragmented. In yet another embodiment, the selection criterion
depends on a time at which data in the at least one block was
most recently invalidated.

There is additionally provided, in accordance with an
embodiment of the present invention, a data storage apparatus
including an interface and a processor. The interface 1is
configured to communicate with a memory including multiple analog
memory cells arranged in blocks, wherein a first subset of the
blocks is defined for storing first data with a first storage
density, and a second subset of the blocks is defined for storing
gsecond data with a second storage dengity, larger than the first
storage density. The processor is configured to allocate in each
of the first and second subsets one or more blocks to serve as
gspare blocks, to replace blocks that become faulty with the spare
blocks, and, upon detecting that a number of the spare blocks in
the second subset has decreased below a predefined threshold, to
copy the data from at least one block in the second subset to the
first subset, and to ag add the at least one block to the spare
blocks of the second subset.

There ig also provided, in accordance with an embodiment of
the present invention, a method for data storage in a memory that
includes multiple Dblocks. The method includes running a
compaction process that selects one or more of the Dblocks
containing both wvalid data and invalid data, copies the wvalid
data from the selected blocks to other storage locationg, and
then erases the selected blocks. Within a given area of the
memory, a block containing the least-recently programmed valid
data among the wvalid data stored in the given area is identified.
The identified Dblock 1is selected as a candidate for the
compaction process. In an embodiment, identification and
selection of the block is performed irrespective of an amount of

the valid data in the block.
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There is further provided, in accordance with an embodiment

of the present invention, a data storage apparatus including an
interface and a procesgor. The interface is configured to
communicate with a memory that includes multiple Dblocks. The
processor is configured to run a compaction process that selects
one or more of the blocks containing both wvalid data and invalid
data, copies the wvalid data from the selected blocks to other
storage locations, and then erases the gelected blocks, and is
further configured to identify, within a given area of the
memory, a block containing the least-recently programmed wvalid
data among the wvalid data stored in the given area, and to select
the identified block as a candidate for the compaction process.

There is moreover provided, in accordance with an embodiment
of the presgent invention, a method for data storage in a memory
that includes multiple blocks and is divided into a first area
for data caching and a second area for long-term data storage.
The method includes running a compaction procesgg that selects in
the first area one or more of the blocks containing both wvalid
data and invalid data, copies the wvalid data from the selected
blocks to other storage locationg in the memory, and then erases
the selected blocks. A block is selected in the first area as a
candidate for the compaction process based on a number of write
operations in the second area that would be incurred by
compaction of the candidate block.

In some embodiments, the data is stored in the second area
in accordance with a logical-to-physical address mapping that
assigns physical storage locations to respective logical mapping
unitg, each including at least one block, and selecting the block
includes choosing the block based on a number of the logical
mapping units to which the wvalid data in the block belong. In an
embodiment, sgelecting the block includes assigning to at least
gome of the blocks in the first area respective scores that are
inversely related to respective numbers of the write operations

in the second area that would be incurred by compaction of the
4
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blocks, and giving high priority in choosing the block for the

compaction process to the blocks having high scores.

There is additionally provided, in accordance with an
embodiment of the present invention, a data storage apparatus
including an interface and a processor. The interface 1is
configured to communicate with a memory that includes multiple
blocks and is divided into a first area for data caching and a
gsecond area for long-term data storage. The processor is
configured to run a compaction process that gelects in the first
area one or more of the blocks containing both wvalid data and
invalid data, copies the wvalid data from the selected blocks to
other storage 1locations in the memory and then erases the
gselected blockg, and is further configured to select in the first
area a block as a candidate for the compaction process based on a
number of write operations in the second area that would be
incurred by compaction of the candidate block.

The present invention will be more fully understood from the
following detailed description of the embodiments thereof, taken

together with the drawings in which:

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 ig a block diagram that schematically illustrates a
memory system, in accordance with an embodiment of the present
invention; and
Figs. 2-4 are flow charts that schematically illustrate
methods for managing memory blocks, in accordance with

embodiments of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

OVERVIEW
In some memory systemg, e.g., in some Flash-based Solid
State Drives (SSD), a certain memory area is configured to hold

data at a smaller storage density relative to the rest of the

memory. For example, the lower-density area may be configured to
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hold a single bit per memory cell (referred to as a Single-Level

Cell - SLC - configuration), and the higher-dengity area may be
configured to hold multiple bits per memory cell (referred to as
a Multi-Level Cell - MLC - ©configuration). Although the
difference in storage density can be implemented in various ways,
the lower-density and higher-density areas are referred to herein
generally as SLC and MLC areas, respectively.

In return for the lower storage density, the SLC area is
typically characterized by faster programming and readout and by
improved endurance, retention and storage reliability in
comparison with the MLC area. The SLC area can be used for
various purposes, such as for caching incoming data before
transferring the data to the MLC area, or for storing sengitive
or frequently-updated (“*hot”) data. Typically, the SLC area is
considerably smaller than the MLC area.

Embodiments of the present invention that are described
herein provide improved methods and systems for memory management
in memories that are partitioned into SLC and MLC areas.
Typically, the memory comprises multiple memory blocks, each
comprising multiple analog memory cells. In some embodiments, a
memory controller allocates one or more memory blocks to serve as
spare blocks in each of the SLC and MLC areas. The spare blocks
are used, for example, for replacing blocks that become faulty
(*bad blocks”) or for increasing the over-provisioning overhead
of the memory - as explained in detail below.

In gsome disclosed embodiments, the memory controller
allocates only a minimal number of spare blocks in the MLC area,
and as many spare blocks as possible in the SLC area. Since the
SLC area is sgsignificantly smaller than the MLC area, each spare
block adds a much larger percentage of spare memory in the SLC
area than in the MLC area. Therefore, the performance gain
achieved by allocating additional spare blocks in the SLC area is
ugually much greater than the performance degradation caused by

allocating fewer of these spare blocks in the MLC area.
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Maintaining a small number of spare blocks in the MLC area

may be risky: MLC memory blocks may become faulty during use, and
the MLC area may run out of spare blocks to replace them. Thus,
in some digclosed embodiments, the memory controller verifies
that the number of gpare blocks in the MLC area does not fall
below a certain minimum threshold. Upon detecting that the number
of spare blocks in the MLC area is too low, the memory controller
copies the data from one or more blocks in the MLC area to the
SLC area, and uses the blocks released in the MLC area as spare
blocks.

The above-described technique enables the memory controller
to allocate a large number of spare blocks to the SLC area, and
thus operate the SLC area at high throughput and endurance
because of the high over-provisioning ratio. At the game time,
the MLC area is continuousgly provided with a sufficient number of
gspare blocks. This trade-off helps to improve the overall
performance of the memory system. For example, when the SLC area
is used for caching data or for storing management information
related to the MLC area, storing this information more
efficiently improves the MLC performance, as well.

Other disclosed embodiments have to do with block compaction
processes (also referred to as “garbage collection”) that are
performed by the memory controller in the SLC area. These
embodiments provide improved criteria for selecting candidate
blocks for compaction. In some embodiments, the memory controller
gselects as candidates for compaction the oldest blockg, i.e., the
blocks containing the least-recently written data. Thig criterion
enables fast and straightforward management, for example because
it does not reqguire the memory controller to assess the amount of
valid data in each block.

In alternative embodiments, the memory controller gelects
candidate SLC blocks for compaction by considering the number of
write operations in the MLC area that the compaction would incur.

SLC blocks whose compaction would incur a small number of write
7
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operations in the MLC area are typically preferred. In an example

embodiment, the memory controller stores data in the memory using
a logical-to-physical address mapping that i1s defined over
mapping units of a certain size, e.g., blocks or groups of
blockg. In these embodimentg, the memory controller may select
candidate blocks for compaction by considering not only the
amount of wvalid data in the block, but also the number of mapping
units to which the wvalid data belongs. It is typically preferable
to perform compaction on a block whose data belongs to a small
number of mapping unitg, since the compaction will involve

copying a smaller amount of data to the MLC area.

SYSTEM DESCRIPTION

Fig. 1 ig a block diagram that schematically illustrates a
memory system 20, in accordance with an embodiment of the present
invention. System 20 can be used in various host systems and
deviceg, such as in computing devices, cellular phones or other
communication terminalg, removable memory modules (gometimes
referred to as "USB Flash Drives”), Solid State Disks (SSD),
digital cameras, music and other media players and/or any other
system or device in which data is stored and retrieved.

System 20 comprises a memory device 24, which stores data in
a memory cell array 28. The memory array comprises multiple
memory blocks 30. Each memory block 30 comprigses multiple analog
memory cells. In the context of the present patent application
and in the claimg, the term “analog memory cell” ig usged to
describe any memory cell that holds a continuous, analog value of
a physical parameter, such as an electrical voltage or charge.
Array 28 may comprise analog memory cells of any kind, such as,
for example, NAND, NOR and Charge Trap Flash (CTF) Flash cells,
phase change RAM (PRAM, also referred to as Phase Change Memory -
PCM), Nitride Read Only Memory (NROM), Ferroelectric RAM (FRAM),
magnetic RAM (MRAM) and/or Dynamic RAM (DRAM) cells.
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The charge levels stored in the cells and/or the analog

voltages or currents written into and read out of the cells are
referred to herein collectively as analog values, analog storage
values or storage values. The storage values may comprise, for
example, threshold voltages or any other suitable kind of storage
values. System 20 stores data in the analog memory cells by
programming the cells to agsume regpective programming states,
which are also referred to as programming levels. The programming
states are selected from a finite set of possgible states, and
each programming state corresponds to a certain nominal storage
value. For example, a 3 bit/cell MLC can be programmed to assume
one of eight possible programming states by writing one of eight
possible nominal storage values into the cell.

Memory device 24 comprises a reading/writing (R/W) unit 36,
which convertgs data for storage in the memory device to analog
storage values and writes them into the memory cells. 1In
alternative embodiments, the R/W unit does not perform the
conversion, but is provided with wvoltage samples, i.e., with the
storage values for storage in the cellg. When reading data out of
array 28, R/W unit 36 converts the storage values of the memory
cells into digital samples having a resolution of one or more
bitg. Data is typically written to and read from the memory cells
in groups that are referred to as pages. In some embodiments, the
R/W unit can erase a group of memory cells by applying one or
more negative erasure pulses to the cells. Erasure is typically
performed in entire memory blocks.

The storage and retrieval of data in and out of memory
device 24 1is performed by a memory controller 40. The memory
controller comprises an interface 44 for communicating with
memory device 24, and a processor 48 that carries out the various
memory management functions. In particular, processor 48 carries
out memory block management schemes that are described herein.

Memory controller 40 communicates with a host 52, for

accepting data for storage in the memory device and for
9
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outputting data retrieved from the memory device. Memory

controller 40, and in particular processor 48, may be implemented
in hardware. Alternatively, the memory controller may comprise a
microprocessor that rung suitable software, or a combination of
hardware and software elements.

The configuration of Fig. 1 1s an exemplary gystem
configuration, which is shown purely for the sake of conceptual
clarity. Any other suitable memory system configuration can also
be used. Elements that are not necessary for understanding the
principles of the present invention, such as various interfaces,
addressing circuits, timing and sequencing circuits and debugging
circuitsg, have been omitted from the figure for clarity.

Although the example of Fig. 1 shows a single memory device
24, system 20 may comprise multiple memory devices that are
controlled by memory controller 40. In the exemplary sgystem
configuration shown in Fig. 1, memory device 24 and memory
controller 40 are implemented ag two separate Integrated Circuits
(ICg). In alternative embodimentsg, however, the memory device and
the memory controller may be integrated on separate semiconductor
dies in a single Multi-Chip Package (MCP) or System on Chip
(SoC), and may be interconnected by an internal bus. Further
alternatively, some or all of the memory controller circuitry may
regside on the game die on which the memory array is disposed.
Further alternatively, some or all of the functionality of memory
controller 40 can be implemented in software and carried out by a
processor or other element of the host system. In some
embodimentsg, host 44 and memory controller 40 may be fabricated
on the game die, or on geparate dies in the same device package.

In some embodiments, memory controller 40 comprises a
general-purpose processor, which is programmed in software to
carry out the functions described herein. The software may be
downloaded to the procegsor in electronic form, over a network,

for example, or it may, alternatively or additionally, be
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provided and/or stored on non-transitory tangible media, such as

magnetic, optical, or electronic memory.

In an example configuration of array 28, the memory cells in
each block 30 are arranged in multiple rows and columns, and each
memory cell comprises a floating-gate transistor. The gates of
the transistors in each row are connected by word lines, and the
sources of the transistors in each column are connected by bit
lineg. The memory array is typically divided into multiple pages,
i.e., groups of memory cells that are programmed and read
gimultaneously. Pages are gometimes sub-divided into sgectors. In
gome embodimentsg, each page comprises an entire row of the array.
In alternative embodiments, each row (word line) can be divided
into two or more pages. For example, in some devices each row is
divided into two pages, one comprising the odd-order cells and
the other compriging the even-order cells.

Typically, memory controller 40 programs data in page units,

but erases entire memory blocks 30. Typically although not

. . 6
necesgsarily, a memory block 18 on the order of 10 memory cells,

. 3 4
whereas a page 1s on the order of 10 -10 memory cells.

MEMORY PARTITIONING INTO SLC AND MLC AREAS HAVING SPARE BLOCKS

In some embodiments, memory blocks 30 are partitioned into a
Single-Level Cell (SLC) area 34 and a Multi-Level Cell (MLC) area
36. Areasgs 34 and 36 differ from one another in storage dengity,
i.e., in the number of bitg per memory cell used for storing data
- The storage density in MLC area 36 is higher than in SLC area
34. In some embodiments, the memory cells in SLC area 34 hold a
gingle bit per memory cell (e.g., by being programmed to two
possible programming levels), whereas the memory cells in MLC
area 36 hold multiple bits per cell (e.g., by being programmed to
more than two possible programming levels). Alternatively, the
memory cellg in area 34 may have any other suitable storage

density that is lower than that of the memory cells in area 36.

11
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Although the embodiments described herein refer to an SLC

area storing data at 1 bit/cell and an MLC area storing data at
more than 1 bit/cell, the disclosed techniques can be used with
any other suitable technique for storing data in one memory area
at higher density than in another memory area. Alternatively to
using different numbers of programming levels, different storage
densitieg can be implemented in areas 34 and 36 usging any other
guitable technique.

Because of the smaller storage density, SLC area 34
typically is typically characterized by faster programming,
longer endurance and retention and gometimes higher storage
reliability. In wvarious embodiments, the SLC area may sgerve
different functions in system 20. For example, SLC area 34 may be
ugsed for temporarily caching data received from the host, until
the data is copied to its long-term destination address in MLC
area 36. This function is sometimeg referred to as “binary cache”
or “SLC cache.” Additionally or alternatively, SLC area 34 may be
used for storing highly sensitive information such as mapping
tables. As vyet another example, SLC area 34 can be used for
storing data that is updated frequently (“hot” data).

Typically, the size of SLC area 34 is considerably smaller
that the size of MLC area 36. In one example embodiment, the SLC
area comprises fifty blocks 34, whereas MLC area 36 compriges two
thousand blocks. Alternatively, any other suitable proportions
between the sizes of the SLC and MLC areas can be used. In some
embodiments, the memory cells and memory blocks in the SLC area
are different in structure from those in the MLC area. In other
embodiments, the memory cells and memory blocks in the SLC area
are similar or identical to those in the MLC area.

In some embodiments, each of the SLC and the MLC areas
comprises a certain number of blocks 34 that serve as spare
blocks. Spare blocks can be used for wvarioug purposes, such as

for replacing blocks that become faulty (“bad blocks”) and for
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over-provisioning used in compaction or “garbage collection”

processes, as explained below.

In analog memory such as device 24, data is written to the
memory in page units, but erasure is applied to entire memory
blocks. Data ig written only to erased pagesg, and it is therefore
not possible to update data in-place. Updating data involves
writing the updated data to another physical storage location,
marking the previous version of the data as invalid, and
dynamically mapping logical addresses to physical storage
locations.

Becauge of the above characteristics, the memory blocks of
the memory gradually accumulate invalid data pages, whose updated
vergions have been stored in other physical storage locations. In
order to reduce the number of invalid pages, the memory
controller carries out a compaction, or “garbage collection”
process. This process selects one or more memory blocksg for
compaction, copies the valid data from the gelected memory blocks
to other gtorage locationg, and then erases the selected memory
blocks. The erased Dblocks are then ready for subsequent
programming.

The efficiency of the compaction process (which can be
quantified, for example, by the average number of copy operations
performed per block compaction) improves as a function of the
over-provisioning ratio of the memory (the ratio between the true
physical capacity of the memory and the specified capacity that
is provided to external entities for storing data).

Typically, the aggregated size of the memory areas that do
not hold valid data (“holes”) within blocks 30 is referred to as
an over-provisioning overhead. The over-provisioning overhead can
be specified as an over-provisioning ratio, which is defined as a
fraction of the specified memory capacity. For example, when the
memory uses an over-provigioning ratio of 5% and the memory is
logically full, each memory block is only 95% programmed, on

average.
13
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When the memory is over-provisioned, garbage collection can

be performed more efficiently. In other words, the number of copy
operationg per block compaction can be reduced. The efficiency of
the garbage collection process increases as a function of the
over-provisioning ratio used in the memory. Increasing the over-
provisioning ratio reduces the wearing of memory cells, and also
increases the programming throughput. The effect of the over-
provigioning overhead on cell wearing and storage throughput is
particularly strong when the memory is full or nearly full.
Typically, processor 48 allocates one or more blocks 30 to
gserve as sgpare blocks in SLC area 34, and one or more blocks 30
to serve as spare blocks in MLC area 36. Each spare block is used
within its respective area (SLC or MLC), for example as a
candidate for replacing a block that becomeg faulty during use,
or for increasing the over-provisioning ratio and thus improving

the efficiency of the compaction process.

EFFICIENT ALLOCATION OF SPARE BLOCKS IN SLC AND MLC AREAS

Memory controller 40 may allocate any desired number of
blocks 30 to serve as gpare blockg in either SLC area 34 or MLC
area 36. Moreover, the memory controller may copy data from one
area to another in order to increase the number of spare blocks
in one area at the expense of the other.

In some embodiments of the present invention, memory
controller 40 allocates a large number of spare blocks in the SLC
area, at the expense of maintaining only a minimal number of
spare blocks in the MLC area. This sort of allocation improves
the performance of the SLC area gignificantly. As noted above,
the SLC area is typically considerably smaller than the MLC area.
Therefore, the performance gain achieved by allocating additional
spare blocks in the SLC area 1is usually much greater than the
performance degradation caused by removing these gpare blocks

from the MLC area.
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Consider, for example, a memory that is partitioned into a 2

bit/cell MLC area having a specified sgize of 2,000 blocks and
twenty additional spare blocks, and a 1 bit/cell SLC area having
fifty Dblocks. In comparison, consider a scenario in which
nineteen of the twenty sgpare blocksg are reallocated to the SLC
area, meaning that the MLC area has only a sgingle sgpare block
while the SLC area has sixty-nine spare blocks instead of fifty.
This reallocation means an increase of approximately 40% in the
number of spare blocks in the SLC area - An increase that
provides a considerable performance improvement. The single spare
block in the MLC area still enables the memory controller to
carry out Dblock compaction, although possibly at reduced
efficiency.

In practice, some of the memory blocks in MLC area 36 may
become faulty (“bad blocks”) over time. When memory controller 40
detectg that a memory block is faulty, it replaces this block
with a spare block. When the MLC area is allocated only a minimal
number of gpare memory blocks (e.g., a sgingle spare block ag in
the example above), the spare blocks in the MLC area may all be
used at some point. In such a case, the memory gpace that is
available for storing usgser data may fall below the gpecified
size.

Thus, in gome embodiments, procesgor 48 in the memory
controller copies data from MLC area 36 to SLC area 34 in order
to free additional gpare blocksg in the MLC area, upon detecting
that the number of gpare blocks in the MLC area drops below a
certain minimal value. In some embodiments, procesgsor 48
maintains the number of spare blocks in the MLC area at no more
than a certain upper bound. These mechanisms adaptively maintain
a sufficient number of sgpare blocks in the MLC area, while at the
game time allocating the highest possible number of spare blocks

to the SLC area.
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Processor 48 may detect faulty blocks in the MLC area using

any suitable technique, for example by detecting blocks that fail
to erase or blocks that fail to program data correctly.

Fig. 2 1is a flow chart that schematically illustrates a
method for managing memory blocks, in accordance with an
embodiment of the present invention. The method begins with
processor 48 in memory controller 40 allocating spare memory
blocks to the SLC and MLC areag, at an initial allocation step
60. Processor 48 allocates one or more blocks to serve as spare
blocks in SLC area 34, and one or more blocks to serve as spare
blocks in MLC area 36. As explained above, processor 48 typically
allocates as many as possible spare blocks in the SLC area, and
only a certain minimal number of spare blocks in the MLC area.

Processor 48 stores data in the SLC and MLC areas, at a

storage gtep 64. The gpecific storage processes may differ from

one embodiment to another, for example depending on the
functionality of the SLC area (e.g., binary cache, or storage
gpace for sensitive or frequently-updated data). Typically,

procegssor 48 carries out garbage collection and replacement of
bad blocks separately within each of the SLC and MLC areas, using
the spare blocks allocated to each area.

During operation, processor 48 checks whether a new faulty
block exists in MLC area 36, at a bad block checking gtep 68. If
no new bad blocks are detected, the method loops back to step 64
above in which system 20 continues to store data.

If a new faulty block is detected in the MLC area, processor
48 checks whether a spare block is available in the MLC area, at
a spare block checking step 72. If a spare block is available in
the MLC area, processor 48 replaces the faulty block with a gpare
block, at a replacement gstep 76. The method then loops back to
step 64 above.

If, on the other hand, there are no more available gpare
blocks in the MLC area, procesgsgsor 48 frees one or blockg in MLC

area 36 to serve ag additional spare blocks, at a gpare
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generation step 80. In an embodiment, processor 48 copies data

from one or more blocks in MLC area 36 to SLC area 34, and then
erases the MLC blocksg and assigns them to gerve as gpare blocks.
The data that previousgsly resided in these MLC blocks is now
stored 1in the SLC area, and can be retrieved from this
alternative location when requested. Because of the gmaller
storage density in the SLC area, the data from a given MLC block
is typically copied to two or more SLC blocks. Processor 48 may
then replace the faulty block with a newly-assigned spare block
at step 76, and the method loops back to step 64 above.

The method of Fig. 2 ig an example method, which is chosen
purely for the sake of conceptual clarity. In alternative
embodimentg, other suitable methods c¢an also be used. For
example, in the method of Fig. 2, a new spare block ig created in
the MLC area when the number of available spare blocks in the MLC
area drops to zero (i.e., no more gpare blocksg are available). In
alternative embodiments, the process may be initiated when the
number of gpare blocks in the MLC area drops below any other
guitable threshold. The above process may be used to create any
guitable number of new spare blockg in the MLC area.

As another example, in the method of Fig. 2 a new spare MLC
block ig created in regponse to detecting a bad block in the MLC
area. In alternative embodiments, a new spare block may be
created in response to other events or periodically, as needed.
For example, processor 48 may run a background task that checks
whether the number of spare blocks in the MLC area is below the
permitted minimum number. If the number of spare blocks in the
MLC area 1is too low, processor 48 may produce one Or more new
gspare MLC blocks by copying data to the SLC area.

Processor 48 may use various methods and criteria to select
which MLC block to free and convert to a gpare block. In an
example embodiment, processor 48 chooses the block having the
smallest amount of wvalid data - A criterion that typically

reduced the number of copy operations needed for freeing the
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block. In another embodiment, processor 48 chooses the block

whoge wvalid data is fragmented into the smallest number of
fragments - A criterion that typically reducesg the gize of the
virtual-to-physical address mapping of the SLC area. In vyet
another embodiment, processor 48 chooses the block in which data
wag most recently invalidated (e.g., as a result of copying the
data during compaction in the MLC area). Further alternatively,
processor 48 may choose MLC blocks for conversion to spare blocks

using any other suitable criteria.

CRITERIA FOR SELECTING BLOCKS FOR COMPACTION IN SLC AREA

In gome embodiments, proceggor 48 in memory controller 40
runs a compaction (“garbage collection”) process in SLC area 34.
The compaction process selects one or more blocks 30 in area 34
that contain both wvalid and invalid data, copy the wvalid data to
other storage locations (in SLC area 34 and/or in MLC area 36)
and then erases the blocks.

Any block compaction operation involves copying a certain
amount of data from one location to another. When selecting
candidate blocks for compaction, it is typically preferable to
select blocks whose compaction will involve copying only a small
amount of data. This sort of a selection helps to increasge the
memory throughput and endurance. Another consideration 1is the
management overhead involved in the candidate selection process.

In gome embodiments of the present invention, processor 48
gselects as candidates for compaction the (one or more) oldest
blocks in the SLC area. In other words, processor 48 selectg the
one or more blockgs that comprise the least-recently programmed
data in the SLC area. The term "“least-recently programmed data”
refers to the time at which the data was written, regardless if
this write operation was the result of new data received from the
host or the result of an internal copy (e.g., compaction)

operation.
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Selecting the oldest blocks for compaction enableg the

memory controller to compact, with high likelihood, blocks that
will not be updated in the near future. Moreover, this selection
criterion can be implemented in a fast and straightforward
manner, since it does not depend on the amount of wvalid data in
the block. In order to use this criterion, the memory controller
does not need to assess or track the amount of wvalid or invalid
data per block.

Fig. 3 1is a flow chart that schematically illustrates a
method for managing memory blocks, in accordance with an
embodiment of the present invention. The left-hand-side of the
figure shows a storage process, while the right-hand-side of the
figure shows a block selection and compaction process. The two
processes are typically carried out in parallel by the memory
controller.

The storage process begins with procegsor 48 in memory
controller 40 accepting data for storage from hosgt 52, at an
input step 90. Processor 48 caches the data in SLC area 34, at a
caching step 94. At a later point in time, the memory controller
transfers the data from the SLC area for long-term storage in MLC
area 36, at a transferring step 98.

The gelection and compaction process beging with procesgsor
48 identifying the oldest block or blocks in the SLC area, at an
oldest block identification step 100. The oldest block is defined
as the block containing the least-recently written data in the
SLC area. Processor 48 then compacts the identified block or
blocks, at a compaction step 104. Compaction may comprise copying
the wvalid data from the identified oldest block or blocks to a
new location, either in the SLC area or in the MLC area. The
oldest blocks are then erased and are ready for new programming.

In alternative embodiments, memory controller 40 storesgs the
data in memory device 24 uging a logical-to-physical address
mapping scheme. In these embodiments, the data is addressed by

host 52 wuging 1logical addresseg, and the memory controller
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translates the logical addresses into physical storage locations

in device 24. When moving data from one physical storage location
to another (e.g., during compaction), the memory controller
updates the physical storage location mapped to the logical
addresses of the moved data.
The logical-to-physical address mapping scheme of the memory
controller is typically defined over mapping units of a certain
gize. In other words, the mapping unit is the basic granularity
at which the mapping is defined and performed. The mapping unit
size may comprise, for example, a single block or more than one
block.
In an example embodiment, the SLC area ig used for data
caching, the MLC area is used for long-term data storage, and
processor 48 carries out a block-based Flash Translation Layer
(FTL) that performg compaction in the SLC area according to the
following policy:
= Select an SLC block for compaction.
= Copy at least some of the data from the gelected SLC block to
the target logical addresses of this data in the MLC area.
This operation may involve copying additional data from other
blocks in the SLC area to the MLC area, since the data in the
selected MLC block may belong to mapping units (logical MLC
blocks in this example) that should be copied to the MLC area
en-bloc.

= Copy remaining data in the sgselected block to an alternative
location (e.g., open block) in the SLC area.

In gome embodiments, proceggor 48 in memory controller 40
selects candidate Dblocks in SLC area 34 for compaction by
considering the number of write operations in the MLC area that
the compaction would incur. Such write operations would occur,
for example, when copying data from the selected block to the MLC
area, as well as when copying to the MLC area data from other SLC
blocks that belong to the same mapping units as the data copied

from the selected SLC block. Processor 48 typically selects SLC
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blocks whose compaction would cauge a sgsmall number (e.g., the

smallest possible number) of write operations in the MLC area.
Since MLC write operations are dominant in terms of latency, this
sort of selection criterion increases the efficiency of the SLC
compaction process.

In gome embodimentsg, processor 48 assigng each block in the
SLC area a respective score, which is inversely-related to the
number of MLC write operations that compaction of the SLC block
would incur. In these embodimentg, processor 48 gives preference
in choosing SLC Dblocks for compaction to Dblocks having high
scores.

Processor 48 may use any suitable method to estimate the
number of write operations in the MLC area that would be caused
by compacting a given SLC Dblock. In gome embodiments, the
estimate would consider the number of mapping units to which the
data 1in the SLC Dblock belongs. Thusg, in some embodiments
processor 48 gelects candidate blockg in SLC area 34 for
compaction by congidering not only the amount of wvalid data in
the block, but also the number of mapping units to which the
valid data belongs. Consgider, for example, two block that
comprise the same amount of wvalid data. In one block, however,
all the valid data belongs to a single mapping unit, whereas in
the other block the valid data belongs to multiple mapping units.

When performing compaction, the wvalid data is copied from
the compacted block to another storage location, at mapping unit
granularity. Therefore, if the wvalid data belongs to a large
number of mapping units, a large amount of data will have to be
copied. For this reasgson, it is typically preferable to compact
blocks whose wvalid data belongs to a small number of mapping
units.

In some embodiments, procegsgor 48 gelects candidate blocks
in SLC area 34 for compaction using a criterion that takes into
account the number of mapping units to which the wvalid data in

the block belongs. Blocks whose valid data belongs to a small
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number of mapping units will typically be preferred for

compaction, and vice versa. Blockg having small amountgs of wvalid
data will typically be preferred for compaction, and vice versa.
In some embodiments, processor 48 assigns each block in the SLC
area a respective gcore, which ig inversely-related to the amount
of wvalid data in the Dblock and also inversely-related to the
number of mapping units to which the wvalid data in the block
belongs. In these embodiments, processor 48 gives preference in
choosing blocks for compaction to blocks having high scores.

Fig. 4 is a flow chart that schematically illustrates a
method for managing memory blocks, in accordance with an
embodiment of the present invention. The left-hand-side of the
figure shows a storage process, while the right-hand-side of the
figure shows a block selection and compaction process. The two
processes are typically carried out in parallel by memory
controller 40.

The storage process begins with procegsor 48 in memory
controller 40 accepting data for storage from host 52, at a data
input step 110. The data igs addresgssed by the host for storage in
a certain logical address. Procesgsor 48 caches the data in SLC
area 34, at a data caching step 114. Procegsgsor 48 determines the
physical storage location for the data in MLC area 36, according
to the logical-to-physical address mapping, at an address
translation step 118. Proceggor 48 then transfers the data from
the SLC area to the appropriate physical storage location in the
MLC area, at a data transferring step 122.

The gelection and compaction process beging with procesgsor
48 selecting one or more candidate blocks for compaction, at a
gselection step 126. Processor 48 gelects each candidate block
based on the number of MLC write operations (e.g., copy from SLC
to MLC) that compaction of the candidate block would incur.
Typically, preference is given to SLC blocks whose compaction
incurs a small amount of write operationgs in the MLC area. In

gome embodiments processor 48 computegs for each block a metric
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that quantifies its attractiveness for compaction. Processor 48

then compacts the selected candidate block or blockg, at a block
compaction step 130.

Although the embodiments described herein mainly address
memory systems comprising SLC and MLC memories, the methods and
systems described herein can also be used in other applications,
guch ag in other types of memory systemg that comprise memories
having different hierarchies or storage densities.

It will thus be appreciated that the embodiments described
above are cited by way of example, and that the present invention
ig not limited to what has been particularly shown and described
hereinabove. Rather, the scope of the present invention includes
both combinations and sub-combinations of the various features
described hereinabove, as well as variations and modifications
thereof which would occur to persons gkilled in the art upon
reading the foregoing description and which are not disclosed in
the prior art. Documentsg incorporated by reference in the presgent
patent application are to be considered an integral part of the
application except that to the extent any termg are defined in
these incorporated documents in a manner that conflicts with the
definitions made explicitly or dimplicitly in the present
specification, only the definitions in the present specification

should be considered.
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CLATIMS

1. A method for data storage, comprising:

storing data in a memory comprising multiple analog memory
cells arranged in blocks, wherein a first subset of the blocks is
defined for storing first data with a first storage density, and
a second subset of the blocks is defined for storing second data
with a second storage density, larger than the first storage
density;

in each of the first and second subsetg, allocating one or
more blocks to serve ag spare blocks and replacing blocks that
become faulty with the gpare blocks; and

upon detecting that a number of the spare blocks in the
second subset has decreased below a predefined threshold, copying
the data from at least one block in the second subset to the
first subset, and adding the at least one block to the spare

blocks of the second subset.

2. The method according to claim 1, wherein storing the data
comprises programming the memory cells in the first subset using
a first number of programming levels per memory cell, and
programming the memory cells in the second subset using a second
number of programming levels per memory cell, larger than the

first number.

3. The method according to claim 1, wherein the first storage

density comprises one bit per memory cell.

4. The method according to claim 1, wherein copying the data
and adding the at least one block comprise maintaining the number
of the spare blocks in the second subset at no more than a

predefined upper bound.

5. The method according to claim 4, wherein the upper bound

comprises a single spare block.

6. The method according to claim 1, wherein storing the data

comprises carrying out in the first subset a block compaction
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process that uses the sgpare blocks in the first subset as over-

provisioning overhead.

7. The method according to claim 1, and comprising selecting
the at least one block in the second gubset according to a

predefined selection criterion.

8. The method according to c¢laim 7, wherein the gelection
criterion depends on an amount of wvalid data in the at least one

block.

9. The method according to c¢laim 7, wherein the gelection
criterion depends on a number of fragments into which wvalid data

in the at least one block is fragmented.

10. The method according to claim 7, wherein the selection
criterion depends on a time at which data in the at least one

block was most recently invalidated.

11. A data storage apparatus, comprising:

an interface, which is configured to communicate with a
memory compriging multiple analog memory cells arranged in
blocks, wherein a first subset of the blocks is defined for
storing first data with a first storage density, and a second
gsubgset of the blocks is defined for storing second data with a
gsecond storage density, larger than the first storage density;
and

a processgor, which is configured to allocate in each of the
first and second subsets one or more blocks to serve ag spare
blocks, to replace blocks that become faulty with the spare
blocks, and, upon detecting that a number of the spare blocks in
the second subset has decreased below a predefined threshold, to
copy the data from at least one block in the second subset to the
first subset, and to ag add the at least one block to the spare

blocks of the second subset.

12. The apparatus according to claim 11, wherein the processor

is configured to program the memory cells in the first subset

25



10

15

20

25

30

WO 2012/174216 PCT/US2012/042416
using a first number of programming levels per memory cell, and

to program the memory cells in the second subset using a second
number of programming levels per memory cell, larger than the

first number.

13. The apparatus according to claim 11, wherein the first

storage density comprises one bit per memory cell.

14. The apparatus according to claim 11, wherein the processor
is configured to maintain the number of the spare blocks in the

second subset at no more than a predefined upper bound.

15. The apparatusg according to claim 14, wherein the upper bound

comprises a single spare block.

16. The apparatus according to claim 11, wherein the processor
ig configured to carry out in the first subset a block compaction
process that uses the sgpare blocks in the first subset as over-

provisioning overhead.

17. The apparatus according to claim 11, wherein the processor
is configured to select the at least one block in the second

gsubgset according to a predefined gelection criterion.

18. The apparatus according to claim 11, wherein the selection
criterion depends on an amount of wvalid data in the at least one

block.

19. The apparatus according to claim 11, wherein the selection
criterion depends on a number of fragments into which wvalid data

in the at least one block is fragmented.

20. The apparatus according to claim 11, wherein the selection
criterion depends on a time at which data in the at least one

block was most recently invalidated.

21. A method for data storage, comprising:
in a memory that includes multiple blocks, running a
compaction process that selects one or more of the Dblocks

containing both wvalid data and invalid data, copies the wvalid
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data from the selected blocks to other storage locationg, and

then erases the selected blocks;

within a given area of the memory, identifying a Dblock
containing the least-recently programmed valid data among the
valid data stored in the given area; and

selecting the identified block as a candidate for the

compaction process.

22. The method according to claim 21, wherein identification and
selection of the block is performed irrespective of an amount of

the valid data in the block.

23. A data storage apparatus, comprising:

an interface, which is configured to communicate with a
memory that includes multiple blocks; and

a procegsgor, which is configured to run a compaction process
that selects one or more of the blocks containing both wvalid data
and invalid data, copies the valid data from the gelected blocks
to other storage locations, and then erases the selected blocks,
and is further configured to identify, within a given area of the
memory, a block containing the least-recently programmed wvalid
data among the wvalid data stored in the given area, and to select

the identified block as a candidate for the compaction process.

24. The apparatus according to claim 23, wherein the processor
ig configured to identify and select the block irrespective of an

amount of the wvalid data in the block.

25. A method for data storage, comprising:

in a memory that includes multiple blocks and is divided
into a first area for data caching and a sgecond area for long-
term data storage, running a compaction process that selects in
the first area one or more of the blocks containing both wvalid
data and invalid data, copies the wvalid data from the selected
blocks to other storage locationg in the memory, and then erases

the selected blocks; and
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selecting in the first area a block as a candidate for the

compaction procegg based on a number of write operations in the
gsecond area that would be incurred by compaction of the candidate

block.

26. The method according to claim 25, wherein the data is stored
in the second area in accordance with a logical-to-physical
address mapping that assigns physical storage locations to
respective logical mapping units, each comprising at least one
block, and wherein sgelecting the block comprises chooging the
block based on a number of the logical mapping units to which the

valid data in the block belong.

27. The method according to c¢laim 25, wherein gelecting the
block compriges assigning to at least some of the blockg in the
first area respective scores that are inversely related to
regspective numbers of the write operations in the second area
that would be incurred by compaction of the blocks, and giving
high priority in choosing the block for the compaction process to

the blocks having high scores.

28. A data storage apparatus, comprising:

an interface, which is configured to communicate with a
memory that includes multiple blocks and is divided into a first
area for data caching and a second area for long-term data
storage; and

a procegsgor, which is configured to run a compaction process
that selects in the first area one or more of the Dblocks
containing both wvalid data and invalid data, copies the wvalid
data from the selected blocks to other storage locations in the
memory and then eragses the sgelected blockg, and is further
configured to select in the first area a block ag a candidate for
the compaction process based on a number of write operations in
the second area that would be incurred by compaction of the

candidate block.
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29. The apparatus according to claim 28, wherein the processor

is configured to store the data in the second area in accordance
with a logical-to-physical address mapping that assigng physical
storage 1locations to respective logical mapping units, each
comprising at least one block, and to select the block based on a
number of the logical mapping units to which the wvalid data in

the block belong.

30. The apparatug according to claim 28, wherein the processor
is configured to assign to the Dblocks 1in the first area
respective gcores that are invergely related to resgpective
numberg of the write operations in the second area that would be
incurred by compaction of the blocks, and to give high priority
in choosing the block for the compaction process to the blocks

having high scores.
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