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(57) ABSTRACT

A multi-layer memory and method for operation is dis-
closed. The memory includes multiple layers, where each
layer includes flash memory cells having a greater bit per
cell capacity than then prior layer and each layer may
include a plurality of partitions having blocks exclusively
associated with a particular data type. The method may
include the steps of directing host data directly into a
particular partition of a particular layer of the multi-layer
memory upon receipt depending on a type of the data. The
method may also include copying data within the same
partition in a respective layer in a data relocation operation
to generate more free blocks of memory so that data pref-
erably stays within each layer and in the same partition, as
well as transferring data from one layer to the next higher bit
per cell layer within a same partition when layer transfer
criteria are met.
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MULTI-LAYER MEMORY SYSTEM HAVING
MULTIPLE PARTITIONS IN A LAYER

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. App.
No. 61/747,896, filed Dec. 31, 2012, the entirety of which is
hereby incorporated herein by reference.

BACKGROUND

[0002] Non-volatile memory systems, such as flash
memory, have been widely adopted for use in consumer
products. Flash memory may be found in different forms, for
example in the form of a portable memory card that can be
carried between host devices or as a solid state disk (SSD)
embedded in a host device. Two general memory cell
architectures found in flash memory include NOR and
NAND. In a typical NOR architecture, memory cells are
connected between adjacent bit line source and drain diffu-
sions that extend in a column direction with control gates
connected to word lines extending along rows of cells. A
memory cell includes at least one storage element positioned
over at least a portion of the cell channel region between the
source and drain. A programmed level of charge on the
storage elements thus controls an operating characteristic of
the cells, which can then be read by applying appropriate
voltages to the addressed memory cells.

[0003] A typical NAND architecture utilizes strings of
more than two series-connected memory cells, such as 16 or
32, connected along with one or more select transistors
between individual bit lines and a reference potential to form
columns of cells. Word lines extend across cells within many
of these columns. An individual cell within a column is read
and verified during programming by causing the remaining
cells in the string to be turned on so that the current flowing
through a string is dependent upon the level of charge stored
in the addressed cell. Flash memory generally provides
highest performance when the number of data bits per cell
is lowest, such as binary flash, also known as single level
cell (SLC) flash, that stores 1 bit per cell. Flash memory that
is configured to store more than one bit per cell, known as
multi-level cell (MLC) flash, can store 2 or more bits of
information per cell. While SLC flash memory is generally
known for having better read and write performance (e.g.,
speed and endurance) than MLC flash, MLC flash provides
more storage capacity and is generally less expensive to
produce. The endurance and performance of MLC flash
tends to decrease as the number of bits per cell of a given
MLC configuration increases. There are continuing chal-
lenges in obtaining a desired balance of performance, capac-
ity and cost in the design of flash memory devices using
these types of flash memory cells.

SUMMARY

[0004] In order to address the challenges of noted above
and provide storage flexibility in a SSD, a multi-layer
memory and methods of memory management are provided.
[0005] According to one aspect, a mass storage memory
system is disclosed having an interface adapted to receive
data from a host system. The system includes a flash
memory having a plurality of layers, where each of a
plurality of layers has a different bit-per-cell data capacity
and a plurality of memory blocks. Each of the plurality of
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flash memory layers comprises a plurality of partitions, and
each programmed block of the plurality of memory blocks
in a layer is exclusively classified as being in a respective
one of the plurality of partitions in the flash memory layer.
The system also includes a controller in communication with
the interface and the flash memory that is configured to
direct data received from the host to one of the plurality of
partitions in the plurality of memory layers of the flash
memory. The system may include multiple memory die
having the layer and partition structure and may also include
multiple controller instances, whether separate hardware and
software controllers or separate software threads on the
same or shared hardware, that each separately manages a
separate set of the multi-layer die in the memory system.
[0006] In alternative implementations, the controller of the
mass storage memory system is configured to determine an
attribute of received data from the host system and direct the
received host data to a block in one of the plurality of
partitions in one of the plurality of flash memory layers
based on the determined attribute. Rather than determining
the attribute, the controller may receive from the host system
the attribute regarding the received data and direct the
received data to a block in one of the plurality of partitions
based on the received attribute.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 is a block diagram of a system that may
implement aspects of the invention.

[0008] FIG. 2 illustrates an example physical memory
organization of the storage device of FIG. 1.

[0009] FIG. 3 shows an expanded view of a portion of the
physical memory of FIG. 2.

[0010] FIG. 4A illustrates a multi-layer memory organi-
zation of the storage device of FIG. 1 according to one
embodiment.

[0011] FIG. 4B illustrates an alternative physical arrange-
ment of the multi-layer memory of FIG. 4A.

[0012] FIG. 5 is a flow diagram illustrating a method for
operating a multi-layer memory.

[0013] FIG. 6 is an example of LBA address space and an
associated DLBA address space that may be utilized in the
system of FIG. 1.

[0014] FIG. 7 illustrates an example of LBA to DLBA
mapping for data received from a host.

[0015] FIG. 8 illustrates a data relocation operation in
DLBA address space and corresponding updates bocks in
physical address space.

[0016] FIG.9 illustrates a second data relocation operation
following the data relocation operation of FIG. 8.

[0017] FIG. 10 illustrates an embodiment of the storage
device with multi-layer memory organization where each
layer includes multiple partitions.

[0018] FIG. 11 illustrates a data flow pattern in a layer of
a multi-layer memory having multiple partitions.

[0019] FIG. 12 illustrates data paths for a three layer
memory having two partitions.

[0020] FIG. 13 illustrates data flow paths for a two layer
memory having two partitions.

[0021] FIG. 14 illustrates data flow paths for an alternative
embodiment of the two layer, two partition memory of FIG.
13.

[0022] FIG. 15 illustrates a NAND die array with an equal
number of die on each of eight different channels.
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[0023] FIG. 16 illustrates a synchronous die management
arrangement for managing the NAND die array of FIG. 15
where each of eight controller instances manage 4 die on
separate channels.

[0024] FIG. 17 illustrates an alternative arrangement of
the multi-layer memory system of FIG. 4A with a memory
array and multiple controller instances.

[0025] FIG. 17A illustrates an alternative arrangement of
the multi-layer memory system of FIG. 4A with a memory
array and a single controller.

[0026] FIG. 18 illustrates an asynchronous die manage-
ment scheme implemented by STAR controllers of the
multi-layer memory system of FIG. 17.

[0027] FIG. 19 illustrates a NAND die array with an
unequal number of die on each of 4 different channels.
[0028] FIG. 20 illustrates an embodiment of LBA group-
ing to manage an array of NAND die having an unequal die
distribution per channel.

[0029] FIG. 21 illustrates a table of one embodiment of
allocating LBA groups to provide an even distribution of
excess capacity in the unequal die arrangement of FIG. 19.
[0030] FIG. 22 is a block diagram of an LBA splitter for
implementing the LBA allocation of FIGS. 20-21.

[0031] FIG. 23 is a diagram of possible combinations of
concurrent random and sequential program cycles in a
multi-layer die.

[0032] FIG. 24 is an embodiment of a program cycle chart
illustrating the decision process for moving data between
layers or relocating data within layers of a multi-layer
memory die.

[0033] FIG. 25 illustrates an example of interleaving
between host write and maintenance operations in each layer
of a multi-layer memory die during one program cycle.
[0034] FIG. 26 is an alternative interleaving pattern of
host data writes and maintenance writes to the example of
FIG. 25.

[0035] FIG. 27 is an example of overlapping program
cycles in a die.
[0036] FIG. 28 is an example message flow diagram of a

controller in a multi-layer memory.

[0037] FIG. 29 is a flow diagram of a block reclaim cycle.
[0038] FIG. 30 is a block diagram of an example reclaim
cycle according to the method of FIG. 29.

[0039] FIG. 31 is a diagram of example data capacity
distribution in a die layer of a multi-layer memory.

[0040] FIG. 32 is a diagram of capacity distribution in the
die layer of FIG. 31 after sustained background maintenance
operations in the die layer.

[0041] FIG. 33 is a diagram of a die layer at maximum
allowable data capacity according to one embodiment.
[0042] FIG. 34 is a flow diagram of a background main-
tenance process in die.

[0043] FIG. 35 is a block diagram showing an organiza-
tion of triple-layer die in a multi-layer memory according
one embodiment.

[0044] FIG. 36 is a block diagram showing an organiza-
tion of jointly packaged die pairs in a multi-layer memory.
[0045] FIG. 37 is a block diagram showing an organiza-
tion of separately packaged die pairs in a multi-layer
memory.

DETAILED DESCRIPTION

[0046] A system suitable for use in implementing aspects
of the invention is shown in FIG. 1. A host system 100
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controls data stored into and retrieved from a physical
storage device 102. The storage device 102 may be a flash
device that is embedded in the host, such as a solid state disk
(SSD) drive, an external storage device separate from the
host, or a memory card or other removable flash drive that
is removably connected to the host 100, and may commu-
nicate through a mechanical and electrical connector such as
connectors 103, 104, or wirelessly, using any of a number of
available wired or wireless interfaces. The host 100 may be
a data handling device, such as a tablet computer, mobile
phone, personal digital assistant, home network router, a
personal computer (PC) or any other type of data handling
device.

[0047] The host system 100 may be viewed as having two
major parts, insofar as the storage device 102 is concerned,
made up of a combination of circuitry and software. They
are an applications portion 105 and a driver portion 106 that
interfaces with the storage device 102. In a PC, for example,
the applications portion 105 can include a processor 109
running word processing, graphics, control or other popular
application software, as well as the file system 110 for
managing data on the host 100. In a camera, cellular
telephone or other host system that is primarily dedicated to
performing a single set of functions, the applications portion
105 includes the software that operates the camera to take
and store pictures, the cellular telephone to make and receive
calls, and the like.

[0048] The storage device 102 contains non-volatile
memory 107. The non-volatile memory 107 may be config-
ured in a combination of single level cell (SLC) type of flash
memory and/or a multi-level cell (MLC) type flash memory.
The storage device 102 also includes a host interface and
controller 108 that may include a processor, instructions for
operating the processor and a logical block to physical block
translation tables.

[0049] The non-volatile flash memory may be arranged in
blocks of memory cells. A block of memory cells is the unit
of erase, i.e., the smallest number of memory cells that are
physically erasable together. For increased parallelism, how-
ever, the blocks may be operated in larger metablock units.
One block from each of at least two planes of memory cells
may be logically linked together to form a metablock.
Referring to FIG. 2, a conceptual illustration of a represen-
tative flash memory cell array is shown. Four planes or
sub-arrays 200, 202, 204 and 206 memory cells may be on
a single integrated memory cell chip, on two chips (two of
the planes on each chip) or on four separate chips. The
specific arrangement is not important to the discussion
below and other numbers of planes may exist in a system.
The planes are individually divided into blocks of memory
cells shown in FIG. 2 by rectangles, such as blocks 208, 210,
212 and 214, located in respective planes 200, 202, 204 and
206. There may be dozens or hundreds of blocks in each
plane. Blocks may be logically linked together to form a
metablock that may be erased as a single unit. For example,
blocks 208, 210, 212 and 214 may form a first metablock
216. The blocks used to form a metablock need not be
restricted to the same relative locations within their respec-
tive planes, as is shown in the second metablock 218 made
up of blocks 220, 222, 224 and 226.

[0050] The individual blocks are in turn divided for opera-
tional purposes into pages of memory cells, as illustrated in
FIG. 3. The memory cells of each of blocks 208, 210, 212,
and 214, for example, are each divided into eight pages
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PO-P7. Alternately, there may be 16, 32 or more pages of
memory cells within each block. A page is the unit of data
programming within a block, containing the minimum
amount of data that are programmed at one time. The
minimum unit of data that can be read at one time may be
less than a page. A metapage 328 is illustrated in FIG. 3 as
formed of one physical page for each of the four blocks 208,
210, 212 and 214. The metapage 328 includes the page P2
in each of the four blocks but the pages of a metapage need
not necessarily have the same relative position within each
of the blocks. A metapage is the maximum unit of program-
ming. The blocks disclosed in FIGS. 2-3 are referred to
herein as physical blocks because they relate to groups of
physical memory cells as discussed above. As used herein,
a logical block is a virtual unit of address space defined to
have the same size as a physical block. Each logical block
includes a range of logical block addresses (LBAs) that are
associated with data received from a host 100. The LBAs are
then mapped to one or more physical blocks in the storage
device 102 where the data is physically stored.

[0051] Referring now to FIG. 4A, one embodiment of the
storage device 102 of FIG. 1 is shown having a non-volatile
memory 401 that may include three layers of flash memory
cells 402, 404, 406, cach layer having a different bit per cell
capacity. As shown, a first flash memory layer 402 may be
configured as binary flash having a single bit per cell
capacity. The first flash memory layer is also referred to
herein as X1 flash. A second flash memory layer 404 may be
configured as MLC flash, for example with a two bit per cell
capacity, also referred to herein as X2 flash. A third flash
memory layer 406 may also be configured as MLC flash, but
having a greater bit per cell capacity than the second flash
memory layer 404. In this example the third flash memory
layer is illustrated as three bit per cell MLC flash, also
referred to herein as X3 flash.

[0052] The different flash layers 402, 404, 406 may all be
disposed on the same physical die, each layer may be
fabricated on respective separate die, or the layers may be
fabricated on a combination of single flash layer die and
combined flash layer die. Although specific bit per cell
configurations of one, two and three bits are illustrated, other
combinations are contemplated where the first flash memory
layer has a lower bit per cell configuration than the second
flash memory layer and the second flash memory layer, in
turn, has a lower bit per cell configuration than the third flash
memory layer. FIG. 4B illustrates the non-volatile memory
401 of FIG. 4A where the first and second flash memory
layers 402, 404 are located on one die 440 and the third flash
memory layer 406 is located on a separate die 442. Also,
although three layers are illustrated in FIGS. 4A and 4B, a
greater number of layers may be implemented in other
embodiments.

[0053] A dynamic random access memory (DRAM) buffer
408 of the controller 424 receives data from the host 100
over an interface 434, such as a Serial Advanced Technology
Attachment (also known as a Serial ATA or SATA) interface.
The DRAM buffer 408, under direction from the processor
424 of the controller, directs data received from the host at
the interface 434 to the multi-layer non-volatile memory 401
in the storage device. The DRAM write buffer 408 in the
storage device is in communication with the first and second
flash memory layers 402, 404. Also, the first flash memory
layer 402 is in communication with the second flash memory
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layer 404 and the second flash memory layer 404 is in
communication with the third flash memory layer 406.

[0054] The controller 424 may be implemented in a single
integrated circuit chip and may communicate with the
different layers 402, 404, 406 in the non-volatile memory
401 over one or more command channels 436. The control-
ler may have its own internal bus that links non-volatile
memory 432 in the controller 424 containing code to ini-
tialize (“boot”) the system, DRAM 408, interface 434, and
circuits 430 that calculate and check an error correction code
(ECC) for data passing through the controller between the
multi-layer flash memory 401 and the host. Controller
executable code for implementing memory management
instructions such as described herein may be stored in the
multi-layer flash memory 401, for example in the first flash
memory layer 402. Additional details on versions of a
multi-layer memory device may be found in U.S. application
Ser. No. 13/077,487, filed Mar. 31, 2011, and published as
US Pub. No. 2012/0254574, wherein the entirety of the
aforementioned application is incorporated herein by refer-
ence.

[0055] Referring to FIG. 5, an exemplary method imple-
mented by the controller of the storage device for moving
data into and/or between the flash layers is disclosed. In one
implementation, when data is received from a host write (at
502), the controller selects a memory layer to receive data
from the host. The selection may be based on whether the
data from the host that is received at the DRAM from the
interface, such as a SATA interface, is sequential or non-
sequential (at 504). For example, if the data received is
sequentially addressed with host LBA addresses, the con-
troller may direct the data from the DRAM directly to the
second flash memory layer (at 506). In contrast, if the data
is random or non-sequentially addressed data, that data may
be directed from the DRAM straight to the first flash
memory layer (at 508). In one implementation, data received
at any one time from the host is considered to be sequential
if the host LBA data addresses of the data received are
sequential for an amount of data sufficient to fill a complete
metapage of a metablock in the multi-layer memory.

[0056] In each of the flash memory layers, the controller
of the storage device monitors flash memory layer transfer
criteria. For example, the flash memory layer transfer cri-
teria may be whether there are enough free blocks left in the
flash memory layer and a total amount of valid data con-
tained in the flash memory layer. Once the controller deter-
mines that the number of free blocks is less than a minimum
threshold for the flash memory layer, the controller next
determines whether the amount of valid data in the flash
memory layer is above a transfer threshold. When the
number of free blocks in a flash memory layer is below the
minimum threshold, and the total amount of valid data in
that flash memory layer reaches a threshold amount, the
controller may cause data from that flash memory layer to be
transferred to the next flash memory layer. Thus, if a criteria
for transfer to a next flash memory layer is satisfied in the
first flash memory layer, a block of previously programmed
data is selected by the controller from which to copy data
into the second flash memory layer in order to free up the
space in the first flash memory layer (at 510, 512, 506).
Similarly, blocks in the second flash memory layer may have
data transferred into the third flash memory layer to free up
blocks in the second flash memory layer upon the second
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flash memory layer meeting its criteria for transfer to the
next flash layer (at 516, 518, 522).

[0057] The criteria for determining when to transfer data
from a source memory layer to an destination layer, which
may include having less than a minimum number of free
blocks and a threshold amount of valid data, may be the
same or different for each layer. The last layer, in this
example the third flash memory layer, would not have a next
higher capacity MLC layer to send data to and would
therefore not have an assigned transfer criteria.

[0058] In one example, the transfer criteria threshold for
the first and second flash memory layers may be identifying
that the layer currently contains at least a predetermined
percentage of valid data, such as 90%. In another embodi-
ment, the transfer criteria may be both that there is currently
only a threshold number of free blocks in the layer and that
the layer contain at least a predetermined percentage of valid
data before a block in that layer may be selected for having
it data transferred to the next memory layer. The threshold
number of free blocks may be a minimum number such as
one or more free blocks. The data selected for relocation
from the source to the next flash memory layer is preferably
from the block having the least recently programmed, or
“coldest” host data. The controller may select this block
based on order of programming information maintained for
each previously programmed block in the layer in question.
[0059] Illustrated in one implementation, all received host
data may be initially sent to the first flash memory layer
before being moved within the first flash memory layer, or
to a subsequent layer, as set forth in greater detail below. In
another implementation, data received from the host is
directed from the DRAM 408 to the first flash memory layer
402 when the received data is in random LBA order (at line
410), or from the DRAM 408 directly to the second flash
memory layer, bypassing the first flash memory layer, when
the received data is in sequential LBA order (at line 412).
The controller may progressively move data from the first
flash memory layer 402 to the second flash memory layer
404 (at line 414) and from the second flash memory layer to
the third flash memory layer (at 416) at appropriate times.
Also, garbage collection to create new free blocks within
each flash memory layer is preferably performed such that
data is recycled within the flash memory layer (at lines 418,
420 and 422).

[0060] In order to implement the above method and struc-
ture described, the controller may maintain a linked list of
data blocks within each flash memory layer to record the
order in which blocks were programmed in that layer.
Additionally, the controller may implement an address trans-
lation algorithm referred to as storage address re-mapping
(STAR) within each of the layers to further enhance the
efficiency of data transfer and memory usage.

[0061] Although any of a number of known memory
management techniques may be used to implement the
multi-layer memory system described herein, a controller
configured to utilize STAR techniques is described herein.
One advantage of STAR is the ability to increase perfor-
mance of memory systems in random write applications,
which are characterized by the need to write short bursts of
data to unrelated areas in the logical block address (LBA)
address space of a device, that may be experienced in solid
state disk (SSD) applications in personal computers. In one
implementation of the STAR technique, host data is mapped
from a first logical address assigned by the host to blocks of
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contiguous logical addresses in a second logical address
space. As data associated with fully programmed blocks of
addresses is made obsolete, a data relocation procedure is
initiated where the controller selects a previously fully
programmed block in a layer having the least amount of
valid data, or having less than a threshold amount of valid
data, and relocates the valid data in those blocks to free up
those blocks for use in writing more data. The relocated data
is contiguously written to a relocation block in the same
memory layer in the order it occurred in the source block
needing data relocation regardless of the logical address
assigned by the host. In this manner, overhead may be
reduced by not purposely consolidating logical address runs
assigned by the host (as in typical garbage collection). A
storage address table (SAT) is used to track the mapping
between the logical address assigned by the host and the
second logical address and subsequent changes in the map-
ping due to subsequent relocation in the memory layer.

[0062] Concurrently with accepting data from the host, or
transferring data from a first layer to a next higher bit per cell
capacity layer, the controller reclaims blocks by copying
valid data from previously programmed blocks having both
valid and obsolete data and then recycling the blocks from
which all the valid data was copied. This block reclaiming
procedure may be in the form of a standard garbage collec-
tion technique where groups of data are kept together and
consolidated as new data in the same address run is received,
or may be a relocation procedure, as further discussed below,
where data is not consolidated into the same address group-
ings. The garbage collection or relocation procedure is
preferably implemented by the controller independently in
each of the flash memory layers. The valid data copy
process, whether garbage collection or relocation, is imple-
mented within each layer such that data moved in the
process is preferably maintained in the same flash memory
layer. As shown in FIG. 5, the controller checks to see if a
sufficient number of free blocks exist in the first layer and,
if not, performs copy operations on blocks of data within the
first layer to consolidate valid data and create additional free
blocks (at 510, 514). This data copy process is independently
executed in the second and third layers as well (at 516, 520,
524, 526).

[0063] The above-noted method preferentially relocates
data within the same flash memory layer and only moves
data to a subsequent layer if the current layer is almost full
of valid data. Also, by moving data between layers that
comes from the least recently programmed block in a source
layer, data tends to be filtered from the first flash memory
layer to the third flash memory layer such that “hot” data
tends to reside in the first flash memory layer, less actively
updated data tends to reside in the second flash memory
layer, and the “cold” data mainly resides in the third and
final flash memory layer. Data is considered “hot” if it is data
that has very recently been updated, as it may be more likely
that that data is in active use and will be updated again in a
short period of time.

[0064] Referring to FIGS. 6-9, an example of the storage
address remapping (STAR) address translation algorithm is
illustrated. A hypothetical section of the host free cluster
map in LBA address space 602 and the free cluster map in
the second logical address space, referred to herein as device
logical address space or DLBA address space 604, at a given
time may be represented as shown in FIG. 6. In the LBA
address space 602, free clusters 606 are dispersed at essen-
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tially random locations. In the DLBA address space 604, two
free blocks 608 are available and there are three previously
programmed blocks 610 having differing numbers of obso-
lete (free) clusters 606.

[0065] When the host next has data to write to the storage
device, it allocates LBA address space 602 wherever it is
available. FIG. 7 shows how the storage address re-mapping
algorithm allocates one of the available free blocks 170 to be
the write block 702, and how each LBA address is mapped
to a sequential cluster in the DLBA space available in the
write block 702. The write block 702 in DLBA space is
written to in the order the LBA addresses are written,
regardless of the LBA address position. In this example it is
assumed that the time order in which the host used free LBA
clusters is the same as the address order for ease of illus-
tration, however the controller implementing the storage
address re-mapping algorithm would assign DLBA
addresses in the write block 702 in the time order LBA
addresses are used, regardless of the LBA address number
order. Data is written in a write block in one or more DLBA
runs. A DLBA run is a set of contiguous DLBA addresses
that are mapped to contiguous LBA addresses in the same
LBA run. A DLBA run must be terminated at a block
boundary in DLBA address space 604. When a write block
702 becomes filled, a free block 608 is allocated as the next
write block 702.

[0066] DLBA blocks are aligned with blocks 704 in physi-
cal address space 706 of the flash memory, and so the DLBA
block size and physical address block size are the same. The
arrangement of addresses in the DLBA write block 702 are
also then the same as the arrangement of the corresponding
update block in physical address space. Due to this corre-
spondence, no separate data consolidation, commonly
referred to as garbage collection, is ever needed in the
physical update block.

[0067] In common garbage collection operations, a block
of logical addresses is generally always reassembled to
maintain a specific range of LBA addresses in the logical
block, which is also reflected in the physical block. More
specifically, when a memory system utilizing common gar-
bage collection operations receives an updated sector of
information corresponding to a sector in particular physical
block, the memory system will allocate an update block in
physical memory to receive the updated sector or sectors and
then consolidate all of the remaining valid data from the
original physical block into the remainder of the update
block. In this manner, standard garbage collection will
perpetuate blocks of data for a specific LBA address range
so that data corresponding to the specific address range will
always be consolidated into a common physical block. The
relocation operation discussed in more detail below does not
require consolidation of data in the same address range.
Instead, the relocation operation performs address re-map-
ping to create new blocks of data that may be a collection of
data from various physical blocks, where a particular LBA
address range of the data is not intentionally consolidated.

[0068] As mentioned previously, the STAR algorithm
operates to ensure that a sufficient supply of free blocks is
available for the sequential write algorithm to operate. The
STAR algorithm manages the creation of free blocks by
relocating valid data from previously programmed blocks
having a mix of valid and obsolete data to a special write
block known as the relocation block 802 (FIG. 8). The
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previously programmed block currently selected for reloca-
tion is referred to as the reclaim block.

[0069] Referring now to FIGS. 7-8, an illustration of a
data relocation process is shown. The storage address re-
mapping algorithm designates a free block as the relocation
block 802, to which data is to be relocated from selected
previously programmed blocks to create additional free
blocks. Valid data in the reclaim block (block A of FIG. 7)
is selected in the order that the valid data appears in the
reclaim block and relocated to sequential and contiguous
addresses in the relocation block 802, to convert the reclaim
block to a free block 608. A corresponding update block 704
in the physical address space 706 is also assigned to receive
the relocated data. As with the update block 704 used for
new data received from the host, the update block 704 for
receiving relocated data will never require a garbage col-
lection operation to consolidate valid data because the
relocation operation has already accomplished the consoli-
dation in DLBA address space 604.

[0070] A next reclaim block (previously programmed
block B of FIG. 8) is identified from the remaining previ-
ously programmed blocks as illustrated in FIG. 9. The
previously programmed block with the least valid data is
again designated as the reclaim block and the valid data of
the reclaim block is transferred to sequential locations in the
open relocation block. A parallel assignment of physical
addresses in the update block 704 is also made. Again, no
data consolidation is required in the physical update block
704 mapped to the relocation block 802. Relocation opera-
tions on previously programmed blocks are performed as
background operations to create free blocks at a rate suffi-
cient to compensate for the consumption of free blocks that
are designated as write blocks. The example of FIGS. 6-9
illustrate how a write block and a relocation block may be
separately maintained, along with respective separate update
blocks in physical address space, for new data from the host
and for relocated data from previously programmed blocks.
Allocation of a new write block for associating new data
received from a host is only performed when a current write
block is fully programmed. Similarly, a new relocation block
is preferably only allocated after the prior relocation block
has been fully programmed. The new relocation block
preferably only contains unwritten capacity, i.e. is only
associated with obsolete data ready to erase, or is already
erased and contains no valid data, upon allocation.

[0071] In the implementation noted above, new data from
a host is associated with write blocks that will only receive
other new data from the host and valid data relocated from
previously programmed blocks in a relocation operation is
moved into relocation blocks that will only contain valid
data from one or more previously programmed blocks. In
other implementations, the new data and the relocated data
may be transferred to a single write block without the need
for separate write and relocation blocks.

[0072] The selection by the controller of a previously
programmed block as a reclaim block may be accomplished
by selecting any previously programmed block on a list of
previously programmed blocks that is associated with an
amount of valid data that is below a threshold (which may
be a fixed threshold or a variable such as an average amount
of'valid data for the current previously programmed blocks),
or may be accomplished by selecting based on a specific
ranking (based on the amount of valid data associated with
the previously programmed block) of the available previ-
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ously programmed blocks. Additional details on versions of
the STAR technique usable with the system and methods
disclosed herein may be found in U.S. application Ser. No.
12/036,014, filed Feb. 22, 2008 and published as US Pub.
No. 2008/0307192, wherein the entirety of the aforemen-
tioned application is incorporated herein by reference.

[0073] The relocation operation described in FIGS. 6-9
relocates relatively “cold” data from a block from which
“hot” data has been made obsolete to a relocation block
containing similar relatively cold data. This has the effect of
creating separate populations of relatively hot and relatively
cold blocks. The block to be reclaimed is always selected as
a hot block containing the least amount of valid data.
Creation of a hot block population reduces the memory
stress factor, by reducing the amount of data that need be
relocated.

[0074] In an embodiment of the multi-layer memory and
method, the controller 108 implements the STAR technique
illustrated in FIGS. 6-9 in each of the respective flash
memory layers. In an alternative embodiment of the storage
device of FIG. 4A, a STAR-enabled version of the multi-
layer memory system 1is illustrated, where the first flash
memory layer has a lesser bit per cell capacity than the
second flash memory layer, and the second flash memory
layer has a lesser bit per cell capacity than the third flash
memory layer. In the example of FIG. 4A, 1-bit, 2-bit and
3-bit per cell flash memory layers have been illustrated,
although other increasing series of bit per cell memory
layers may be used, and in other increase increments.

Partitions in Memory Layers

[0075] In one embodiment, as illustrated in FIG. 10, each
of the layers 1002, 1004 and 1006 of the flash memory may
include a plurality of partitions, where each partition is
assigned to a specific type of data. In the example of F1IG. 10,
there are two partitions per layer, a sequential partition
(1008, 1012, 1016) assigned to sequential data and a random
partition (1010, 1014, 1018) assigned to random data. A
NAND block in each memory layer is permanently allocated
to a layer, but may be dynamically allocated to either
partition for each cycle of operation. Operation cycles will
be described separately in greater detail herein. Although
two partitions per layer are shown in FIG. 10, more than two
partitions per layer may be implemented in other embodi-
ments, where each partition in a layer is associated with a
different data type. Not all partitions need be present in all
layers and the size of a partition in a layer may vary
dynamically each operation cycle based on the amount of
data for the particular data type.

[0076] In the following example, sequential data is data
having sequential host logical block addresses (LBAs) for at
least a metapage worth of data as handled by the flash
management algorithm for the storage device. For example,
if the metapage size managed by the flash management
algorithm of the storage device is 128 k, then sequentially
addressed runs of at least 128 k would be considered
sequential data and be routed to the sequential partition
(1008, 1012, 1016) of a desired layer while data have less
than 128 k of sequential LBAs would be handled by the
random partition of the desired memory layer. The 128 k
threshold is provided simply by way of example as the
metapage size may be different for different flash manage-
ment systems.
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[0077] In other embodiments, rather than analyzing the
LBAs of incoming data for runs that qualify incoming data
as sequential or random, the flash management algorithm in
the controller may receive information from the host on
other data type characteristics for the data that would then
permit other, or additional, partitions to be supported in the
different memory layers. This information on other data type
characteristics may be for data types such as temporary data,
long-term data, read/write latency, data that is required
during a boot process, and so on. The information on these
data types may be determined by the controller or may be
provided via “host hints” where the host can pass along a
specific attribute to the storage device with the data using
protocols that define these other data types.

[0078] A flash memory device with layers and partitions
creates a storage matrix with two dimensions. The physical
memory of the storage device has physical memory subdi-
vided into multiple layers 1002, 1004, 1006 according to
memory type (e.g., single bit per cell (X1), two bits per cell
(X2) and three bits per cell (X3)), while stored data in each
layer is divided into partitions by data type that is deter-
mined by the controller or provided by the host.

[0079] Referring to FIG. 11, a generic structure of one
layer 1102 of the 3 layer memory with random and sequen-
tial partitions of FIG. 10 is shown. The layer 1102 comprises
two available write blocks, a sequential write block 1104 and
a random write block 1106, for data being written from
outside the layer. Data designated as sequential and random
is directed to different write blocks. Instances of both write
blocks need not be open concurrently, or may not be allowed
to be open concurrently. For example, only one block at a
time may be allowed to be open for programming in an X3
layer. Similarly, two available relocation blocks, one for
sequential data 1108 and another for random data 1110, may
exist for data being relocated from within the same layer.
Data designated as sequential and random when first written
to the layer is directed to respective different relocation
blocks. Only one relocation block will be open at a time, and
in one implementation, a relocation block 1108, 1110 may
not be open at the same time as a write block in an X3 layer.
[0080] The identities of blocks written as sequential and
random blocks are separately maintained. Two chains 1112,
1114 of blocks for sequential and random data record the
order in which their blocks were programmed. These chains
1112, 1114 are designated as the sequential and random
partitions for the layer as discussed with respect to FIG. 10.
A single pool of free blocks 1116 provides blocks for
allocation in the sequential or random partitions as write or
relocation blocks.

[0081] When the number of blocks in the free block pool
reaches a minimum threshold level, or the volume of valid
data in the layer exceeds a threshold amount, such as the
LBA capacity of the layer, a maintenance operation must be
performed in the layer.

[0082] A maintenance operation may require data to be
relocated within a layer from a selected reclaim block 1118,
1120 to the corresponding relocation block 1108, 1110. In
one embodiment, relocation of data in a layer is managed
such that data remains in the same partition in the layer.
Thus, data is normally routed from the random relocation
out (RRO) port to the random relocation in (RRI) port, or
from the sequential relocation out (SRO) port to the sequen-
tial relocation in (SRI) port, depending on the partition in
which the operation is being performed. However, it is
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permitted to configure the data routing to combine relocated
data from both partitions into a single relocation block, in
some embodiments.

[0083] Alternatively, a maintenance operation may require
data to me moved from the least recently programmed block,
designated a sequential move block 1122 or a random move
block 1124, in the selected partition to the corresponding
write block in the following layer (e.g. from X1 to X2). Data
is normally routed from the random move out (RMO) port
to the random write in (RWI) port of the next layer, or from
the sequential move out (SMO) port to the sequential write
in (SWI) port of the next layer, depending on the partition in
which the operation is being performed. Although data in
one partition is preferably only relocated to another block in
the same layer and partition, or moved to a block in the same
partition in a different layer, it is contemplated that data from
different partitions may be combined into a single write
block in the next layer, in some embodiments.

[0084] Referring to FIG. 12, one embodiment of data flow
for the three layer memory having two partitions (referred to
herein as a Trio die 1200) of FIG. 10, is illustrated. The
controller may support a data transfer algorithm between
layers, herein referred to as a Trio algorithm in a three layer
implementation, that would permit use of paths 1202-1232
as shown, but paths 1206, 1214 and 1224 are not used in a
Trio die 1200 implementation in one embodiment.

[0085] Layer 1 (X1) may be used for execution of random
write transactions and continuation sequential write trans-
actions from the host, although standard sequential write
transactions from the host are executed directly on layer 2
(X2). Layer 1 therefore maintains both sequential and ran-
dom partitions of data blocks. Each maintenance operation
to move data to layer 2 or layer 3 therefore comprises a
single type of data, either sequential or random. Random
data may be relocated within layer 1, but there is no
relocation of sequential data in layer 1 in the embodiment of
FIG. 12.

[0086] Layer 2 maintains both sequential and random
partitions, and each maintenance operation to move data to
layer 3 (X3) or to relocate data within layer 2 therefore
comprises a single type of data, either sequential or random.
Layer 3 maintains both sequential and random partitions,
and each maintenance operation to relocate data within layer
3 therefore comprises a single type of data, either sequential
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or random. Data cannot be moved from layer 3 as there is no
next higher layer. Also, in one embodiment, only a single
block in layer 3 may be open for programming at any time.
[0087] The description above with respect to FIG. 12
assumes Trio die 1200 having X1, X2 and X3 bit per cell
densities as described above. In other embodiments, a triple
layer arrangement of die may be arranged on separate die, or
there may only be a dual layer die. An example of a data flow
for a two layer die having only X1 and X2 layers (referred
to herein as a Duo2 die 1300) is illustrated in FIG. 13.
Similarly, an example of a data flow for a two layer die
having only X1 and X3 layers (referred to herein as a Duo3
die 1400) is illustrated in FIG. 14. The data paths in FIGS.
13 and 14 that are the same as those in FIG. 12 are given the
same numbers for ease of comparison with FIG. 12. In the
Duo3 die 1400, sequential and random write transactions
from the host are both executed on layer 1, because data
cannot be programmed directly from the host to the X3
layer. Layer 1 therefore comprises two partitions of data
blocks. Each maintenance operation to move data to layer 3
therefore comprises a single type of data, either sequential or
random. Random data may be relocated within layer 1, but
there is no relocation of sequential data in layer 1. Layer 3
of die 1400 is configured exactly as for triple layer memory
in a Trio die.

[0088] For a flash die having a particular layer and parti-
tion arrangement in a multi-layer memory there is a fixed
number of types of maintenance operations that may be
triggered by a host write operation. The combination of host
write and maintenance operations are referred to as pro-
gramming sets. As illustrated in Tables 1-3, one embodiment
of all possible programming sets in the Trio die, Duo2 die
and Duo3 die arranged to manage two data partitions are set
out. In Tables 1-3, the first letter of the programming set
denoted random data (R) or sequential data (S) written by
the host. The first digit following the R or S denotes the layer
in which the host data is programmed. The 2nd, 3rd and 4th
digits, when present, denote layers in which data during
successive consequential maintenance operations is pro-
grammed. For example, the programming set in Table 1
designated “R1233” refers to random host data directed to
the random partition in layer 1 in a Trio die that triggers
maintenance operations of moving data from layer 1 to layer
2, moving data from layer 2 to layer 3 and relocating data
within layer 3.

TABLE 1

Programming sets in a Trio die

Host Data
Programming  Host Data Write Maintenance Operations
Set Type Layer 1st Operation 2nd Operation 3rd Operation
R1 Random L1
R11 Random L1 L1 to L1 data
relocation
R12 Random L1 L1 to L2 data move
R122 Random L1 L1 to L2 data move L2 to L2 data
relocation
R123 Random L1 L1 to L2 data move L2 to L3 data move
R1233 Random L1 L1 to L2 data move L2 to L3 data move L3 to L3 data
relocation
S1 Sequential L1
S13 Sequential L1 L1 to L3 data move
S133 Sequential L1 L1 to L3 data move L3 to L3 data

relocation
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TABLE 1-continued
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Programming sets in a Trio die

Host Data
Programming  Host Data Write Maintenance Operations
Set Type Layer 1st Operation 2nd Operation 3rd Operation
S2 Sequential L2
S22 Sequential L2 L2 to L2 data
relocation
S23 Sequential L2 L2 to L3 data move
S233 Sequential L2 L2 to L3 data move L3 to L3 data
relocation
TABLE 2
Programming Sets in a Duo2 die
Host Data
Programming  Host Data Write Maintenance Operations
Set Type Layer 1st Operation 2nd Operation  3rd Operation
R1 Random L1
R11 Random L1 L1 to L1 data
relocation
R12 Random L1 L1 to L2 data move
R122 Random L1 L1 to L2 data move L2 to L2 data
relocation
S2 Sequential L2
S22 Sequential L2 L2 to L2 data
relocation
TABLE 3
Programming Sets in a Duo3 die
Host Data
Programming  Host Data Write Maintenance Operations
Set Type Layer 1st Operation 2nd Operation  3rd Operation
R1 Random L1
R11 Random L1 L1 to L1 data
relocation
R13 Random L1 L1 to L3 data move
R133 Random L1 L1 to L3 data move L3 to L3 data
relocation
S1 Sequential L1
S13 Sequential L1 L1 to L3 data move
S133 Sequential L1 L1 to L3 data move L3 to L3 data
relocation
[0089] With respect to the features of multiple layers in

each die, where each layer has a plurality of partitions
associated with data of a certain type or certain attribute, in
different embodiments, the partition to which a block
belongs may be determined by the controller or by the host
providing an attribute associated with LBAs of data stored
in the block. Alternatively, the memory system may deter-
mine what partition a block belongs to based on an attribute
of the state of the memory system during a defined opera-
tion. The multi-layer, multi-partition structure and controller
may handle routing of blocks of data from a host to
respective desired initial layers and partitions, as well as
relocation of data within layers and relocation of data
between layers. A plurality of blocks in a layer may be

written with data from a source outside the layer and each of
the plurality of blocks may be written in a different partition
in the layer.

[0090] Selection of blocks for relocating data or moving
data during maintenance operations in a multi-layer, multi-
partition die may be accomplished using the same criteria as
for multi-layer die described with respect to FIGS. 4-5
above. Also, relocation and movement of data may be from
different partitions than the partition in which the host data
that triggered the one or more maintenance operations is
directed. Because the partitions are dynamic and free blocks
in a layer are assigned on demand to whatever partition
needs an additional free block, the maintenance operation
may look only at a die layer as a whole for blocks to move
to another layer or relocate within the layer.
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[0091] In addition to the block selection criteria noted
previously, alternative block selection criteria for mainte-
nance operations are contemplated. For selecting a block to
move between layers, instead of selecting the least recently
programmed block based on the order in which the block
was programmed, the move block may be selected based on
the age of the data in the previously programmed block. In
other words, selecting the previously programmed block
having the oldest average data based on age data for each
data element (sector, cluster or other sub-block data granu-
larity that is being tracked) in each previously programmed
block. The age of data in the previously programmed blocks
may be maintained by the controller in a control data
structure as part of a storage address table (SAT) or other
lists that map logical and/or physical addresses. In one
implementation, the age information for the data may be a
relative age, where the age for a particular piece of data in
a block is recorded as a number representing the order it was
first written into the storage device from the host. The
controller would, assuming that transfer criteria such as
those discussed previously had been met, then select the
block having the oldest average age of data. An advantage
of this alternative technique for selecting the move block is
that it may do a more thorough job of segregating “cold” and
“hot” data between the flash memory layers. Using the least
recently programmed block as the sole criteria might miss
older data that has been relocated within the flash memory
layer and thus is now part of a more recent previously
programmed block

[0092] In another alternative embodiment, referring again
to FIG. 11, instead of having separate reclaim blocks 1118,
1120 and move blocks 1122, 1124 in a memory layer, the
separate reclaim and move blocks may be replaced with only
a move block (not shown) in each layer, where a portion of
the data in the move block for the layer is dedicated for
transfer to the next higher capacity layer and a remaining
portion of data is relocated to the respective relocation block
1108, 1110 for the layer. In this alternative embodiment,
selection of the combination move/reclaim block (in each of
the first and second layers for a Trio die) may be accom-
plished either by selecting the least recently programmed
block, or by selecting the block with the oldest average data.
The amount of data to transfer from the selected combina-
tion move/reclaim block may be a fixed amount or a
percentage, for example fifty percent of the valid data in the
block may be designated for transfer to the next layer and the
remaining fifty percent may be relocated within the layer.
The selection of which fifty percent to transfer from the
identified move/reclaim block may be made based on the
age of the data as tracked by the controller in the control data
structure for the memory system.

[0093] In other alternative embodiments, additional con-
siderations regarding whether or not to transfer data to a next
layer may be overlayed with the programming order or data
age considerations noted above. For example, in one
embodiment it may also be beneficial to increase perfor-
mance by maintaining older (i.e. “colder”) data in a lower bit
per cell capacity flash memory layer if that data is frequently
read. Read counts for data or blocks of data may also be
maintained in the multi-layer, multi-partition memory such
as in the control data structure for the memory system. The
read count information may be used to supplement the data
transfer criteria such that data from the least frequently
programmed block, or the block with the oldest average age
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of data, will not be selected for transfer to a next higher bit
per cell layer if the number of read operations on that data
is above a predetermined threshold.

Asynchronous Die Management

[0094] The multi-layer memory with partitions in each
layer has been described above in the context of a single
memory with a single controller, however the concept of
multi-layer and multi-partition per layer memory is scalable
to an array of memory die such as illustrated in FIGS. 15 and
16 where an array 1500 of the memory die are shown. For
example, in the 4x8 array 1500, 4 NAND die are arranged
on each of 8 different channels 1502.

[0095] In one implementation, there may be 8 separate
controllers in the storage device, each controller assigned 4
die in a row such that the die assigned to the controller are
each on a different channel. The controllers may be separate
physical controllers each with their own processor, or one or
more processors each executing different software instances
of the controller software for respective die associated with
the controller instance. FIG. 16 illustrates synchronous die
management arrangement where each controller (NAND
manager) 1602 controls 4 die in parallel on respective
different channels. An arrangement such as shown in FIG. 16
can provide for very efficient processing of sustained
sequential writes because a metablock sized to stripe data
across each of the die managed by the controller can
efficiently program sequentially addressed data in parallel.
[0096] In a synchronous die management algorithm, mul-
tiple NAND die managed by the same controller perform
program and erase operations synchronously. In such an
architecture, a single controller handles multiple die, each of
the die assigned to a separate channel, where multiple blocks
from multiple die are linked into a metablock, which
becomes the basic unit of NAND program management. In
this example, data is programmed in parallel in units of a
metapage of size 128 KB, where 32 KB is written across
each of the four die on their separate controller channels.
Transactions for writing data at all levels in the system, from
front-end to NAND, have the same data length as this
NAND metapage, i.e. 128 KB.

[0097] In the synchronous architecture, once a write
operation begins, all four die are considered “busy” until the
slowest one of the die in that 4 die set has finished writing
its 32 KB of data. This may block or prevent the host from
initiating other operations (programming or read activity) on
the remaining die in the set while the slowest die. Another
issue that may arise from tying 4 separate die together on
separate channels under one controller for a 128 KB write is
that a complete write requires a metablock made up of a
block from each of the 4 die. So, if one die has fewer good
blocks than another die in the 4 die group, the controller only
has access for write operations up to the capacity of the die
in the group with the least number of good blocks. Any extra
good blocks in other of the die for that group, more than the
number of good blocks in the die with the least good blocks
for that group, cannot be used for a write operation because
of the 128 KB write size.

[0098] In instances where the received write commands
are for smaller, random data writes, the efficiency is reduced
in a synchronous die management architecture. For example,
if there is a sustained random write, the large transaction size
may cause blocking of the host interface due to significant
differential between the times the individual NAND man-
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agers (controller instances) 1602 remain busy with their
respective operations. Furthermore, the large metablock size
and parallel channel die control of FIG. 16 may also be
inefficient for mixed reads and writes with small amounts of
data. Each write transaction in FIG. 16 will keep 4 die busy
and thus blocks 4 die from any pending read transactions.

[0099] In one embodiment, instead of the synchronous
controller arrangement discussed above, where multiple
blocks from multiple die are linked into a metablock that a
controller programs or erases synchronously, an asynchro-
nous architecture is contemplated. As shown in FIGS. 17,
17A and 18, in the asynchronous architecture each controller
is assigned die on a single channel (FIG. 17) or a single
controller may be assigned to all die on all channels (FIG.
17A). The memory system 1700 in FIG. 17 includes many
of the same features of that of FIG. 4A, but illustrates an
array 1702 of NAND die where columns of NAND die
associated with a single controller channel 1704 are con-
trolled by a separate controller 1706. Each controller
instance may handle data programming on a die-by-die level
and each instance of the STAR controller can select the best
die on the single channel for a particular operation based on
its availability.

[0100] In the multiple controller embodiment of FIG. 17,
the controllers 1706 may use the STAR address translation
algorithm 1708 discussed above with respect to FIGS. 6-9
and utilize a program scheduling algorithm 1710 discussed
in greater detail below that incorporates the asynchronous
die management algorithm 1712 discussed herein and the
Trio algorithm 1714 for managing movement of data to,
within and between die memory layers that has been set
forth above. In the memory system 1700A with the single
controller in the embodiment of FIG. 17A, where a single
controller 1706 manages all NAND die on one or many
channels 1704, the controller is the same type of controller
with the same algorithms (1708, 1710, 1712, 1714) as the
multi-controller embodiment of FIG. 17. The single con-
troller embodiment simply manages the full address map-
ping for die and channel for all data in the NAND array 1702
rather than receiving data in a specific LBA address range
associated with a particular controller/channel as discussed
with respect to the multi-controller embodiments having a
separate controller per channel. For ease of illustration, and
to avoid repetition, the features described below are gener-
ally explained in the context of the multiple controller
arrangement of FIG. 17. It should be understood, however,
that all of the features disclosed herein are equally appli-
cable to the single controller embodiment of FIG. 17A.

[0101] In one embodiment of the present invention, the
STAR controller 1706 includes an asynchronous die algo-
rithm 1712, in which data programming parallelism and
write transactions throughout the system are managed in
units of the maximum programming parallelism achievable
within one die, which is typically 32 KB in a 2-plane die.
Each STAR controller 1706 is associated with die on only
one channel 1704, rather than die on separate channels as in
the synchronous architecture. In this manner, multiple die
can operate fully in parallel when required, or can operate
asynchronously with each performing unrelated operations.
Additionally, the asynchronous operation permits the STAR
controller for each set of die it manages on the same channel
to select the die that is best suited for receiving the data, for
example the die having the shortest queue of data to be
written. In the embodiment of FIG. 17A, the single control-
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ler 1706 manages all die an all channels and can select any
die that is best suited for receiving data.

[0102] The asynchronous die algorithm may provide
reduced latency for execution of host commands and
improved performance with workloads having irregular 1/O
size or mixed read/write characteristics. While there may be
timing, accessibility and blocking (i.e. reduced operation
blocking) benefits of the asynchronous die algorithm over
synchronous die algorithms, independent management of
1/O operations in NAND memory increases average die
utilization and average performance for both random and
sequential workloads. The asynchronous die algorithm may
enable better management of the multiple partitions in each
layer of a die because of the greater ease in managing
partitions in one die at a time over coordinating partitions in
multiple die simultaneously (e.g. four die in the synchronous
algorithm discussed above). Further, there may be improved
availability of die in the memory system to read operations
when a combination of read and write operations are being
received

[0103] Asynchronous operation of each die associated
with a STAR controller allows all good blocks within each
die to be active. The performance of each die is therefore
maximized by making use of the full physical overhead
available to it, thereby maximizing the performance of the
drive. An example of the potential for increased utilization
of blocks within a given die may be seen when comparing
a synchronous die algorithm, such as illustrated in FIG. 18
where each STAR controller is assigned to 4 different die on
the same channel (See also FIG. 17). For ease of illustration,
only two of the plurality of STAR controllers 1706 of FIG.
17 are reproduced in FIG. 18 and several elements omitted.
[0104] As data comes in to the memory system, the
memory system directs the data to the buffer for the STAR
controller associated with the appropriate host LBA range
and the STAR controller will select the best die in the group
of die it is managing. In FIG. 18, four separate write
commands 1802, each with 32 KB of data in this embodi-
ment in the LBA range associated with the particular STAR
controller, are directed to the STAR controllers STARO
1706A and STAR7 1706B. Utilizing the asynchronous die
management algorithm 1712, the STARO controller 1706A
selects any available individual NAND die from the die
1804 it is managing on the same channel for each command
and routes data for each write command 1802 to a respective
die 1804. The selection of the NAND die 1804 by the
STARO controller 1706A is independent of the die selection
of the separate die managed by the STAR7 controller 1706B
or any other controller in the memory system for data
directed to those other controllers. As shown in FIG. 18, the
order of the die selected by the STARO controller 1706A is
NAND die 2, 4, 1 and 3 for the data commands 1-4,
respectively. The STAR controller 1706B, based on the
status information it has for the NAND die it manages,
selected a different order of NAND die 1804 (NAND die 4,
1,3, 2).

[0105] The Trio algorithm 1714 in each STAR controller
provides status information for each die to the asynchronous
die algorithm 1712, indicating whether host data program
transactions may be issued for the die. Status information
may be based on the number of queued transactions for the
die within the NAND driver 1806, and whether the required
interleaving of maintenance copy operations with host data
program operations has been met. Based on this status
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information, each instance of a STAR controller may utilize
its asynchronous die algorithm 1712 to issue a host data
write transaction from its front-end queue to any die man-
aged by that STAR controller that is ready to receive it.
[0106] The die selection criteria implemented by the asyn-
chronous die algorithm 1712 may include the STAR con-
troller selecting a die only if the die’s status information
provided from the Trio algorithm 1714 indicates that the
required interleaving of maintenance copy operations with
host data program operations of the same class (e.g. data
type of random or sequential) as the pending transaction has
been met. Other criteria, which may be used alone or in
combination, may include selecting a die only if the number
of outstanding transactions for the target class (e.g. the
queue for random write transactions) does not exceed a
specified limit; selecting the available die with the lowest
number of outstanding transactions for the target class;
preferentially selecting the available die with the lowest
program cycle type active for the target class; and/or select-
ing the available die with the lowest logical fullness.
[0107] While a specific STAR controller manages data
with LBAs only within a specific subset of host LBA address
space, there is no correlation between LBA and NAND die
number within a STAR controller instance. Similarly, there
is no correlation between the NAND die numbers used by
successive STAR controllers to sequentially program suc-
cessive LBA metapages within a stripe of LBAs spanning
the separate die managed by two STAR controllers.
Although each STAR controller independently manages its
own die on one particular controller channel in one embodi-
ment of an asynchronous architecture, the asynchronous die
algorithm can also achieve full parallelism across STAR
controllers for data transfer and NAND command execution.
A NAND read or program operation on an LBA metapage
can be executed in each of the STAR controllers, with fully
synchronous data transfer and NAND access operations.
This allows fully synchronous execution of read and pro-
gram operations relating to an LBA address stripe spanning
all STAR controllers, such as occur in sequential read and
write modes of operation.

[0108] Read and program operations relating to two suc-
cessive LBA stripes spanning an LBA range associated with
a STAR controller implementing asynchronous die manage-
ment can be executed concurrently in two die on the same
channel, but not fully in parallel. Data transfers to or from
the two die must be serialized, because they are sharing the
same channel. The read or program operations in the two die
are therefore overlapped, but not fully parallel.

[0109] The asynchronous die operation described above is
an enabling feature for operation with an unequal number of
die per STAR controller. The total physical over provision-
ing in the design of a multi-layer memory system such as
described below can therefore be defined with a granularity
of one die, or die-pair, which can minimize the cost of a
drive for a specified level of performance.

[0110] The type of inputs received by the asynchronous
die algorithm 1712 running in each of the STAR controllers
may include read, write and trim commands. In embodi-
ments where the asynchronous die algorithm is used in a
multi-layer drive having multiple partitions per layer, the
write commands received may be further divided into write
commands for different data types, such as the random and
sequential data types described above. In one embodiment,
the execution of certain transactions may be ordered such
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that read transactions are immediately processed, while
write and trim commands are processed in the order
received. In embodiments where a die metapage is 32 KB,
a read transaction may be for any multiple of 2 KB up to a
maximum of one die metapage, write transactions are one
metapage and a trim transaction has a data payload length of
one metapage.

[0111] Although the asynchronous die algorithm may be
implemented in a memory system having multi-layer and
multi-partition memory system, in other embodiments, the
asynchronous die management algorithm may also be imple-
mented on simpler memory systems having single layer die
with or without partitions.

Unequal Numbers of Die Per Channel

[0112] One benefit of a flash memory system that utilizes
an asynchronous die management protocol, such as
described above, is the ability to expand the memory one die
at a time such that a memory system may have unequal
number of die per channel. In other words, one instance of
a STAR controller may be associated with a different num-
ber of die than any other instance of a STAR controller in the
memory system such that the number of die per STAR may
be unequal. As noted previously, in some flash memory
systems comprising multiple memory die, high write per-
formance is achieved by linking blocks from multiple die
into metablocks to which data is programmed with increased
parallelism, such as with synchronous die management
architecture. The total number of die in the system is
therefore a multiple of the number of die across which
metablocks are formed, and it is not possible to precisely
control the physical capacity over provisioning, also referred
to as physical overhead.

[0113] Referring again to FIG. 15, an example of an equal
number of die per channel is seen in the NAND array 1500,
where each of 8 channels 1502 includes 4 NAND die. In a
synchronous die management scheme, for example the syn-
chronous die management algorithm employed in the con-
trollers 1602 such as shown in FIG. 16, an array of 8
controllers 1602 each manages 4 die from the array 1500,
one die each on different channels 1502 so that the write
operation by each controller 1602 utilizes a metapage that
stripes across all 4 NAND die for increased parallelism.
Because this type of synchronous die management requires
multiple die, it is not able to handle unequal numbers of die
per channel.

[0114] Using the asynchronous die management algorithm
allows the number of die in a flash memory system to be
controlled with a precision of one, by allowing operation
with unequal numbers of die attached to the memory chan-
nels. The die level granularity of control via the asynchro-
nous die management algorithm may help with managing
the total physical overhead of a SSD. The total physical
overhead of a flash storage device is defined as (Physical_
capacity-LBA_capacity)/LBA_capacity.

[0115] Some physical overhead is required in a flash
storage device for a number of reasons. It allows space for
accumulation of obsolete data in the drive to reduce the
amount of data relocation during garbage collection. Physi-
cal overhead also allows space for storage of control data
and system data, as well as provides spare capacity for error
management. Additionally, physical overhead can allow use
of additional data storage layers using NAND technology
with fewer bits per cell than in the primary data storage
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layer, for example the X1 layer in a Duo drive, such as an
SSD consisting of two die layers such as the Duo2 or Duo3
die noted above, or the X1 and X2 layers in a Trio drive
having 3 die layers.

[0116] The random write capability for a memory system
is generally related the physical overhead available in the
memory system. Thus, additional physical overhead can
help improve the performance of a memory system. In a
maintenance operation such as garbage collection, the con-
troller needs to relocate valid data in a block and the
overhead time to do this operation depends on the percent-
age of blocks that contain valid data. With more over
provisioning (e.g. a higher ratio of physical space to logical
space), less valid data may need to be relocated from a given
block.

[0117] Other tasks in a memory system that can benefit
from having additional physical capacity (beyond a fixed
logical capacity) include tasks such as parity schemes where
the error tolerance of the memory system can be improved.
If, for each page written an exclusive or (XOR) operation is
performed and the result stored, then the system can be
tolerant of loss of a complete page (where the error correc-
tion code (ECC) storing the data is only capable of correct-
ing for a smaller loss of data). Excess physical capacity may
be used for this or other tasks. If additional physical storage
is needed for a system for reasons such as parity, the ability
to include unequal numbers of die per channel allows an
increase in physical capacity tailored to the specific need and
without needing to, as in the synchronous algorithm dis-
cussed above, add a full set of 4 die that are necessary for
the metablock writes in that example. The ability to add only
a single die to any one channel may provide cost and space
savings.

[0118] An example of an unequal die per channel arrange-
ment is shown in FIG. 19. In the example of FIG. 19, the
memory array 1900 is a four channel array (see channels
C0-C3) with 4 NAND die 1902 in channels C1-C3 and 5
NAND die 1902 in channel CO. In this example, it is
assumed that a separate STAR controller is assigned to each
channel and that the STAR controllers incorporate the asyn-
chronous die algorithm capabilities as shown and described
with respect to FIGS. 17-18. For ease of illustration, each die
in FIG. 19 is labeled with the STAR controller number
(S0-S3) that manages the particular die 2002.

[0119] Utilizing the asynchronous die management algo-
rithm, multiple die may operate asynchronously on one
channel managed by one STAR controller. Because different
STAR controllers in a particular memory system need not
have same logical capacity, die count can be increased
asymmetrically in STAR controllers and physical overhead
can be tuned in multiples of one die as shown in FIG. 20. In
order to handle the allocation of logical block addresses
(LBA) among the STAR controllers and adjust the physical
overhead for the whole memory system when physical
capacity is being increased in one, or fewer than all, STAR
controllers, a scheme is for LBA allocation to the STAR
controllers is contemplated.

[0120] Referring to FIGS. 20 and 21 one such LBA
allocation scheme for use in the NAND array 1900 with
unequal die allocation shown in FIG. 19 is illustrated. In
order to manage the LBA allocation, LBA metapages 2002
are striped across successive STAR controllers in sets called
LBA groups 2004. Even though the extra physical capacity
in FIG. 19 is from a die 1904 only added to the first channel
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CO0, the entire memory array 1900 benefits from the over
provisioning by reallocating the fixed amount of logical
address space equally over each of the die.

[0121] The structure of an LBA group in FIG. 20 mirrors
the asymmetry in die allocation to STAR controllers (i.e. to
each channel) in FIG. 19. As illustrated, a discontinuity in
LBA allocation to successive STAR controllers occurs at the
boundary between LBA groups 2004. In this manner, the
fixed number of LBA addresses is assigned at the front end
to each of the STAR controllers such that the physical
overhead percentage is the same for each STAR controller.
The allocation of LBA addresses 2002 for the example of
FIG. 19 is also illustrated in FIGS. 21-22 in the form of host
LBA (in die metapages) number 2102, the associated STAR
controller ID 2104 (in this example S0-S3) and the offset
2106 of the LBA metapage 2104 in the respective STAR
controller. The management of the LBA allocation to the
various STAR controllers in this unequal die per channel
arrangement may be implemented by an LBA splitter func-
tion 2200 executed by a processor in the memory device that
outputs the STAR ID and the STAR offset for data associated
with a received LBA (for each die metapage).

Program Cycle Scheme

[0122] A program cycle is a burst of predetermined pro-
gram operations within one die in which a single full
programming set, as described above in Tables 1-3, is
performed. It causes a defined amount of host data to be
programmed in write blocks in one die-layer and predeter-
mined consequential maintenance programming operations
to be performed if necessary in each of the other die layers.

[0123] Maintenance operations required in each of the
layers of a multi-layer memory need to be known in advance
to allow optimum scheduling of host data write and main-
tenance operations. Existing schemes for maintenance
operation control are reactive to host behavior, not proactive.

[0124] In one embodiment, the program cycle method
described herein is a scheme for scheduling program opera-
tions in each of the memory layers to reduce the maximum
latency experienced when programming data from a host.
Program scheduling is managed in programming bursts
called program cycles, which may span all memory layers.
Maintenance operations are predetermined to create free
blocks to replace those consumed in writing new data to a
layer during a program cycle and each program cycle
interleaves the writing of new host data with the predeter-
mined maintenance operations. During a program cycle, a
fixed amount of host data may be programmed, interspersed
equally among maintenance operations. This is done to
prevent a host command from experiencing an unacceptably
long response time from the memory system under any rare
combination of circumstances. In one implementation, dur-
ing a program cycle, bursts of host data and data for
maintenance operations are interleaved at a steady rate,
according to the current operating state of the drive.
[0125] A die, such as the Trio die described above with
two partitions per layer, normally has two program cycles
concurrently active, of which one must be for each different
partition. Here one cycle may be active for random host data
and the other for sequential host data. As a die is generally
only able to execute a single operation at a time due to
physical limitations, the interleaving of the two program
cycles in a die is also explicitly controlled.
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[0126] In one embodiment, to implement the program
cycle method, where host data operations and maintenance
operations are arranged in predetermined combinations to
account for various possible scenarios, a common program-
ming unit is used. A program unit of a single metablock for
the particular die layer would be acceptable if a program-
ming operation only affected one layer of a die, or if the
amount of data in a metablock was constant between all
layers of a die. However, because a programming operation
may lead to cascading operations on different layers, where
there are differing bit per cell densities in the different layers,
a metablock of data in one layer is less than a metablock of
data in a higher bit-per-cell density layer in the same die.
Thus the unit of data a program cycle may handle can either
be a metablock of host data if the host data write operation
will not result in maintenance operations outside the layer in
which the host data is received, or can be a program unit
sized to work efficiently with all of the layers of the die.
[0127] As used herein a program unit (PU) is constant
amount of data for each type of die, i.e. Trio, Duo2 and
Duo3. A PU comprises the fixed number of metapages which
is the lowest common multiple of the number of metapages
in the individual metablock types in the die layers (X1, X2
& X3). This allows data that is written to a layer or is moved
between layers during a program cycle to always be a
multiple of the metablock size within the layer in which it is
programmed. An example of the PU size for specific die
types is illustrated in Tables 4-6 for Trio, Duo2, and Duo3
die.

TABLE 4

Definition of PU in a Trio die

Nand Program Unit (PU)
Die Type Wordlines/Block  Metablocks  Metapages
X1 layer X3 86 6 516
X2 layer X3 86 3 516
X3 layer X3 86 2 516
TABLE 5
Definition of PU in a Duo2 die
Nand Program Unit (PU)
Die Type Wordlines/Block  Metablocks  Metapages
X1 layer X3 86 6 516
X2 layer X3 86 3 516
TABLE 6
Definition of PU in a Duo3 die
Nand Program Unit (PU)
Die Type Wordlines/Block  Metablocks  Metapages
X1 layer X3 86 3 258
X3 layer X3 86 1 258

The lowest common number of metapages that consist of a
whole number of metablocks in each of the layers of a Trio
die and a Duo2 die is 516 metapages, while the lowest
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common number in the Duo3 die is 258 metapages. Thus the
PU for the Trio and Duo2 is 516 metapages and 258
metapages for Duo3.

[0128] Utilizing the PU appropriate to the particular die,
the STAR controller for the particular die can determine
which of a predetermined number of program cycle types
should be executed to handle the next host write of one PU’s
worth of data to the memory device. Referring to FIG. 23,
the full set of possible program cycle types within an
embodiment of the Trio algorithm for 3-layer and 2-layer
memory die is illustrated. These program cycle types cor-
respond to the programming sets defined in Tables 1-3
above. Because a die can execute a random program cycle
and a sequential program cycle concurrently in one embodi-
ment, cycles of opposite class have been arbitrarily paired in
each die in FIG. 23. The particular cycles paired up at any
given time in a die of an operating memory will depend on
the type of host data writes that are pending and the state of
the various layers of the die (e.g. the number of free blocks
and ratio of valid data to LBA capacity and so on).

[0129] Referring now to FIG. 24, a chart 2402 of the
decision process for a STAR controller implementing the
Trio algorithm, based on the die layer status (for example the
number of free blocks and amount of valid data in relation
to LBA capacity in each layer), is illustrated. The program
cycle types listed in FIG. 24 correspond to the programming
sets defined in Table 1. The STAR controller preferably
selects the program cycle type that incorporates the fewest
number of die layers possible, within the constraints of the
die layer status as shown in FIG. 24. As noted previously, the
decision criteria for whether to move or relocate data in any
given layer may differ or be the same. Also, the threshold
value of the particular criteria (e.g. the minimum number of
free blocks) may be the same or differ in each layer. The term
“N” in N blocks or N PU’s of FIG. 24 refers to the number
of relocation blocks that must be completely filled in a
reclaim cycle to achieve a net gain of one free block. The
data paths which can be used to link die-layers in a selected
program cycle are described in FIG. 12. As noted previously,
the STAR controller may have two program cycles active in
a die, one for each partition, at a time, with each of the two
program cycles being interleaved with the other.

Program Scheduling Scheme

[0130] As noted above, the program cycle needed for the
next host data write is determined prior to the next host data
write. When a program cycle has been defined according to
the available program cycle types in FIG. 24, the precise
numbers of metapages to be programmed in each of the
die-layers in the course of the program cycle are known in
advance. However, in one embodiment, a die normally has
only two concurrently active program cycles (one for each
partition), which have been initiated completely asynchro-
nously. The interleave ratio between maintenance program-
ming operations and host data programming operations for
aprogram cycle which is being initiated therefore has to take
account of outstanding program operations in the program
cycle which is already active. No change is made to the
interleave ratio for the active program cycle.

[0131] A program interleave scheme according to the
following principles is adopted for interleaving operations
for two program cycles in a die to create a flow of host data
and maintenance program operations. A program cycle in a
die may be initiated only after a previous cycle of the same



US 2016/0378379 Al

class (random or sequential) has completed. A program
cycle may be initiated in a die when a program cycle of the
opposite class (random or sequential) is already active in the
die, and the two cycles may overlap.

[0132] When overlapping program cycles have mainte-
nance operations in the same die-layer, the maintenance
operations in the first cycle must complete before mainte-
nance operations in the second cycle can be started. When
overlapping program cycles have maintenance operations in
different die-layers, the maintenance operations in the die
layers may be performed concurrently. Host data write
operations in a program cycle being initiated must be
interleaved with both maintenance operations in the same
cycle and outstanding maintenance operations in the active
cycle that is being overlapped.

[0133] When a program cycle is initiated, separate inter-
leave ratios are defined for the minimum number of main-
tenance operations in each die-layer that must be performed
per host data write operation in the cycle. During execution
of a program cycle, a host data write operation is permitted
only if the number of maintenance operations already per-
formed in each die-layer per previous host write operation is
greater than or equal to the required interleave ratio for each
die layer.

[0134] Also, if a program cycle is initiated while a back-
ground cycle is active in the other partition, the interleave
ratio established for the new program cycle must include all
maintenance operations in that cycle together with all out-
standing maintenance operations in the background cycle, as
discussed in greater detail below in the section regarding
background cycles.

[0135] An object of the program scheduling algorithm
executed by a STAR controller for each die it is managing
is to schedule together the writing of host data and mainte-
nance operations during each program cycle in a manner that
provides as uniform a rate of writing host data as possible.
This is accomplished by essentially reducing the rate that
host data is written so that host writes and maintenance
writes are evenly distributed. The program scheduling algo-
rithm in the controller will permit the controller to balance
the multiple PU’s that are being written (host or mainte-
nance writes) in a die during a program cycle or overlapping
program cycles. The program scheduling algorithm can
compensate for unknown rates at which host data may be
received at the particular die and for concurrently running
program cycles on the particular die. As part of the program
scheduling method, the controller will permit maintenance
operations to proceed in a program cycle if host data is
delayed so that the maintenance operations may sometime
get ahead of the required maintenance operation to host
write ratio for a given program cycle, but will limit host
write operations to be within the required ratio of mainte-
nance operations to host write operations so that there
should not be a need to catch up on maintenance operations
in a die.

[0136] An example of interleaving between host write and
maintenance operations in each layer during one program
cycle (in this example a R1233 cycle as set out in FIGS. 23
and 24) is shown in FIGS. 25 and 26. In FIG. 25, it is
assumed that each of the X1, X2 and X3 layers are on
separate die and the PU for the transaction is 516 metapages.
Thus, the programming in all of the layers in FIG. 25 can
happen simultaneously. The amount of host data written into
the X1 layer, however, is interleaved with the simultaneous
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maintenance activities in the X2 and X3 layers of the
different die so as to spread out the X1 host data write over
the time that the slower maintenance process in the X3 layer
requires. Thus, the one PU of host data is not written all at
once, but is instead spaced out in time in FIG. 25 and
interleaved with the X2 and X3 maintenance operations
required for the program cycle so that the interleave ratio for
each layer (X1, X2, X3) of page writes of host data to page
writes of maintenance data during the specific program cycle
is maintained and not exceeded. The program scheduling
algorithm in the controller will allow the controller to reduce
the rate of host page writes (here to X1) within the PU such
that the interleave ratios for each layer never exceed the
number host write operations to maintenance operations
within a program cycle. If all three layers are on the same
die, as illustrated in F1G. 26, then the writes to each layer are
interleaved, but in a staggered manner because of the general
physical limitation that only one operation can execute at a
time on a single die.

[0137] An example of the overlapping of program cycles
in a particular die is shown in FIG. 27. In FIG. 27, it is
assumed that the die is a Trio die (3 layers) and the decision
process used by the controller managing the particular die
for selecting which program cycle to implement is that of
FIG. 24. The serial programming cycles shown in FIG. 27
are a R1233 programming cycle PC1, an S23 programming
cycle PC2 and an R123 programming cycle PC3. For
purposes of this example, PC1 is initiated when no other
program cycle is active in the die, and therefore operates
with interleave ratios relating only to itself. In this case 1 PU
of data is written to the X2 layer and 3 PU’s of data are
written to the X3 layer. Thus the X2:host interleave ratio is
1 and the X3:host interleave ratio is 3.

[0138] Program cycle PC2 of type S23 is initiated (arbi-
trarily) after 200 metapages of host data have been pro-
grammed in PC1, and overlaps PC1. The number of main-
tenance operations in X3 that must be interleaved with host
data program operations in PC2 is 1464 metapages, com-
prising 948 metapages outstanding in PC1 and 516 meta-
pages in PC2. Thus the X3:host interleave ratio is 2.84
(=remaining maintenance metapages into X3/host data into
X2=1464/516=2.84)

[0139] Program cycle PC3 of type R123 is initiated when
PC1 completes, but its maintenance operations in X3 cannot
be started until those for PC2 have completed. However,
maintenance operations in X2 can start immediately, as no
overlapping program cycle is performing maintenance in
X2. At this point, the X2: host interleave ratio is 1 and the
X3:host interleave ratio is 2.

[0140] If the arrival rate of host data matches or exceeds
the rate of performing maintenance operations required by
the interleave ratios for a program cycle, the cycle proceeds
with uniform interleaving of host data metapages and bursts
of maintenance metapages. In this case, the program cycle is
complete when the last metapage of maintenance data has
been programmed.

[0141] However, if the cumulative arrival rate of host data
is lower than can be accommodated by the program cycle in
accordance with its required interleave ratios, all required
host data will not have been programmed when the last
metapage of maintenance data has been programmed. The
program cycle is therefore not complete. The program cycle
remains open with its host data write block open, but with
maintenance inactive. Further host data can be written to the
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program cycle without need for interleaved maintenance
operations. The program cycle is only complete when all
required host data has been programmed, that is, a full
metablock or full PU has been programmed, depending on
program cycle type.

[0142] An advantage of the program cycle scheme dis-
cussed above is that it permits advanced determination of the
necessary maintenance operations to free up a programming
unit’s worth of space in advance of a subsequent host write.
As part of the program schedule scheme, a set of linked
layers within the plurality of die in which one program cycle
will be performed are identified. The linked layers may be in
one die or, in a plurality of die. The process may allow a
layer within a die to be incorporated in only one program
cycle for a specific type of data (e.g. random or sequential)
and may allow a layer within a die to be incorporated in two
program cycles for different types of data.

[0143] As noted above, it is advantageous to know in
advance what maintenance operations are required in each
of the layers of a multi-layer memory to allow optimum
scheduling of host data write and maintenance operations.
Existing schemes for maintenance control are generally
reactive to host behavior, not proactive. In one embodiment,
host data programming operations and maintenance pro-
gramming operations to relocate data to a different block are
determined in advance for a sequence of operations about to
be started. Each programming sequence incorporates a fixed
length of host data (e.g., one program unit) and variable
lengths of maintenance data (multiple program units).
Required interleave ratios for all types of maintenance
programming relative to host data programming are deter-
mined in advance and host data programming is permitted
only when sufficient maintenance programming has been
completed to satisty all interleave ratio requirements. This
mechanism allows host data program operations to be uni-
formly scheduled among maintenance program operations.
Thus, a minimum level of responsiveness to host data is
maintained on a program cycle by program cycle basis.
[0144] A method of interleaving the programming of host
data into a memory system and the relocation of data
between blocks in the memory system may include prede-
termining the amount of host data and the amount of
relocated data to be programmed during an operating
sequence. For each type of block to be programmed with
relocated data, predetermining its required program inter-
leave ratio relative to host data. During a program cycle, the
controller may determine the current cumulative program
interleave ratio relative to host data for each layer being
programmed allowing host data to be programmed if the
current cumulative program interleave ratio for each layer
exceeds its required program interleave ratio.

[0145] This cumulative program interleave ratio is the
ratio of page writes for the host data to maintenance opera-
tion writes during a particular program cycle. The controller
will permit the number of maintenance operation writes to
exceed the interleave ratio if there is a delay in receiving
host data for a program cycle, but will not allow host data
writes to exceed the interleave ratio. When there are con-
current overlapping program cycles happening in a layer, the
particular required interleave ratio may be a modified inter-
leave ratio, such as that calculated in FIG. 27 for the
program cycle PC2 (ratio=2.84) which overlapped an ongo-
ing program cycle in the second partition for the die layer.
In those instances, the program scheduling algorithm
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executed by the controller will compare the cumulative
interleave ratio during a cycle to the modified interleave
ratio to make sure write operations in a cycle do not exceed
that modified interleave ratio.

[0146] Referring to FIG. 28, a portion of the memory
system of FIG. 17 is shown illustrating how the asynchro-
nous die algorithm 2802 and Trio algorithm 2804 operate
together within each STAR controller 2806 to schedule
program and copy transactions which are to be executed by
the NAND Driver 2808. The Trio algorithm 2804 defines
and initiates program cycles and manages maintenance
operations within them. Program operations in NAND die
are triggered by both host data program transactions (write
transactions 2810) issued by the asynchronous die algorithm
2802 and copy transactions 2812 issued by the Trio algo-
rithm for maintenance operations. These are converted by
the NAND Driver 2808 into descriptors to control the
datapath and NAND components.

[0147] The Trio algorithm predetermines any maintenance
operations which have to be performed together with the
host data program operations, and the program scheduling
algorithm manages the interleaving of host data program
2816 and maintenance copy transactions 2812 for execution
by the NAND Driver 2808.

[0148] An enable signal 2814 from the Trio algorithm
2804 signals when the asynchronous die algorithm 2802 can
interleave host data program transactions with the mainte-
nance copy transactions 2812 being created by the Trio
algorithm 2804. Host data transactions 2816 are enabled
when the ratio of the number of maintenance metapage copy
transactions issued by the Trio algorithm 2804 divided by
the number of host data program transactions 2816 within
the current program cycle are greater than or equal to the
required interleave ratio for each layer.

[0149] Program transactions may have higher priority than
copy transactions within the NAND Driver 2808, and there-
fore take precedence for execution over queued copy trans-
actions. This means that host data program transactions 2816
issued by the asynchronous die algorithm 2802 when
enabled by the Trio algorithm 2804 will be executed as the
next transaction, ahead of pipelined maintenance copy trans-
actions 2812 already present in the NAND Driver 2808. The
Trio algorithm also provides die status 2818 and mainte-
nance status 2020 information to allow the asynchronous die
algorithm 2802 to enable background operations in a Trio
die.

[0150] With respect to scheduling operations within a
STAR controller 2806, the following transactions are passed
to the NAND Driver by the STAR controller 2806: read,
program, erase and copy. The execution priorities for these
transactions in the NAND driver may be as follows: an
outstanding read transaction for a die has absolute priority
over any other transaction type for that die. Outstanding
program, erase & copy transactions for a die are executed
with the following preferred priority: program, erase, copy.
[0151] The NAND driver 2808 may over-ride this pre-
ferred priority order when constructing a set of descriptors
for parallel operation in one track. Transactions of the same
type for a die-layer must complete in the order they are
issued to the NAND driver. Transactions of different types
for a die-layer may complete in a different order from that
in which they are issued to the NAND driver. Execution of
program steps for transactions of the same type for different
die-layers should cycle equally between the die-layers.
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[0152] In one embodiment, while NAND operations ini-
tiated by a sequencer descriptor cannot be interrupted,
transactions sent to the NAND driver may be interrupted in
some cases. Transactions in X1 or X2 die-layers cannot be
interrupted, however a copy transaction for an X3 die-layer
that is in progress may be interrupted by any outstanding
read or program command for the same die. The outstanding
read or program command may be executed at the end of the
program step currently in progress.

[0153] Withrespect to responses from NAND driver 2808,
the following responses may be provided by the NAND
Driver to transactions sent to it by a STAR controller 2806.
For a read transaction, a single response is sent when all data
is in DRAM. For an erase transaction, a single response is
sent when the block erase is complete. For a program
transaction in X1 or X2, the following responses may be
sent: a first response is sent when all descriptors relating to
execution of the transaction have been loaded to the datapath
hardware; and a final response is sent when the program
operation is complete. For a copy transaction in X1 or X2,
the following responses may be sent: a first response is sent
when the data has been read and transferred to DRAM and
all descriptors relating to execution of the transaction have
been loaded to the datapath hardware; and a final response
is sent when the program operation is complete. For a copy
transaction in X3, the following responses may be sent: a
first response is sent when the data has been read and
transferred to DRAM and all descriptors relating to execu-
tion of the first program step for the transaction have been
loaded to the datapath hardware; a second response is sent
when the first program operation is complete; a third
response is sent when the second program operation is
complete; and a final response is sent when the third
program operation is complete. In different embodiments, a
maximum number of transactions of each type per die that
may be outstanding may be set before a final response to the
transaction has been issued by the NAND driver.

[0154] As noted above, an instance of the STAR controller
has no knowledge of the existence or state of any other
instances of STAR controllers. However, the NAND Driver
schedules issuance of descriptors to the sequencer hardware
with the objective of maximizing data throughput in NAND
memory and minimizing idle time in individual NAND die.
Operations grouped in a track should have similar expected
duration. In one implementation, the following rules should
be observed. Cached program and read commands should be
used wherever possible, to allow concurrent data transfer
and NAND program or read operations in a die. Descriptors
in a track should relate to operations of a single type, i.e.
read, program or erase. Descriptors in a track relating to
program operations should be for a single NAND type, i.e.,
X1, X2 or X3. Descriptors in a track relating to program
operations should be for the same page type (lower or upper)
in X2, or same program step type (LM, foggy or fine) in X3.

Reclaim Cycle Scheme

[0155] As noted above, a program cycle causes a defined
amount of host data to be programmed in write blocks in one
die-layer and predetermined consequential maintenance pro-
gramming operations to be performed if necessary in various
die layers for each die. Two types of maintenance opera-
tions, moving valid data between die layers and reclaiming
blocks by relocating valid data within a layer from select
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closed blocks (previously programmed blocks with obsolete
data) designated reclaim blocks have been described in
particular.

[0156] Referring again to FIGS. 8-9, the general move-
ment of data in a reclaim operation in a STAR controller is
shown, where valid data from various selected reclaim
blocks is moved contiguously into a relocation block 802. In
embodiments where each die layer in a multi-layer die
includes multiple partitions, the reclaim operation relocates
data from blocks associated with data from a particular
partition into one or more relocation blocks assigned exclu-
sively to data from that partition in the same layer. The
reclaim blocks that are emptied of valid data may then be
erased and available in the free block pool for the die layer
and later used for either partition depending on current
demand for space for a particular data type.

[0157] In some types of NAND memory, there may be a
requirement that no blocks in a layer of the memory are left
partially programmed at the end of an operation to reclaim
capacity occupied by obsolete data in blocks in that layer.
Also, it is desirable to obtain a net gain of at least one free
block for every group of reclaim operations for use in
achieving the efficiencies of the program cycles described
above.

[0158] A reclaim cycle scheme is defined herein as a
variable duration reclaim operation having a duration suf-
ficient to satisfy both the criteria of leaving no relocation
block partially programmed at the end of a reclaim operation
and obtaining a net gain of at least one free block. In one
embodiment, a reclaim cycle is a set of maintenance opera-
tions within a program cycle, which causes data to be
relocated from one or more reclaim blocks within a die-layer
to one or more relocation blocks within the same die-layer.
The number of reclaim blocks erased must be at least one
greater than the number of relocation blocks allocated and
filled, that is, a reclaim cycle must show a net gain of at least
one free block.

[0159] Referring to FIG. 29, a reclaim cycle may include
the controller for the particular die allocating a block from
the free block pool for the appropriate die layer as a
relocation block (at 2902). All valid data from a string of
selected reclaim blocks is relocated to the current relocation
block (at 2904). When the relocation block becomes filled
(at 2906), if the number of blocks in the free block pool is
one or more higher than the number at the start of the reclaim
cycle, the reclaim cycle is complete (at 2908). If either the
current relocation block has not been filled, or there has not
been a net gain of one free block, then the relocation of data
from reclaim blocks to relocation blocks continues.

[0160] Thus, for relocation within a layer, the controller
preferably performs data relocation operations from a plu-
rality of source blocks in a memory layer to fill an integral
number of destination blocks in the same memory layer,
which creates at least one free block in the memory layer.
This is in contrast to a maintenance operation for moving
data between layers of a die. In that instance, a data move
operation from a plurality of blocks in a source memory
layer to fill one block in a destination memory layer, which
creates at least one free block in the source memory layer
[0161] In the reclaim cycle, an integral number of reloca-
tion blocks must be filled, but data may be relocated from a
non-integral number of reclaim blocks. An example of a
reclaim cycle performed according to the method described
in FIG. 29 is illustrated in FIG. 30. Referring to the
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programming timeline, a first relocation block (Relocation
Block 1) is allocated from the free block pool and valid data
from Reclaim Block 1 is relocated into Relocation Block 1.
When Reclaim Block 1 is then freed up after all its valid data
has been moved, the net gain of free blocks is 0 because one
free block was used for Relocation Block 1 and freeing up
Reclaim Block 1 merely maintains the status quo. Accord-
ingly, the reclaim cycle in FIG. 30 continues with allocation
of Relocation Block 2 and Relocation Block 3, and the
contiguous remapping of valid data from other designated
reclaim blocks fills Relocation Block 3 while freeing up four
Reclaim Blocks (Reclaim Blocks 1-4) for a net gain of 1 free
block. It should be noted that to completely fill Relocation
Block 3, some, but not all, valid data from Reclaim Block 5
was necessary. Once the criteria of completely filling an
integer number of relocation blocks and achieving a net gain
of one free block has been accomplished part way through
relocation of the valid data from Reclaim Block 5, the
reclaim cycle stops. The remaining valid data in Reclaim
Block 5 may be relocated in a subsequent reclaim cycle.
While the example of FIG. 30 shows a situation where 5
reclaim blocks are needed to fill up 3 complete relocation
blocks and achieve a net gain of one free block, the reclaim
cycle scheme will adapt to different ratios of reclaim and
relocation blocks to achieve the two criteria. Differing
amounts of valid data that need to be moved from different
reclaim blocks will change the number of reclaim and
relocation blocks necessary to complete a reclaim cycle.
[0162] Reclaim cycles are used within both program
cycles and background cycles. In a background cycle, as
described below, only one relocation block is filled and there
is no requirement for a net gain of one free block.

Background Cycle Scheme

[0163] In addition to the maintenance operations (e.g.
block reclaim in a given die layer or movement of data from
one layer to a next layer) that take place during a program
cycle while write commands are pending, a modified back-
ground cycle scheme is contemplated in one embodiment.
The purpose of background operations in a die is to increase
the numbers of free blocks in its die-layers to be greater than
the minimum numbers required to support foreground
operations in the die. This allows subsequent foreground
operations to be executed with fewer maintenance opera-
tions, with consequently higher performance for the memory
system.

[0164] Background operations can only be executed in an
idle die. A die is idle if no host data write transactions are
queued for execution in the die and no maintenance opera-
tions are active in the die. Background cycles may be
concurrently active in any number of idle die, however only
one background cycle at a time may be active in any given
die. In a memory system architecture arranged with an
asynchronous die management algorithm, for example one
of the STAR controllers illustrated in FIG. 17 and discussed
in detail above, the STAR controller can initiate and manage
background cycles in multiple idle die concurrently.
[0165] A background cycle operates within a single die-
layer. It creates free space in the die-layer by performing
reclaim operations as described above. One background
cycle causes one relocation block (e.g. a metablock) within
the selected die layer to be filled with valid data relocated
from two or more reclaim blocks. Note that a single back-
ground cycle in a layer of a die may not result in the net gain
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of a free block, but that sustained execution of background
cycles in a die-layer produces progressive increase in the
number of free blocks. A background cycle performs relo-
cation of data within a single die-layer. Data can only be
moved between die-layers within program cycles in one
embodiment, which are foreground operations.

[0166] A background cycle in a die may be initiated when
the die idle condition is signaled from the asynchronous die
algorithm and no background cycle is currently active in the
die. Background cycles preferably will not be initiated in a
die layer where the total amount of valid data for the die
layer exceeds a maximum amount, or where the fraction of
unused data capacity in the die layer that exists as free
blocks (a “reclaimed ratio”) is above a predetermined
threshold.

[0167] The reclaimed ratio may be calculated according to
the formula: reclaimed ratio=F/(F+O) where F is the amount
of free space in free blocks for a layer and O is the amount
of obsolete data in all closed (fully programmed) blocks in
the layer. As shown in FIG. 31, the total data capacity in a
die-layer 3102 is the capacity available for data blocks that
have been closed after being fully programmed. It is the total
physical capacity of the die-layer minus capacity occupied
by reserved blocks 3104. These reserved blocks comprise
blocks for information other than host data (e.g. control
data), data blocks that have been partially programmed and
are still open, and the minimum number of free blocks
necessary for foreground operation.

[0168] This total data capacity may comprise capacity
occupied by valid data in closed data blocks (V), obsolete
data in closed data blocks (O), and capacity in excess free
blocks (F). Excess free blocks are free blocks in excess of
the minimum number of free blocks that are required for
foreground operation. Background operations convert obso-
lete data capacity in closed data blocks into capacity in
excess free blocks by performing reclaim operations.

[0169] As noted above, the ratio F/(F+0) in a die-layer is
known as the reclaimed ratio for the die-layer, and is the
fraction of the unused data capacity that has been converted
to free blocks. A maximum value exists for the reclaimed
ratio, which is applied whatever the volume of valid data in
the die-layer. A background cycle cannot be initiated if the
maximum reclaimed ratio has been reached, and background
operations in the die-layer must stop until further obsolete
data is created by overwrite or trim operations, or free blocks
are consumed by further valid data writes. The reclaimed
ratio may be a static number designed into the memory
device. Use of a reclaimed ratio as a criterion in initiating a
background cycle makes the background operation more
efficient by avoiding operations in layers where there is
hardly any obsolete data, preventing lengthy operations with
minimal gain. The reclaimed ratio threshold may be the
same or different for each layer type in a die.

[0170] FIG. 32 shows the capacity distribution in the same
die-layer as FIG. 31 after a subsequent period of sustained
background reclaim operations. Here, some obsolete data
capacity (0) has been converted into free block capacity (F)
as compared to the distribution in FIG. 31. In one embodi-
ment, background operations also cannot be initiated in a
die-layer if the amount of valid data in the die-layer exceeds
a maximum limit 3302, such as shown in FIG. 33. Thus,
FIG. 33 illustrates the same die-layer as in FIG. 32 at a point
where the amount of valid data has reached a predetermined
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maximum allowable limit 3302. The physical capacity of a
memory device must exceed the logical capacity.

[0171] FIG. 34 illustrates one method of implementing a
background cycle in a multi-layer die. The process of FIG.
34 may be performed for each die managed by a STAR
controller such that multiple background processes may be
concurrently active for a STAR controller. If the controller
determines, for example from asynchronous die algorithm,
that a die is idle (at 3402), then the controller will evaluate
die-layers within the idle die to see if its reclaimed ratio is
less than a predetermined threshold for its layer type. The
controller selects a die layer, in one implementation, on a
round robin basis such that if, in a Trio die, the X1 layer of
a particular die was selected for a background cycle in the
last round, then the controller will first evaluate the X2 die
layer the next time the die is idle and the controller is select
adie layer to evaluate (at 3404). The controller will calculate
the reclaimed ratio as noted above for the selected layer and
compare the result to the predetermined maximum threshold
for the die layer (at 3406, 3408). If the reclaimed ratio
exceeds the threshold, the next die layer is selected (at 3410)
if there are any layers in the die that have not been checked
in this cycle. If the reclaimed ratio is less than the threshold,
then the controller will perform one background reclaim
cycle in the selected layer (at 3412). Thus, a die-layer being
evaluated should only be selected if its reclaimed ratio is less
than a defined maximum reclaimed ratio for its layer type
and background cycles are terminated if no die layer can be
selected.

[0172] Also, the selection of a partition within a die layer
may be made using the same principles discussed above
with respect to selection of a partition for movement and
relocation in foreground maintenance operations in program
cycles. For example, if there are no closed blocks in the
partition, or if the partition contains less obsolete data
capacity in its closed blocks, then that partition is not
selected in that die layer. Generally, for a selected die layer
the controller may select the partition with the lowest
average valid data count per closed block. Within the
selected partition of the selected die layer, the reclaim block
selected (i.e. the closed block with obsolete data) may be the
one with the least amount of valid data.

[0173] If a host data program transaction is issued to a die
while a background cycle is active on the die, host data
program operations have higher priority in the NAND
Driver than the data copy operations used in the background
cycle. Host data programming therefore has priority, and
further relocation of background cycle data takes place only
when no host data program transactions are pending.
[0174] If a full PU of host data has been written and a
program cycle completed before a background cycle in the
same die has completed, a new program cycle is initiated in
the die. If the program cycle does not incorporate mainte-
nance operations in the die-layer in which the background
cycle is active, the outstanding operations in the background
cycle are interleaved by the NAND Driver alternately with
maintenance operations in the same die. Background opera-
tions are therefore automatically interleaved with host data
program operations without being explicitly included in the
interleave ratio of the program cycle. However, if the
program cycle does incorporate maintenance operations in
the die-layer in which the background cycle is active, the
outstanding operations in the background cycle should be
completed before maintenance operations in the layer are
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started, and the background operations may be included in
the calculation of interleave ratio for the die-layer in the
program cycle.

Die Package Configurations

[0175] Inathree layer solid state drive (SSD) also referred
to as a Trio drive, there are multiple options for the physical
organization of the three layers of storage into separate units
managed by the Trio algorithm, and the organization of units
into separate packages. As discussed above, a Trio die is a
single eX3 die, which is managed as an independent region
of physical storage by an instance of'a STAR controller, and
in which three fixed sets of blocks are configured for use as
X1, X2 and X3 blocks. FIG. 35 shows flash memory
configuration for a Trio drive with 8 STAR controller
instances, with three layers of storage blocks in each Trio die
3502 and multiple Trio die in each of 8 packages 3504.

[0176] All Trio die 3502 in one package 3504 are con-
nected to the same controller channel, and are managed by
the same STAR controller, such as illustrated in FIG. 17, in
one embodiment. If a second bank of 8 packages 3504 is
required in a higher capacity drive, they may be similarly
connected to channels O to 7. The second bank of packages
can be a capacity extension for STARs 0 to 7, or can be a set
of independent STAR controller instances 8 to 15 (not
shown).

[0177] As illustrated in FIG. 36, the three layer structure
may also be achieved using jointly packaged Trio die-pairs.
A Trio die-pair 3602 is one eX2 die 3604 and one X3 die
3606 forming a unit, which is managed as an independent
region of physical storage by the STAR controller for the
respective channel, and in which three fixed sets of blocks
are configured for use as X1, X2 and X3 blocks. A drive with
8 STAR controller instances, with three layers of storage
blocks in each Trio die-pair and multiple Trio die-pairs in
each of 8 packages 3608 is illustrated in FIG. 36. Both die
3604, 3606 forming a Trio die-pair 3602 are within the same
package 3608. All Trio die-pairs 3602 in one package 3608
are connected to the same controller channel, and are
managed by the same STAR controller instance. If a second
bank of 8 packages is required in a higher capacity drive,
they should be similarly connected to channels 0 to 7. The
second bank of packages can be a capacity extension for
STAR controllers 0 to 7, or can be a set of independent
STAR controllers 8 to 15.

[0178] As illustrated in FIG. 37, the three layer structure
may also be achieved using separately packaged die-pairs. A
Trio die-pair 3702 is one eX2 die 3704 and one eX3 die 3706
forming a unit, which is managed as an independent region
of physical storage by the STAR controller, and in which
three fixed sets of blocks are configured for use as X1, X2
and X3 blocks. The system in FIG. 37 shows a drive with 4
STARS, rather than the 8 assumed for the arrangements of
FIGS. 35 and 36 above, with three layers of storage blocks
in each Trio die-pair 3702 and each Trio die-pair spread over
2 packages 3708. The two die forming a Trio die-pair are in
different packages 3708, and each package comprises only
eX2 die or only eX3 die. All die in one package are
connected to the same controller channel, and are managed
by the same STAR controller. Each adjacent pair of pack-
ages is managed by the same STAR. If a second bank of 4
packages is required in a higher capacity drive, they should
be similarly connected to channels 0 to 7. The second bank
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of packages can be a capacity extension for STAR control-
lers O to 3, or can be a set of independent STAR controllers
4to 7.

[0179] A system and method have been disclosed for a
multi-layer, multi-partition memory system. In one embodi-
ment, a modified version of a STAR controller (which may
be separate hardware controllers or multiple instances of
software running on each of one or more hardware control-
lers) is designed to operate with three layers of storage in
each die or die-pair having X1, X2 and X3 NAND flash
blocks. A subset of the disclosed algorithms may also be
used in a two layer drive. The overall three layer STAR
algorithm described above, for example with respect to FIG.
17, is used to manage a dedicated set of flash die in a solid
state disk drive, such as die on a particular controller
channel. Multiple instances of the three layer STAR algo-
rithm will exist within an SSD system, each managing a
separate set (channel) of flash memory die.

[0180] As disclosed above, the operations of the three
layer STAR algorithm may be made up of four algorithms:
1) an asynchronous die algorithm; 2) a Trio algorithm; 3) a
program scheduling algorithm; and 4) an address translation
algorithm:

Asynchronous Die Algorithm

[0181] Data programming parallelism and write transac-
tions throughout the system are managed in units of the
maximum programming parallelism achievable within one
die, which is typically 32 KB in a 2-plane die. Multiple die
can operate fully in parallel when required, or can operate
asynchronously with each performing unrelated operations.

[0182] The asynchronous die algorithm is designed to
provide reduced latency for execution of host commands
and improved performance with workloads having irregular
1/O size or mixed read/write characteristics.

[0183] Based on status information received from the Trio
algorithm, the asynchronous die algorithm may issue a host
data write transaction from its front-end queue to any die
that is ready to receive it. Availability is indicated by the
depth of queues of host data write transactions issued to the
NAND Diriver. Transactions should be issued preferentially
to those die with the shortest queues.

Trio Algorithm

[0184] The memory space in a Trio die is divided into
three memory layers according to NAND block type (X1,
X2 and X3), and also into two partitions according to data
type (random and sequential).

[0185] Within the layer and partition structure of a Trio
die, data from the host is written to layers 1 and 2. Main-
tenance programming operations may also be required in
one or two of the memory layers in the die as a consequence
of data being written from the host.

[0186] A sequence of predetermined program operations
known as a program cycle causes a defined amount of host
data to be programmed in write blocks in one layer of a die
and predetermined consequential maintenance program-
ming operations to be performed if necessary in one or two
layers of the same die. During a program cycle, program-
ming of host data and data for maintenance operations is
interleaved at a steady rate, to create best uniformity of host
response times and ensure that no host command can
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experience an unacceptably long response time under any
rare combination of circumstances.

[0187] Maintenance operations create free blocks in a
layer for reuse in writing new data to the layer, and may
comprise moving a fixed amount of data from one layer to
another or relocating data from one block to another within
a layer. Maintenance is performed as foreground operations
or background operations when the die is idle.

Program Scheduling Algorithm

[0188] The asynchronous die algorithm and Trio algo-
rithm operate together within each STAR according to the
program scheduling algorithm, to schedule program and
copy transactions which are to be executed by the NAND
Driver.

[0189] The Trio algorithm provides information to the
asynchronous die algorithm to define when host data pro-
gram transactions can be interleaved with the maintenance
copy transactions being created by Trio. Host data program
transactions are enabled when the ratio between the number
of maintenance metapage copy transactions issued by the
Trio algorithm and the number of host data program trans-
actions issued within the current program cycle exceeds the
required interleave ratios predetermined for the program
cycle.

[0190] An outstanding read transaction for a die has
absolute priority in the NAND Driver over any other trans-
action type for that die. Other outstanding transactions for a
die are executed in the NAND Driver with relative priority
of 1) program; 2) erase; and 3) copy.

[0191] Host data program transactions will be executed
ahead of queued maintenance copy transactions already
present in the NAND Diriver.

Address Translation Algorithm

[0192] The address translation scheme used in the three
layer STAR is as described above where host logical address
space may be mapped contiguously to a separate storage
device logical address space regardless of the host LBA
associated with incoming data.
We claim:
1. A mass storage memory system, comprising:
an interface adapted to receive data from a host system;
a flash memory having a plurality of layers, each of the
plurality of layers having a different bit-per-cell data
capacity and a plurality of memory blocks;
wherein each of the plurality of layers comprises a
plurality of partitions, and each programmed block of
the plurality of memory blocks in a layer is exclusively
classified as being in a respective one of the plurality of
partitions in the flash memory layer; and
a controller in communication with the interface and the
flash memory, the controller configured to direct data
received from the host system to one of the plurality of
partitions in the plurality of layers of the flash memory.
2. The mass storage memory system of claim 1, wherein
the controller is configured to determine an attribute of
received data from the host system and direct the received
host data to a block in one of the plurality of partitions in one
of the plurality of layers based on the determined attribute.
3. The mass storage memory system of claim 2, wherein
the attribute of received data comprises whether the received
data is sequential or random.



US 2016/0378379 Al

4. The mass storage memory system of claim 3, wherein
the controller is configured to determine that the received
data is sequential in response to receiving host data having
sequential host logical block addresses in an amount span-
ning at least one metapage of data.

5. The mass storage memory system of claim 3, wherein
the controller is configured to:

in response to determining that the received data is

random, direct the random data to a random data
partition in a first layer of the flash memory; and

in response to determining that the received data is

sequential, direct the received data to a sequential data
partition in a second layer of the flash memory.

6. The mass storage memory system of claim 2, wherein
the attribute of the received data comprises a data type
characteristic of the received data provided by the host
system.

7. The mass storage memory system of claim 1, wherein
the flash memory comprises a flash memory die having each
of the plurality of layers.

8. The mass storage memory system of claim 1, wherein
the flash memory comprises a plurality of flash memory die,
a first of the plurality of flash memory die having one of the
plurality of layers and a second of the plurality of flash
memory die having a different one of the plurality of layers.

9. The mass storage memory of claim 3, wherein the
controller is further configured to:

perform a maintenance operation in a layer when a

number of blocks in a free block pool in the layer falls
below a predetermined threshold, wherein the mainte-
nance operation comprises a data relocation operation
to relocate valid data from at least one block in a
particular partition of the layer to a relocation block in
the particular layer assigned to only receive valid data
from blocks in the particular partition.

10. The mass storage memory of claim 3, wherein the
controller is configured to perform a maintenance operation
in a layer when an amount of valid data in all partitions of
a layer exceeds a predetermined threshold, wherein the
maintenance operation comprises moving data from a block
in the layer to a block in a next layer, and wherein the
controller is configured to only move data from a block in a
first partition type in the layer to a block in a same partition
type in the next layer.

11. A mass storage memory system, comprising:

an interface adapted to receive data from a host system;

a flash memory having a plurality of layers, each of a

plurality of layers having a different bit-per-cell data
capacity and a plurality of memory blocks;

wherein each of the plurality of layers comprises a

plurality of partitions, and each programmed block of
the plurality of memory blocks in a layer is exclusively
classified as being in a respective one of the plurality of
partitions in the layer;

wherein, in each of the plurality of layers, the plurality of

memory blocks includes a pool of free blocks; and

a controller in communication with the interface and the

flash memory, the controller configured to:

direct data received from the host to one of the plurality
of partitions in the plurality of layers of the flash
memory based on an attribute of the received data;
and

during maintenance operations in a layer, when a
number of free blocks in the pool of free blocks for
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the particular layer is above a predetermined thresh-
old, only relocate valid data from a block associated
with a particular partition into a relocation block
associated with the same partition of the layer; and

dynamically adjust a size of one of the plurality of
partitions in a layer by allocating a free block from
the pool of free blocks for the layer to the one of the
plurality of partitions in response to receiving addi-
tional data associated with the one of the plurality of
partitions.

12. The mass storage memory system of claim 1, wherein
the controller is further configured to dynamically adjust the
size of the one of the plurality of partitions by moving data
from a block in the partition to a same partition in another
of the plurality of layers, and reallocating the block to the
pool of free blocks for later use in any of the plurality of
partitions in the layer.

13. A method of managing movement of data comprising:

in a mass storage memory system having an interface

adapted to receive data from a host system, a flash
memory having a plurality of layers, each of a plurality
of layers having a different bit-per-cell data capacity
and a plurality of memory blocks and each of the
plurality of layers comprises a plurality of partitions,
and a controller in communication with the interface
and the flash memory, the controller:

receiving data from the host system;

determining an attribute of the received data from the host

system; and

directing the received host data to a block in one of the

plurality of partitions in one of the plurality of layers
based on the determined attribute, where each pro-
grammed block of the plurality of memory blocks in a
layer is exclusively classified as being in a respective
one of the plurality of partitions in the layer.

14. The method of claim 13, wherein determining the
attribute comprises determining whether the received data is
sequential or random.

15. The method of claim 14, wherein determining whether
the received data is sequential comprises identifying
whether the received data has sequential host logical block
addresses in an amount spanning at least one metapage of
data.

16. The method of claim 15, further comprising:

in response to determining that the received data is

random, directing the random data to a random data
partition in a first layer of the flash memory; and

in response to determining that the received data is

sequential, directing the received data to a sequential
data partition in a second layer of the flash memory.

17. The method of claim 13, wherein the attribute of the
received data comprises a data type characteristic of the
received data provided by the host system.

18. The method of claim 13, further comprising perform-
ing a maintenance operation in a layer when a number of
blocks in a free block pool in the layer falls below a
predetermined threshold, comprising relocating valid data
from at least one block in a particular partition of the layer
to a relocation block in the particular layer.

19. The method of claim 13, further comprising perform-
ing a maintenance operation in a layer when an amount of
valid data in all partitions of a layer exceeds a predetermined
threshold, comprising moving data from a block in the layer
to a block in a next layer, and wherein the controller is
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configured to only move data from the block in the layer to
a second block in a same partition in the next layer.

20. The method of claim 13, further comprising dynami-
cally adjusting a size of one of the plurality of partitions in
a layer by allocating a free block from a pool of free blocks
for the layer to the one of the plurality of partitions in
response to receiving additional data associated with the one
of the plurality of partitions; and

moving data from a block in the one of the plurality of

partitions to a same partition in another of the plurality
of layers, and reallocating the block to the pool of free
blocks for later use in any of the plurality of partitions
in the layer.



