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(57) ABSTRACT 

A portion of a nonvolatile memory is partitioned from a main 
multi-level memory array to operate as a cache. The cache 
memory is configured to store at less capacity per memory 
cell and finer granularity of write units compared to the main 
memory. In a block-oriented memory architecture, the cache 
has multiple functions, not merely to improve access speed, 
but is an integral part of a sequential update block system. 
Decisions to write data to the cache memory or directly to the 
main memory depend on the attributes and characteristics of 
the data to be written, the state of the blocks in the main 
memory portion and the state of the blocks in the cache 
portion. 
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BACKGROUND AND SUMMARY 

0005. This application relates to the operation of re-pro 
grammable non-volatile memory systems such as semicon 
ductor flash memory, and, more specifically, to the manage 
ment of the interface between a host device and the memory. 
0006 Solid-state memory capable of nonvolatile storage 
of charge, particularly in the form of EEPROM and flash 
EEPROM packaged as a small form factor card, has recently 
become the storage of choice in a variety of mobile and 
handheld devices, notably information appliances and con 
Sumer electronics products. Unlike RAM (random access 
memory) that is also solid-state memory, flash memory is 
non-volatile, and retaining its stored data even after power is 
turned off. Also, unlike ROM (read only memory), flash 
memory is rewritable similar to a disk storage device. In spite 
of the higher cost, flash memory is increasingly being used in 
mass storage applications. Conventional mass storage, based 
on rotating magnetic medium Such as hard drives and floppy 
disks, is unsuitable for the mobile and handheld environment. 
This is because disk drives tend to be bulky, are prone to 
mechanical failure and have high latency and high power 
requirements. These undesirable attributes make disk-based 
storage impractical in most mobile and portable applications. 
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On the other hand, flash memory, both embedded and in the 
form of a removable card is ideally suited in the mobile and 
handheld environment because of its small size, low power 
consumption, high speed and high reliability features. 
0007 Flash EEPROM is similar to EEPROM (electrically 
erasable and programmable read-only memory) in that it is a 
non-volatile memory that can be erased and have new data 
written or “programmed' into their memory cells. Both uti 
lize a floating (unconnected) conductive gate, in a field effect 
transistor structure, positioned over a channel region in a 
semiconductor Substrate, between source and drain regions. 
A control gate is then provided over the floating gate. The 
threshold voltage characteristic of the transistor is controlled 
by the amount of charge that is retained on the floating gate. 
That is, for a given level of charge on the floating gate, there 
is a corresponding Voltage (threshold) that must be applied to 
the control gate before the transistor is turned “on” to permit 
conduction between its source and drain regions. In particu 
lar, flash memory such as Flash EEPROM allows entire 
blocks of memory cells to be erased at the same time. 
0008. The floating gate can hold a range of charges and 
therefore can be programmed to any threshold Voltage level 
within a threshold voltage window. The size of the threshold 
Voltage window is delimited by the minimum and maximum 
threshold levels of the device, which in turn correspond to the 
range of the charges that can be programmed onto the floating 
gate. The threshold window generally depends on the 
memory device's characteristics, operating conditions and 
history. Each distinct, resolvable threshold voltage level 
range within the window may, in principle, be used to desig 
nate a definite memory state of the cell. 
0009. The transistor serving as a memory cell is typically 
programmed to a “programmed' state by one of two mecha 
nisms. In "hot electron injection, a high Voltage applied to 
the drain accelerates electrons across the Substrate channel 
region. At the same time a high Voltage applied to the control 
gate pulls the hot electrons through a thin gate dielectric onto 
the floating gate. In “tunneling injection, a high Voltage is 
applied to the controlgate relative to the Substrate. In this way, 
electrons are pulled from the substrate to the intervening 
floating gate. While the term “program' has been used his 
torically to describe writing to a memory by injecting elec 
trons to an initially erased charge storage unit of the memory 
cell so as to alter the memory state, it has now been used 
interchangeable with more common terms such as “write' or 
“record. 

0010. The memory device may be erased by a number of 
mechanisms. For EEPROM, a memory cell is electrically 
erasable, by applying a high Voltage to the Substrate relative to 
the controlgate so as to induce electrons in the floating gate to 
tunnel through a thin oxide to the Substrate channel region 
(i.e., Fowler-Nordheim tunneling.) Typically, the EEPROM 
is erasable byte by byte. For flash EEPROM, the memory is 
electrically erasable either all at once or one or more mini 
mum erasable blocks at a time, where a minimum erasable 
block may consist of one or more sectors and each sector may 
store 512 bytes or more of data. 
0011. The memory device typically comprises one or 
more memory chips that may be mounted on a card. Each 
memory chip comprises an array of memory cells Supported 
by peripheral circuits such as decoders and erase, write and 
read circuits. The more Sophisticated memory devices also 
come with a controller that performs intelligent and higher 
level memory operations and interfacing. 
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0012. There are many commercially successful non-vola 
tile Solid-state memory devices being used today. These 
memory devices may be flash EEPROM or may employ other 
types of nonvolatile memory cells. Examples offlash memory 
and systems and methods of manufacturing them are given in 
U.S. Pat. Nos. 5,070,032, 5,095,344, 5,315,541, 5,343,063, 
and 5,661,053, 5,313,421 and 6.222,762. In particular, flash 
memory devices with NAND string structures are described 
in U.S. Pat. Nos. 5,570,315, 5,903,495, 6,046,935. Also non 
Volatile memory devices are also manufactured from memory 
cells with a dielectric layer for storing charge. Instead of the 
conductive floating gate elements described earlier, a dielec 
tric layer is used. Such memory devices utilizing dielectric 
storage element have been described by Eitan et al., “NROM: 
A Novel Localized Trapping, 2-Bit Nonvolatile Memory 
Cell, IEEE Electron Device Letters, vol. 21, no. 11, Novem 
ber 2000, pp. 543-545. An ONO dielectric layer extends 
across the channel between source and drain diffusions. The 
charge for one data bit is localized in the dielectric layer 
adjacent to the drain, and the charge for the other data bit is 
localized in the dielectric layer adjacent to the source. For 
example, U.S. Pat. Nos. 5,768,192 and 6,011,725 disclose a 
nonvolatile memory cell having a trapping dielectric sand 
wiched between two silicon dioxide layers. Multi-state data 
storage is implemented by separately reading the binary 
states of the spatially separated charge storage regions within 
the dielectric. 
0013. In order to improve read and program performance, 
multiple charge storage elements or memory transistors in an 
array are read or programmed in parallel. Thus, a “page of 
memory elements are read or programmed together. In exist 
ing memory architectures, a row typically contains several 
interleaved pages or it may constitute one page. All memory 
elements of a page will be read or programmed together. 
0014. In flash memory systems, erase operation may take 
as much as an order of magnitude longer than read and pro 
gram operations. Thus, it is desirable to have the erase block 
of Substantial size. In this way, the erase time is amortized 
over a large aggregate of memory cells. 
0015 The nature of flash memory predicates that data 
must be written to an erased memory location. If data of a 
certain logical address from a host is to be updated, one way 
is rewrite the update data in the same physical memory loca 
tion. That is, the logical to physical address mapping is 
unchanged. However, this will mean the entire erase block 
contain that physical location will have to be first erased and 
then rewritten with the updated data. This method of update is 
inefficient, as it requires an entire erase block to be erased and 
rewritten, especially if the data to be updated only occupies a 
small portion of the erase block. It will also result in a higher 
frequency of erase recycling of the memory block, which is 
undesirable in view of the limited endurance of this type of 
memory device. 
0016 Data communicated through external interfaces of 
host systems, memory systems and other electronic systems 
are addressed and mapped into the physical locations of a 
flash memory system. Typically, addresses of data files gen 
erated or received by the system are mapped into distinct 
ranges of a continuous logical address space established for 
the system in terms of logical blocks of data (hereinafter the 
“LBA interface'). The extent of the address space is typically 
sufficient to cover the full range of addresses that the system 
is capable of handling. In one example, magnetic disk storage 
drives communicate with computers or other host systems 
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through Such a logical address space. This address space has 
an extent Sufficient to address the entire data storage capacity 
of the disk drive. 
0017 Flash memory systems are most commonly pro 
vided in the form of a memory card or flash drive that is 
removably connected with a variety of hosts such as a per 
Sonal computer, a camera or the like, but may also be embed 
ded within such host systems. When writing data to the 
memory, the host typically assigns unique logical addresses 
to sectors, clusters or other units of data within a continuous 
virtual address space of the memory system. Like a disk 
operating system (DOS), the host writes data to, and reads 
data from, addresses within the logical address space of the 
memory system. A controller within the memory system 
translates logical addresses received from the host into physi 
cal addresses within the memory array, where the data are 
actually stored, and then keeps track of these address trans 
lations. The data storage capacity of the memory system is at 
least as large as the amount of data that is addressable over the 
entire logical address space defined for the memory system. 
0018. In current commercial flash memory systems, the 
size of the erase unit has been increased to a block of enough 
memory cells to store multiple sectors of data. Indeed, many 
pages of data are stored in one block, and a page may store 
multiple sectors of data. Further, two or more blocks are often 
operated together as metablocks, and the pages of such blocks 
logically linked together as metapages. A page or metapage of 
data are written and read together, which can include many 
sectors of data, thus increasing the parallelism of the opera 
tion. Along with Such large capacity operating units the chal 
lenge is to operate them efficiently. 
0019 For ease of explanation, unless otherwise specified, 

it is intended that the term “block' as used herein refer to 
either the block unit of erase or a multiple block “metablock.” 
depending upon whether metablocks are being used in a 
specific system. Similarly, reference to a “page’ herein may 
refer to a unit of programming within a single block or a 
"metapage' within a metablock, depending upon the system 
configuration. 
(0020. When the currently prevalent LBA interface to the 
memory system is used, files generated by a host to which the 
memory is connected are assigned unique addresses within 
the logical address space of the interface. The memory system 
then commonly maps data between the logical address space 
and pages of the physical blocks of memory. The memory 
system keeps track of how the logical address space is 
mapped into the physical memory but the host is unaware of 
this. The host keeps track of the addresses of its data files 
within the logical address space but the memory system oper 
ates with little or no knowledge of this mapping. 
0021. Another problem with managing flash memory sys 
tem has to do with system control and directory data. The data 
is produced and accessed during the course of various 
memory operations. Thus, its efficient handling and ready 
access will directly impact performance. It would be desir 
able to maintain this type of data in flash memory because 
flash memory is meant for storage and is nonvolatile. How 
ever, with an intervening file management system between 
the controller and the flash memory, the data can not be 
accessed as directly. Also, System control and directory data 
tends to be active and fragmented, which is not conducive to 
storing in a system with large size block erase. Convention 
ally, this type of data is set up in the controller RAM, thereby 
allowing direct access by the controller. After the memory 
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device is powered up, a process of initialization enables the 
flash memory to be scanned in order to compile the necessary 
system control and directory information to be placed in the 
controller RAM. This process takes time and requires con 
troller RAM capacity, all the more so with ever increasing 
flash memory capacity. 
0022 U.S. Pat. No. 6,567,307 discloses a method of deal 
ing with sector updates among large erase block including 
recording the update data in multiple erase blocks acting as 
scratch pad and eventually consolidating the valid sectors 
among the various blocks and rewriting the sectors after rear 
ranging them in logically sequential order. In this way, a block 
needs not be erased and rewritten at every slightest update. 
0023 WO 03/027828 and WO 00/49488 both disclose a 
memory system dealing with updates among large erase 
block including partitioning the logical sector addresses in 
Zones. A Small Zone of logical address range is reserved for 
active system control data separate from another Zone for user 
data. In this way, manipulation of the system control data in 
its own Zone will not interact with the associated user data in 
another Zone. Updates are at the logical sector level and a 
write pointerpoints to the corresponding physical sectors in a 
block to be written. The mapping information is buffered in 
RAM and eventually stored in a sector allocation table in the 
main memory. The latest version of a logical sector will 
obsolete all previous versions among existing blocks, which 
become partially obsolete. Garbage collection is performed 
to keep partially obsolete blocks to an acceptable number. 
0024 Prior art systems tend to have the update data dis 
tributed over many blocks or the update data may render 
many existing blocks partially obsolete. The result often is a 
large amount of garbage collection necessary for the partially 
obsolete blocks, which is inefficient and causes premature 
aging of the memory. Also, there is no systematic and efficient 
way of dealing with sequential update as compared to non 
sequential update. 
0025 Flash memory with a block management system 
employing a mixture of sequential and chaotic update blocks 
is disclosed in United States Patent Publication No. US-2005 
0144365-A1 dated Jun. 30, 2005, the entire disclosure of 
which is incorporated herein by reference. 
0026. Prior art has disclosed flash memory systems oper 
ating with a cache and operating in mixed MLC (multi-level 
cell) and SLC (single-level cell) modes and with the SLC 
memory operating as a dedicated cache. However, the cache 
disclosed is mainly to buffer the data between a fast host and 
a slower MLC memory and for accumulation to write to a 
block. These systems mostly treat the cache memory at a high 
level as storage and ignoring the underlying low level oper 
ating considerations of the block structure and its update 
scheme. The following publications are examples of these 
prior art. 
0027. Using RAM in a write cache operating with a flash 
memory has been disclosed in U.S. Pat. No. 5,936,971 to 
Harari et al. 
0028 Partitioning the memory into two portions one oper 
ating in binary and the other in MLC has been disclosed in 
U.S. Pat. No. 5,930,167 to Lee etal and U.S. Pat. No. 6,456, 
528 to Chen, the entire disclosure of which is incorporated 
therein by reference. 
0029 United States Patent Publication Number: Publica 
tion Number: US-2007-0061502-A1 on Mar. 15, 2007 and 
US-2007-0283081-A1 dated Dec. 6, 2007 by Lasser both 
disclose a flash memory operating in mixed MLC and SLC 
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modes. A specific portion of the memory is always allocated 
to operate in SLC mode and to serve as a dedicated cache. 
0030 Therefore there is a general need for high capacity 
and high performance non-volatile memory. In particular, 
there is a need to have a high capacity nonvolatile memory 
able to conduct memory operations in large blocks without 
the aforementioned problems. 
0031. Such high capacity and high performance non-vola 

tile memory is accomplished by an improved block manage 
ment system that can operate in massively parallel manner 
while allowing efficient use of large structure resources. In 
particular it is desirable to have the performance of non 
Volatile memory improved by incorporating a write cache 
with multi-function capability and can be flexibly configured 
from a portion of the memory. 

SUMMARY OF THE INVENTION 

0032. According to a general aspect of the invention, a 
flash memory incorporates an improved write cache. The 
flash memory is of the type having an array of memory cells 
that are organized into a plurality of blocks, the cells in each 
block being erased together. The flash memory is partitioned 
into at least two portions. A first portion forms the main 
memory for storing mainly user data. Individual memory 
cells in the main memory being configured to store one or 
more bits of data in each cell. A second portion forms an 
optional cache for data in transit to the main memory. The 
memory cells in the cache portion are configured to store less 
bits of data in each cell than that of the main memory portion. 
Both the cache portion and the main memory portion operate 
under a block management system for which cache operation 
is optimized. 
0033. In the preferred embodiment, individual cells in the 
cache portion are each configured to store one bit of data 
while the cells in the main memory portion each stores more 
than one bit of data. The cache portion then operates as a 
binary cache with faster and more robust write and read 
performances. 
0034. In the preferred embodiment, the cache portion is 
configured to allow finer granularity of writes than that for the 
main memory portion. The finer granularity is more compat 
ible with the granularity of logical data units from a host 
write. Due to requirement to store sequentially the logical 
data units in the blocks of the main memory, Smaller and 
chaotic fragments of logical units from a series of host writes 
can be buffered in the cache portion and later reassembly in 
sequential order to the blocks in the main memory portion. 
0035. In one aspect of the invention, the decision for the 
block management system to write data directly to the main 
portion or to the cache portion depends on a number of pre 
defined conditions. The predefined conditions include the 
attributes and characteristics of the data to be written, the state 
of the blocks in the main memory portion and the state of the 
blocks in the cache portion. 
0036. The Binary Cache of the present system has the 
follows functions, features and advantages. 
0037. It serves as a higher speed buffer than the main 
memory portion to increase burst write speed to the device, 
thereby rendering the device more compatible with the speed 
of a host. 

0038. It also serves as a read cache for designated data 
Such a control data for speedier access. 
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0039. It allows data that is not aligned to pages or meta 
pages, which are units of write for blocks in the main memory 
portion to be efficiently written; 
0040. It accumulates data for a logical group, which is a 
predefined group of logical units that fills an entire block in 
the main memory, to minimize the amount of data that must 
be relocated during garbage collection of a meta-block after 
the data has been archived to the meta-block. 
0041. It stores data for a logical group in which frequent 
repeated writes occur, to avoid writing data for this logical 
group to the meta-block; and e) it buffers host data, to allow 
garbage collection of the meta-block to be distributed 
amongst multiple hostbusy periods. 
0042. It is constituted from the same memory cells that 
make up the main memory portion and organized under the 
same block structure and is managed by the same block 
management System. 
0043. It allows flexible partitioning between the cache 
portion and the main memory portion on demand. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0044 FIG. 1 illustrates schematically the main hardware 
components of a memory system Suitable for implementing 
the present invention. 
0045 FIG. 2 illustrates schematically a non-volatile 
memory cell. 
0046 FIG. 3 illustrates the relation between the source 
drain current ID and the control gate voltage VCG for four 
different charges Q1-Q4 that the floating gate may be selec 
tively storing at any one time. 
0047 FIG. 4A illustrates schematically a string of 
memory cells organized into an NAND string. 
0048 FIG. 4B illustrates an example of an NAND array 
210 of memory cells, constituted from NAND strings 50 such 
as that shown in FIG. 4A. 
0049 FIG. 5 illustrates a page of memory cells, organized 
for example in the NAND configuration, being sensed or 
programmed in parallel. 
0050 FIG. 6(0)-6(2) illustrate an example of program 
ming a population of 4-state memory cells. 
0051 FIGS. 7A-7E illustrate the programming and read 
ing of the 4-state memory encoded with a given 2-bit code. 
0052 FIG. 8 illustrates the memory being managed by a 
memory manager with is a software component that resides in 
the controller. 
0053 FIG. 9 illustrates the software modules of the back 
end system. 
0054 FIGS. 10A(i)-10A(iii) illustrate schematically the 
mapping between a logical group and a metablock. FIG. 10B 
illustrates Schematically the mapping between logical groups 
and metablocks. 
0055 FIG. 11 illustrates the organizational system 
abstract levels showing the relation between host's logical 
address LBA, their grouping into logical groups and mapping 
to groupings of physical blocks (i.e., metablocks). 
0056 FIG. 12 illustrates the physical and logical memory 
architecture. 
0057 FIG. 13 illustrates the physical and logical memory 
architecture across multiple banks. 
0058 FIG. 14A illustrates a data page consisting of mul 

tiple ECC pages. 
0059 FIG. 14B illustrates an example format for an ECC 
page which stores only binary data and reside in a Subpage. 
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0060 FIG. 15 illustrates a host operating with the flash 
memory device through a series of caches at different levels 
of the system. 
0061 FIG. 16 illustrates the metablocks in each bank 
being partitioned into a binary cache portion and a regular 
metablock portion. 
0062 FIG. 17 illustrates processes within the Media Man 
agement Module. 
0063 FIG. 18 illustrates the mapping of host logical data 
to the memory physical memory. 
0064 FIG. 19 illustrates the possible data paths and pro 
cesses from the host to the metablock of the main memory via 
the binary cache. 
0065 FIG. 20 is a flow diagram of the algorithm in deter 
mining ifa write is to the binary cache or to the main memory. 
0.066 FIG. 21A illustrates a first example of a sequential 
write to the last page in an open MLC update block. 
0067 FIG. 21B illustrates a second example of a sequen 

tial write to the last page in an open NLC update block. 
0068 FIG. 22A illustrates a first example a write that is 
sequential to the last sector of the logical group written to the 
binary cache. 
0069 FIG.22B illustrates a second example a write that is 
sequential to the last sector of the logical group written to the 
binary cache. 
(0070 FIG. 23 illustrates the binary cache utilization. 
0071 FIG. 24 illustrates the “sticky' logical group 
excluded from archiving. 
0072 FIG. 25 illustrates an example of a host update that 

is written to the Binary Cache with data alignment. 
0073 FIG. 26 is a table of example parameter values. 
0074 FIG. 27 is a table showing partial description of the 
fragment header. 
0075 FIG. 28 is a table showing partial description of 
binary cache index. 
0076 FIG. 29 illustrates the logical address range in the 
Binary Cache. 
(0077 FIG. 30 illustrates BCI being stored in any block in 
its own Zone. 
0078 FIG.31 is a flow diagram illustrating a fundamental 
read sequence for accessing the BCI index for a fragment. 
(0079 FIG.32 illustrates the relationship between BCI and 
fragments in a binary block. 
0080 FIG. 33 illustrates adding fragments to logical 
group 2 results in change in BCI references. 
I0081 FIG. 34 illustrates the BCI records in RAM getting 
reorganized dynamically. 
I0082 FIG. 35 illustrates how choosing a wrong start in 
split operation reflects further splits in BCI. 
I0083 FIG. 36 is an example of a pseudo code for binary 
cache compaction. 
I0084 FIG. 37 shows a pseudo code for optimized binary 
cache compaction. 
I0085 FIG.38 shows a pseudo code to merge a BCI record. 
I0086 FIG. 39 shows a pseudo code for logical group evic 
tion. 
I0087 FIG. 40 shows a pseudo code for binary cache obso 
lescence. 
I0088 FIG. 41 is a pseudo code for maintaining informa 
tion about identifying the physically largest logical group. 
I0089 FIG. 42 is a pseudo code for identifying the oldest 
logical group by inferring from knowledge of how the sys 
tems in the BC operate. 
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0090 FIG. 43 is a pseudo code for the initialization pro 
cedure. 
0091 FIGS. 44A-44C illustrate examples of a synchroni 
Zation scheme. Taking a new update block, with 4 sectors to a 
page. 
0092 FIGS. 45A and 45B illustrate another example for 
the case where the fragment written to the cache covers a 
range of sectors which has already been written to the update 
block. 
0093 FIG. 46 illustrates an example of partially valid/ 
obsolete fragments. It is possible that a fragment may only 
partially cover a written area of the update block. 
0094 FIG. 47A-47C illustrate examples of operating with 
multiple update blocks for a given logical group. 
0095 FIG. 48 shows a pseudo code for initialization. 
0096 FIG. 49 illustrates a pseudo code for the process 
followed by the UM when an update of an existing update is 
performed is shown below. 
0097 FIG. 50 illustrates a pseudo code for further 
accesses to the BC have to validate the data in the phased 
initialization described above. 
0098 FIGS. 51A-51B illustrate an example, of an update 
of an update. 
0099 FIG.52 illustrates the interaction between the back 
ground manager, the binary cache and the update manager to 
effect binary cache eviction. 
0100 FIG. 53 is a state diagram showing the transitions a 
logical group can go through. 
0101 FIG. 54 is a table showing the possible states for a 
logical group and the control structures which are relevant for 
each state. 
0102 FIG.55 is a state diagram showing the transitions a 
metablock can go through. 
0103 FIG. 56 is a table showing the possible states for a 
metablock and the control structures which are relevant for 
each state. 
0104 FIG. 57 is a table describing the terms used in GAT. 
0105 FIG. 58 is a table showing the GAT Delta list. 
0106 FIG. 59 is a table showing the GAT Entry Cache 
List. 
0107 FIG. 60 is flow diagram illustrating set GAT entry 
process: 
0108 FIG. 61 is flow diagram illustrating get GAT entry 
process. 
0109 FIG. 62 is a table listing the data structure of the 
master index page (MIP). FIGS. 63A-63B show an example 
of GAT entry update in Master Index and GAT Page. 
0110 FIG. 64 is a table showing the GAT block list. The 
GAT Block is managed with the GAT block list. 
0111 FIG. 65 is a flow diagram illustrating GAT block 
allocation. 
0112 FIGS. 66(A)-(E) illustrates operations on allocation 
and release of blocks. 
0113 FIG. 67 illustrates several block linking situations. 
0114 FIG. 68 illustrates the transfer of spare blocks from 
the main memory portion to the binary cache portion. 
0115 FIG. 69 is a flow diagram illustrating the allocation 
of spare blocks across the binary portion and the main (MLC) 
portion of the memory. 

DETAILED DESCRIPTION 

Memory System 
0116 FIG. 1 to FIG. 7 provide example memory systems 
in which the various aspects of the present invention may be 
implemented or illustrated. 
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0117 FIG. 8 to FIG. 14 illustrate preferred memory and 
block architecture for implementing the various aspects of the 
present invention. 
0118 FIG. 15 to FIG. 69 illustrate details and context of 
the various aspects and embodiments of the present invention. 
0119 FIG. 1 illustrates schematically the main hardware 
components of a memory system suitable for implementing 
the present invention. The memory system 90 typically oper 
ates with a host 80 through a host interface. The memory 
system is typically in the form of a memory card oran embed 
ded memory system. The memory system 90 includes a 
memory 200 whose operations are controlled by a controller 
100. The memory 200 comprises of one or more array of 
non-volatile memory cells distributed over one or more inte 
grated circuit chip. The controller 100 includes an interface 
110, a processor 120, an optional coprocessor 121, ROM 122 
(read-only-memory), RAM 130 (random access memory) 
and optionally programmable nonvolatile memory 124. The 
interface 110 has one component interfacing the controller to 
a host and another component interfacing to the memory 200. 
Firmware stored in nonvolatile ROM 122 and/or the optional 
nonvolatile memory 124 provides codes for the processor 120 
to implement the functions of the controller 100. Error cor 
rection codes may be processed by the processor 120 or the 
optional coprocessor 121. In an alternative embodiment, the 
controller 100 is implemented by a state machine (not 
shown.) In yet another embodiment, the controller 100 is 
implemented within the host. 

Physical Memory Structure 

I0120 FIG. 2 illustrates schematically a non-volatile 
memory cell. The memory cell 10 can be implemented by a 
field-effect transistor having a charge storage unit 20, such as 
a floating gate or a dielectric layer. The memory cell 10 also 
includes a source 14, a drain 16, and a control gate 30. 
I0121 There are many commercially successful non-vola 
tile solid-state memory devices being used today. These 
memory devices may employ different types of memory cells, 
each type having one or more charge storage element. 
0.122 Typical non-volatile memory cells include 
EEPROM and flash EEPROM. Examples of EEPROM cells 
and methods of manufacturing them are given in U.S. Pat. No. 
5,595,924. Examples of flash EEPROM cells, their uses in 
memory systems and methods of manufacturing them are 
given in U.S. Pat. Nos. 5,070,032, 5,095,344, 5,315,541, 
5,343,063, 5,661,053, 5,313,421 and 6.222,762. In particular, 
examples of memory devices with NAND cell structures are 
described in U.S. Pat. Nos. 5,570,315, 5,903,495, 6,046,935. 
Also, examples of memory devices utilizing dielectric Stor 
age element have been described by Eitan et al., “NROM: A 
Novel Localized Trapping, 2-Bit Nonvolatile Memory Cell. 
IEEE Electron Device Letters, vol. 21, no. 11, November 
2000, pp. 543-545, and in U.S. Pat. Nos. 5,768,192 and 6,011, 
725. 

I0123. In practice, the memory state of a cell is usually read 
by sensing the conduction current across the Source and drain 
electrodes of the cell when a reference voltage is applied to 
the control gate. Thus, for each given charge on the floating 
gate of a cell, a corresponding conduction current with 
respect to a fixed reference control gate Voltage may be 
detected. Similarly, the range of charge programmable onto 
the floating gate defines a corresponding threshold Voltage 
window or a corresponding conduction current window. 
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0.124. Alternatively, instead of detecting the conduction 
current among a partitioned current window, it is possible to 
set the threshold Voltage for a given memory state under test 
at the controlgate and detect if the conduction current is lower 
or higher than a threshold current. In one implementation the 
detection of the conduction current relative to a threshold 
current is accomplished by examining the rate the conduction 
current is discharging through the capacitance of the bit line. 
0.125 FIG. 3 illustrates the relation between the source 
drain current ID and the control gate voltage VCG for four 
different charges Q1-Q4 that the floating gate may be selec 
tively storing at any one time. The four solid I, versus V. 
curves represent four possible charge levels that can be pro 
grammed on a floating gate of a memory cell, respectively 
corresponding to four possible memory states. As an 
example, the threshold Voltage window of a population of 
cells may range from 0.5V to 3.5V. Seven possible memory 
states “0”, “1”, “2”, “3”, “4”, “5”, “6”, respectively represent 
ing one erased and six programmed States may be demarcated 
by partitioning the threshold window into five regions in 
interval of 0.5V each. For example, if a reference current, 
IREF of 2LA is used as shown, then the cell programmed with 
Q1 may be considered to be in a memory state “1” since its 
curve intersects with IREF in the region of the threshold 
window demarcated by VCG=0.5V and 1.0V. Similarly, Q4 is 
in a memory state “5”. 
0126. As can be seen from the description above, the more 
states a memory cell is made to store, the more finely divided 
is its threshold window. For example, a memory device may 
have memory cells having a threshold window that ranges 
from -1.5V to 5V. This provides a maximum width of 6.5V. If 
the memory cell is to store 16 states, each state may occupy 
from 200 mV to 300 mV in the threshold window. This will 
require higher precision in programming and reading opera 
tions in order to be able to achieve the required resolution. 
0127 FIG. 4A illustrates schematically a string of 
memory cells organized into an NAND string. An NAND 
string 50 comprises of a series of memory transistors M1, M2, 
. . . Mn (e.g., n. 4, 8, 16 or higher) daisy-chained by their 
Sources and drains. A pair of select transistors S1, S2 controls 
the memory transistors chain's connection to the external via 
the NAND string's source terminal 54 and drain terminal 56 
respectively. In a memory array, when the source select tran 
sistor S1 is turned on, the source terminal is coupled to a 
source line (see FIG. 4B). Similarly, when the drain select 
transistor S2 is turned on, the drain terminal of the NAND 
string is coupled to a bit line of the memory array. Each 
memory transistor 10 in the chain acts as a memory cell. It has 
a charge storage element 20 to store a given amount of charge 
So as to representan intended memory state. A controlgate 30 
of each memory transistor allows control over read and write 
operations. As will be seen in FIG. 4B, the control gates 30 of 
corresponding memory transistors of a row of NAND string 
are all connected to the same word line. Similarly, a control 
gate 32 of each of the select transistors S1, S2 provides 
control access to the NAND string via its source terminal 54 
and drainterminal 56 respectively. Likewise, the control gates 
32 of corresponding select transistors of a row of NAND 
string are all connected to the same select line. 00129. When 
an addressed memory transistor 10 within an NAND string is 
read or is verified during programming, its control gate 30 is 
Supplied with an appropriate Voltage. At the same time, the 
rest of the non-addressed memory transistors in the NAND 
string 50 are fully turned on by application of sufficient volt 
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age on their control gates. In this way, a conductive path is 
effective created from the source of the individual memory 
transistor to the source terminal 54 of the NAND string and 
likewise for the drain of the individual memory transistor to 
the drain terminal 56 of the cell. Memory devices with such 
NAND string structures are described in U.S. Pat. Nos. 5,570, 
315, 5,903,495, 6,046,935. 
I0128 FIG. 4B illustrates an example of an NAND array 
210 of memory cells, constituted from NAND strings 50 such 
as that shown in FIG. 4A. Along each column of NAND 
strings, a bit line such as bit line 36 is coupled to the drain 
terminal 56 of each NAND string. Along each bank of NAND 
strings, a source line such as source line 34 is couple to the 
source terminals 54 of each NAND string. Also the control 
gates along a row of memory cells in a bank of NAND strings 
are connected to a word line such as word line 42. The control 
gates along a row of select transistors in a bank of NAND 
strings are connected to a select line Such as select line 44. An 
entire row of memory cells in a bank of NAND strings can be 
addressed by appropriate Voltages on the word lines and 
select lines of the bank of NAND strings. When a memory 
transistor within a NAND string is being read, the remaining 
memory transistors in the string are turned on hard via their 
associated word lines so that the current flowing through the 
string is essentially dependent upon the level of charge stored 
in the cell being read. 
I0129 FIG. 5 illustrates a page of memory cells, organized 
for example in the NAND configuration, being sensed or 
programmed in parallel. FIG. 5 essentially shows a bank of 
NAND strings 50 in the memory array 210 of FIG. 4B, where 
the detail of each NAND string is shown explicitly as in FIG. 
4A. A page' such as the page 60, is a group of memory cells 
enabled to be sensed or programmed in parallel. This a 
accomplished by a corresponding page of sense amplifiers 
212. The sensed results are latches in a corresponding set of 
latches 214. Each sense amplifier can be coupled to a NAND 
string via a bit line. The page is enabled by the control gates 
of the cells of the page connected in common to a word line 42 
and each cell accessible by a sense amplifier accessible via a 
bit line 36. As an example, when respectively sensing or 
programming the page of cells 60, a sensing Voltage or a 
programming Voltage is respectively applied to the common 
word line WL3 together with appropriate voltages on the bit 
lines. 

Physical Organization of the Memory 

0.130. One important difference between flash memory 
and of type of memory is that a cell must be programmed from 
the erased State. That is the floating gate must first be emptied 
of charge. Programming then adds a desired amount of charge 
back to the floating gate. It does not support removing a 
portion of the charge from the floating to go from a more 
programmed State to a lesser one. This means that update data 
cannot overwrite existing one and must be written to a previ 
ous unwritten location. 
I0131 Furthermore erasing is to empty all the charges from 
the floating gate and generally takes appreciably time. For 
that reason, it will be cumbersome and very slow to erase cell 
by cell or even page by page. In practice, the array of memory 
cells is divided into a large number of blocks of memory cells. 
As is common for flash EEPROM systems, the block is the 
unit of erase. That is, each block contains the minimum num 
ber of memory cells that are erased together. While aggregat 
ing a large number of cells in a block to be erased in parallel 
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will improve erase performance, a large size block also entails 
dealing with a larger number of update and obsolete data. Just 
before the block is erased, a garbage collection is required to 
salvage the non-obsolete data in the block. 
0132 Each block is typically divided into a number of 
pages. A page is a unit of programming or reading. In one 
embodiment, the individual pages may be divided into seg 
ments and the segments may contain the fewest number of 
cells that are written at one time as a basic programming 
operation. One or more pages of data are typically stored in 
one row of memory cells. A page can store one or more 
sectors. A sector includes user data and overhead data. Mul 
tiple blocks and pages distributed across multiple arrays can 
also be operated together as metablocks and metapages. If 
they are distributed over multiple chips, they can be operated 
together as megablocks and megapage. 
Examples of Multi-level Cell (“MLC) Memory Partitioning 
0133) A nonvolatile memory in which the memory cells 
each stores multiple bits of data has already been described in 
connection with FIG. 3. A particular example is a memory 
formed from an array offield-effect transistors, each having a 
charge storage layer between its channel region and its con 
trol gate. The charge storage layer or unit can store a range of 
charges, giving rise to a range of threshold Voltages for each 
field-effect transistor. The range of possible threshold volt 
ages spans a threshold window. When the threshold window 
is partitioned into multiple Sub-ranges or Zones of threshold 
Voltages, each resolvable Zone is used to represent a different 
memory states for a memory cell. The multiple memory states 
can be coded by one or more binary bits. For example, a 
memory cell partitioned into four Zones can Support four 
states which can be coded as 2-bit data. Similarly, a memory 
cell partitioned into eight Zones can Support eight memory 
states which can be coded as 3-bit data, etc. 
All-Bit, Full-Sequence MLC Programming 
0134 FIG. 6(0)-6(2) illustrate an example of program 
ming a population of 4-state memory cells. FIG. 6(0) illus 
trates the population of memory cells programmable into four 
distinct distributions of threshold voltages respectively rep 
resenting memory states “0”, “1”, “2 and “3”. FIG. 6(1) 
illustrates the initial distribution of "erased threshold volt 
ages for an erased memory. FIG. 6(2) illustrates an example 
of the memory after many of the memory cells have been 
programmed. Essentially, a cell initially has an "erased 
threshold Voltage and programming will move it to a higher 
value into one of the three Zones demarcated by verify levels 
VV, VV and VV. In this way, each memory cell can be 
programmed to one of the three programmed state “1”. “2 
and '3' or remain un-programmed in the "erased' state. As 
the memory gets more programming, the initial distribution 
of the "erased' state as shown in FIG. 6(1) will become 
narrower and the erased state is represented by the “0” state. 
0135 A 2-bit code having a lower bit and an upper bit can 
be used to represent each of the four memory states. For 
example, the “0”, “1”, “2 and “3” states are respectively 
represented by “11”. “01”, “00 and “10'. The 2-bit data may 
be read from the memory by sensing in “full-sequence” mode 
where the two bits are sensed together by sensing relative to 
the read demarcation threshold values rV, rV, and rV in 
three Sub-passes respectively. 
Bit-by-Bit MLC Programming and Reading 
0.136 FIGS. 7A-7E illustrate the programming and read 
ing of the 4-state memory encoded with a given 2-bit code. 
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FIG. 7A illustrates threshold voltage distributions of the 
4-state memory array when each memory cell stores two bits 
of data using the 2-bit code. Such a 2-bit code has been 
disclosed in U.S. patent application Ser. No. 10/830,824 filed 
Apr. 24, 2004 by Li et al., entitled “NON-VOLATILE 
MEMORY AND CONTROL WITH IMPROVED PARTIAL 
PAGE PROGRAM CAPABILITY. 
0.137 FIG. 7B illustrates the lower page programming 
(lower bit) in a 2-pass programming scheme using the 2-bit 
code. The fault-tolerant LM New code essentially avoids any 
upper page programming to transit through any intermediate 
states. Thus, the first pass lower page programming has the 
logical state (upper bit, lower bit)=(1, 1) transits to some 
intermediate state (x, 0) as represented by programming the 
“unprogrammed' memory state “0” to the “intermediate' 
state designated by (x, 0) with a programmed threshold Volt 
age greater than D, but less than D. 
0.138 FIG. 7C illustrates the upper page programming 
(upper bit) in the 2-pass programming scheme using the 2-bit 
code. In the second pass of programming the upperpage bit to 
“0”, if the lower page bit is at “1”, the logical state (1, 1) 
transits to (0, 1) as represented by programming the “unpro 
grammed memory state “0” to “1”. If the lower page bit is at 
“0”, the logical state (0, 0) is obtained by programming from 
the “intermediate” state to “3. Similarly, if the upper page is 
to remain at '1', while the lower page has been programmed 
to “0”, it will require a transition from the “intermediate state 
to (1,0) as represented by programming the “intermediate' 
State to '2''. 
I0139 FIG. 7D illustrates the read operation that is 
required to discern the lower bit of the 4-state memory 
encoded with the 2-bit code. A readB operation is first per 
formed to determine if the LM flag can be read. If so, the 
upper page has been programmed and the readB operation 
will yield the lower page data correctly. On the other hand, if 
the upper page has not yet been programmed, the lower page 
data will be read by a readA operation. 
0140 FIG.7E illustrates the read operation that is required 
to discern the upper bit of the 4-state memory encoded with 
the 2-bit code. As is clear from the figure, the upper page read 
will require a 3-pass read of readA, readB and readC, respec 
tively relative to the demarcation threshold Voltages D, D, 
and D. 
0.141. In the bit-by-bit scheme for a 2-bit memory, a physi 
cal page of memory cells will store two logical data pages, a 
lower data page corresponding to the lower bit and an upper 
data page corresponding to the upper bit. 

Binary and MLC Memory Partitioning 

0.142 FIG. 6 and FIG. 7 illustrate examples of a 2-bit (also 
referred to as “D2) memory. As can be seen, a D2 memory 
has its threshold range or window partitioned into 4 regions, 
designating 4 states. Similarly, in D3, each cell stores 3 bits 
(low, middle and upper bits) and there are 8 regions. In D4, 
there are 4 bits and 16 regions, etc. As the memory's finite 
threshold window is partitioned into more regions, the reso 
lution and for programming and reading will necessarily 
become finer. Two issues arise as the memory cell is config 
ured to store more bits. 
0.143 First, programming or reading will be slower when 
the threshold of a cell must be more accurately programmed 
or read. In fact in practice the sensing time (needed in pro 
gramming and reading) tends to increase as the square of the 
number of partitioning levels. 
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0144. Secondly, flash memory has an endurance problem 
as it ages with use. When a cell is repeatedly programmed and 
erased, charges is shuttled in and out of the floating gate 20 
(see FIG. 2) by tunneling across a dielectric. Each time some 
charges may become trapped in the dielectric and will modify 
the threshold of the cell. In fact over use, the threshold win 
dow will progressively narrow. Thus, MLC memory gener 
ally is designed with tradeoffs between capacity, performance 
and reliability. 
0145 Conversely, it will be seen for a binary memory, the 
memory's threshold window is only partitioned into two 
regions. This will allow a maximum margin of errors. Thus, 
binary partitioning while diminished in storage capacity will 
provide maximum performance and reliability. 
0146 The multi-pass, bit-by-bit programming and read 
ing technique described in connection with FIG.7 provides a 
smooth transition between MLC and binary partitioning. In 
this case, if the memory is programmed with only the lower 
bit, it is effectively a binary partitioned memory. While this 
approach does not fully optimize the range of the threshold 
window as in the case of a single-level cell (“SLC) memory, 
it has the advantage of using the same demarcation or sensing 
level as in the operations of the lower bit of the MLC memory. 
As will be described later, this approach allows a MLC 
memory to be “expropriated for use as a binary memory, or 
vice versa. How it should be understood that MLC memory 
tends to have more stringent specification for usage. 

Binary Memory and Partial Page Programming 
0147 The charge programmed into the charge storage ele 
ment of one memory cell produces an electric field that per 
turbs the electric field of a neighboring memory cell. This will 
affect the characteristics of the neighboring memory cell 
which essentially is a field-effect transistor with a charge 
storage element. In particular, when sensed the memory cell 
will appear to have a higher threshold level (or more pro 
grammed) than when it is less perturbed. 
0148. In general, if a memory cell is program-verified 
under a first field environment and later is read again under a 
different field environment due to neighboring cells subse 
quently being programmed with different charges, the read 
accuracy may be affected due to coupling between neighbor 
ing floating gates in what is referred to as the “Yupin Effect”. 
With ever higher integration in semiconductor memories, the 
perturbation of the electric field due to the stored charges 
between memory cells (Yupin effect) becomes increasing 
appreciable as the inter-cellular spacing shrinks. 
014.9 The Bit-by-Bit MLC Programming technique 
described in connection with FIG. 7 above is designed to 
minimize program disturb from cells along the same word 
line. As can be seen from FIG. 7B, in a first of the two 
programming passes, the thresholds of the cells are moved at 
most halfway up the threshold window. The effect of the first 
pass is overtaken by the final pass. In the final pass, the 
thresholds are only moved a quarter of the way. In other 
words, for D2, the charge difference among neighboring cells 
is limited to a quarter of its maximum. For D3, with three 
passes, the final pass will limit the charge difference to one 
eighth of its maximum. 
0150. However, the bit-by-bit multi-pass programming 
technique will be compromised by partial-page program 
ming. A page is a group of memory cells, typically along a 
row or word line, that is programmed together as a unit. It is 
possible to program non overlapping portions of a page indi 
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vidually over multiple programming passes. However, own 
ing to not all the cells of the page are programmed in a final 
pass together, it could create large difference in charges pro 
grammed among the cells after the page is done. Thus partial 
page programming would result in more program disturb and 
would require a larger margin for sensing accuracy. 
0151. In the case the memory is configured as binary 
memory, the margin of operation is wider than that of MLC. 
In the preferred embodiment, the binary memory is config 
ured to support partial-page programming in which non-over 
lapping portions of a page may be programmed individually 
in one of the multiple programming passes on the page. The 
programming and reading performance can be improved by 
operating with a page of large size. However, when the page 
size is much larger than the host's unit of write (typically a 
512-byte sector), its usage will be inefficient. Operating with 
finer granularity than a page allows more efficient usage of 
Such a page. 
0152 The example given has been between binary versus 
MLC. It should be understood that in general the same prin 
ciples apply between a first memory with a first number of 
levels and a second memory with a second number of levels 
more than the first memory. 
Logical and Physical Block Structures 
0153 FIG. 8 illustrates the memory being managed by a 
memory manager with is a Software component that resides in 
the controller. The memory 200 is organized into blocks, each 
block of cells being a minimum unit of erase. Depending on 
implementation, the memory system may operate with even 
large units of erase formed by an aggregate of blocks into 
“metablocks” and also “megablocks'. For convenience the 
description will refer to a unit of erase as a metablock 
although it will be understood that some systems operate with 
even larger unit of erase such as a “megablock formed by an 
aggregate of metablocks. 
0154 The host 80 accesses the memory 200 when running 
an application under a file system or operating system. Typi 
cally, the host system addresses data in units of logical sectors 
where, for example, each sector may contain 512 bytes of 
data. Also, it is usual for the host to read or write to the 
memory system in unit of logical clusters, each consisting of 
one or more logical sectors. In some host systems, an optional 
host-side memory manager may exist to perform lower level 
memory management at the host. In most cases during read or 
write operations, the host 80 essentially issues a command to 
the memory system 90 to read or write a segment containing 
a string of logical sectors of data with contiguous addresses. 
0.155. A memory-side memory manager 300 is imple 
mented in the controller 100 of the memory system 90 to 
manage the storage and retrieval of the data of host logical 
sectors among metablocks of the flash memory 200. The 
memory manager comprises a front-end system 310 and a 
back-end system 320. The front-end system 310 includes a 
host interface 312. The back-end system 320 includes a num 
ber of Software modules for managing erase, read and write 
operations of the metablocks. The memory manager also 
maintains system control data and directory data associated 
with its operations among the flash memory 200 and the 
controller RAM 130. 
0156 FIG. 9 illustrates the software modules of the back 
end system. The Back-End System mainly comprises two 
functional modules: a Media Management Layer 330 and a 
Dataflow and Sequencing Layer 340. 
0157. The media management layer 330 is responsible for 
the organization of logical data storage within a flash memory 
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0179 Channel: A physical path to access a chip or group of 
chips. Channels on a card are mutually exclusive. A channel 
can access one or more memory banks. 

Abstraction Level Terms 

0180 Data Page: The Abstraction Model Data Page maps 
to Physical NAND Layer Data Page. The Page can be pro 
grammed up to certain number of times depending on the 
memory technology and reliability requirements. Typically, 
Data Page can only be programmed once in MLC mode and 
4 times in Binary or lower-page-only modes. 
0181 Sector: Sector is 512 Bytes of host data identified by 
Logical Group number and offset within the Logical Group. 
0182 ECC Page: The theoretically minimum read and 
program data unit for the memory management with an ECC 
Page header, all data (2048 bytes in BE5, or 4 sectors worth of 
data) protected by single ECC, all stored together. One Data 
Page can map 2, 4 or 8 ECC Pages, depending on the Data 
Page size. 
0183 Meta-page: The maximum read and program unit in 
a bank. Meta-page comprises all data pages across a meta 
block which can be read and programmed concurrently. 
Meta-page consists of one or more die-pages. 
0184 Die-Page: The maximum read and program unit in a 
die. Die-page is made of all data pages across a die, which can 
be read and programmed concurrently. Die-page consists of 
one or more data pages. 
0185. Mega-page:The maximum read and program unit in 
a multi-bank product. Mega-page is made of all data pages 
across mega-block which can be read and programmed con 
currently. Mega-page consists of one or more meta-pages. 
0186 Meta-block: The minimum erasable unit used by the 
memory management system, comprises a set of physical 
blocks. Normally, all meta-blocks are parallel-connected 
meaning they can be accessed independently and concur 
rently. Physical blocks forming a meta-block may be located 
in planes within a single chip, or in planes distributed across 
multiple chips, accessible from the same channel. When a 
meta-block is a group of multiple physical blocks they must 
be organized according to the interleave rules for a chip, die, 
plane and page; each physical block of the meta-block is 
capable of being accessed in parallel to the other blocks in the 
same meta-block 

0187 Bank: The array of meta-blocks independently man 
aged by memory management system. The bank is one meta 
block, one meta-page wide. A flash based product can consist 
of one or more banks. 

Logical Level Terms 
0188 Logical Sector: A Logical Sector is 512 Bytes of 
host data identified by LBA within a logical partition. Every 
Logical Sector maps to an Abstraction Model sector, which is 
identified by Logical Group number and offset within the 
Logical Group. 
0189 LBA: LBA or Logical Block Address is an identifier 
for a logical sector in a logically contiguous partition. 
0.190 Logical Group: The group of contiguous logical 
sectors which maps to one meta-block. Capacity of Logical 
Group depends on meta-block's type (D1, D2, D3, or D4). A 
Logical Group corresponds to a same capacity group of logi 
cal sectors, which may or may not be logically contiguous in 
LBA space of a partition. 
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0191 Logical Mega-group: The group of contiguous logi 
cal sectors which maps to multiple meta-blocks. Capacity of 
Logical Mega-Group depends on meta-block's type (D1, D2, 
D3, or D4). A Logical Meta-Group corresponds to a same 
capacity group of logical sectors, which is logically contigu 
ous in LBA space of a partition. Logical Mega-Group is made 
of one or more Logical Groups from different banks. 

Memory Partitioned Into Main and Binary Cache Portions 
0.192 According to a general aspect of the invention, in a 
flash memory having an array of memory cells that are orga 
nized into a plurality of blocks, the cells in each block being 
erased together, the flash memory is partitioned into at least 
two portions. A first portion forms the main memory for 
storing mainly user data. Individual memory cells in the main 
memory being configured to store one or more bits of data in 
each cell. A second portion forms a cache for data to be 
written to the main memory. The memory cells in the cache 
portion are configured to store less bits of data in each cell 
than that of the main memory. Both the cache portion and the 
main memory portion operate under a block management 
system for which cache operation is optimized. 
0193 In the preferred embodiment, individual cells in the 
cache portion are each configured to store one bit of data 
while the cells in the main memory portion each stores more 
than one bit of data. The cache portion then operates as a 
binary cache with faster and more robust write and read 
performances. 
(0194 In the preferred embodiment, the cache portion is 
configured to allow finer granularity of writes than that for the 
main memory portion. The finer granularity is more compat 
ible with the granularity of logical data units from a host 
write. Due to requirement to store sequentially the logical 
data units in the blocks of the main memory, Smaller and 
chaotic fragments of logical units from a series of host writes 
can be buffered in the cache portion and later reassembly in 
sequential order to the blocks in the main memory portion. 
0.195. In one aspect of the invention, the decision for the 
block management system to write data directly to the main 
portion or to the cache portion depends on a number of pre 
defined conditions. The predefined conditions include the 
attributes and characteristics of the data to be written, the state 
of the blocks in the main memory portion and the state of the 
blocks in the cache portion. 
0196. The Binary Cache of the present system has the 
follows features and advantages: a) it increases burst write 
speed to the device; b) it allows data that is not aligned to 
pages or meta-pages to be efficiently written; c) it accumu 
lates data for a logical group, to minimize the amount of data 
that must be relocated during garbage collection of a meta 
block after the data has been archived to the meta-block; d) it 
stores data for a logical group in which frequent repeated 
writes occur, to avoid writing data for this logical group to the 
meta-block; and e) it buffers host data, to allow garbage 
collection of the meta-block to be distributed amongst mul 
tiple hostbusy periods. 
(0.197 FIG. 15 illustrates a host operating with the flash 
memory device through a series of caches at different levels 
of the system. A Cache is high-speed storage for temporarily 
storing data being passed between a high-speed and a slower 
speed component of the system. Typically high-speed volatile 
RAM are employed as cache as in a host cache 82 and/or in a 
controller cache 102 of the memory controller. The non 
volatile memory 200 is partitioned into two portions. The first 
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portion 202 has the memory cells operating as a main memory 
for user data in either MLC or binary mode. The second 
portion 204 has the memory cells operating as a cache in a 
binary mode. Thus, the memory 200 is partitioned into a main 
memory 202 and a binary cache. 
0198 FIG. 16 illustrates the metablocks in each bank 
being partitioned into a binary cache portion and a regular 
metablock portion. As will be described in more detail later, 
the binary cache portion has the memory storing binary data, 
whereas the regular metablock portion is configured as MLC 
memory that can store one or more bits of data per cell. FIG. 
16 also illustrates the mapping of addresses in host LBA 
address space to banks in a 4-bank memory. Meta-pages N 
and N-1 interleave across 4 banks, completely independent 
from each other. As described above, the memory arrays in 
each bank are organized into metablocks to which logical 
groups are mapped. 
0199 The host LBA address space comprises sequential 
LBA addresses within mega-pages, where a mega-page is the 
unit of programming parallelism, with size determined by 
required write speed to MLC flash. 
0200. The LBA address space for binary memory for a 
single bank comprises sequential LBA addresses within 
meta-pages, and sequential meta-pages within meta-blocks. 
For a 4-bank memory, every 4th meta-page in host LBA 
address space is a meta-page in the sequential LBA address 
space for one bank, making bank logical space 4 times 
smaller. An LBA address for a bank comprises a host LBA 
address with two relevant bits omitted. 

Media Management Layer 
0201 The Media Management Layer (MML) 330 (see 
also FIG. 9) is a module of the Back-End system 320 for 
managing the organization of logical data storage within a 
flash memory meta-block structure which it creates and main 
tains. Specific features include handling of partial meta-page 
programming, handling of non-sequential and repetitive 
updates, tables and lists used for logical-to-physical address 
translation and free block management, and wear leveling 
based on hot counts 
(0202 FIG. 17 illustrates processes within the Media Man 
agement Module. After initialization, a host data access man 
agement is responsible for managing data exchange with the 
dataflow and sequencing module 340 (see also FIG.9). When 
host data is received, it sends the host data either directly to 
the regular MLC portion or in transit to the binary cache 
(“BC) portion of the memory. If routed to the regular MLC 
portion, the data will be managed by a sequential update 
block management module. The sequential update block 
management module will have the data written page by page 
sequentially to one of a cluster of update blocks or to a newly 
allocated update block. If routed to the binary cache (“BC) 
portion, the data will be managed by a BC management 
module. The BC management module will have the data in 
units of ECC pages written into one or more subpages. In 
either cases, new block may need to be allocated or obsolete 
blocks recycled in cooperation with an erase (free) metablock 
management module. A set of control data is generated and 
maintained during the various block manipulations and data 
storage into the blocks. The control data includes BC indices, 
erased metablock lists, group address table (“GAT). The 
control data are managed by the modules described earlier as 
well as a control data update module and a metablock linking 
module. The translation between logical to physical 
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addresses is handled by a logical to physical address transla 
tion module operating with the group address table. 

Host Data Storage 

0203 FIG. 18 illustrates the mapping of host logical data 
to the memory physical memory. All LBAS in all partitions 
are mapped to Logical Groups—Binary, or MLC, where 
MLCLogical Groups can be designated as stored in full MLC 
mode (D2 or D3) or lower-page only mode. 
0204 Every Logical Group is mapped to an Intact block. 
Those Logical Groups which were updated non-sequentially 
can have some data stored in one ore more Update Blocks. 
Also, Binary Cache blocks can contain fragments for Logical 
Groups, regardless if they have Update Blocks or not. 

Host Write to Cache or Main Memory 

0205 FIG. 19 illustrates the possible data paths and pro 
cesses from the host to the metablock of the main memory via 
the binary cache. The host data is slated for the metablocks in 
the main memory 202. The depending on conditions, the data 
is either written directly to the main memory 202 or indirectly 
via the binary cache 204. The following is a list of the pro 
cesses and management modules for the various routing 
shown in the figure. 
(0206 (1) Binary Cache write from host 
0207 (2) Meta-block write from host 
0208 (3) Meta-block write from Binary Cache 
0209 (4) Binary Cache write management 
0210 (5) Binary Cache block management 
0211 (6) Meta-block write management 
0212 (7) Meta-block management 
Each of these processes and management modules will be 
described in more detail in the following sections. 

(1) Binary Cache Write From Host 

0213 FIG. 20 is a flow diagram of the algorithm in deter 
mining ifa write is to the binary cache or to the main memory. 
At a high level, the algorithm for determining whether a host 
write is to write to the binary cache or to the MLC is based on 
a combination factors. 

0214 First factor is the characteristics of the data in each 
command write including the pattern of write history. Gen 
erally, the write data will (weighing in other factors) prefer 
ably be directed to the binary cache if the write is for a short 
fragment, and/or starting logical address, and/or a partial 
page, and/or non-sequential relative to recent previous writes. 
Otherwise the write data will be directed to the main memory. 
0215 Second factor is the characteristics or state of the 
update blocks in the main memory. Generally, the write data 
will (weighing in other factors) preferably be directed to the 
main memory if there is an update block already open for the 
logical group of the write data and/or if the write data has a 
logical address that is within a predefined range from an 
existing one in an opened update block, and/or if an update 
block is not otherwise unavailable. Otherwise the write data 
will be directed to the binary cache. 
0216. Third factor is the characteristics or state of the 
binary cache. Generally, the write data will (weighing in other 
factors) preferably be directed to the binary cache unless it 
becomes full or unavailable for some reason. 
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0217 STEP 400: Start. 
0218 STEP 402: Is data characteristics and write pattern 
obviously suitable for main memory? If so proceed along line 
431 to write to main memory in STEP 430. Otherwise pro 
ceed to STEP 404. 
0219. In the preferred embodiment, the write data is exam 
ined if it conforms to “Secure Digital (SD) speed class data’. 
For example, the write data is considered so if all the follow 
ing conditions are met. 1) The previous write data for the 
logical group relating to the current write segments started at 
an RUsize boundary, its length was a multiple of the RU size 
(Unit of RU size is 16 KB).2)The current write segment starts 
at an RU size boundary and its length is greater than or equal 
to the RU size. 3) The current write segment is sequential to 
the previous write. 
0220 STEP 404: The state of the main memory is exam 
ined. If a set of predefined conditions are satisfied, proceed 
toward a main memory write by going to STEP 408. Other 
wise proceed to STEP 406. 
0221. In the preferred embodiment, a predefined condition 

is that an update block for the logical group of the write data 
already exists. 
0222 STEP 406: The starting address of the write data is 
matched to the next write location in the update block in the 
main memory. If not sequential, can the gap be filled without 
excessive padding with existing data to make the write 
sequential? If so, proceed along line 431 to write to main 
memory in STEP 430. Otherwise proceed to STEP 410. 
0223) In the preferred embodiment, the write is to main 
memory if all the following conditions are satisfied: 1) The 
write includes the last sector in a page. 2) The Forward Jump 
or pad size is less than J (Short Forward Jump) metapage. 3) 
The pad sectors are available from either the binary cache, 
update block or intact block in the main memory. 
0224) STEP 408: The host write history is examined. If it 
follows a Substantially sequential pattern, proceed along line 
431 to write to main memory in STEP 430. Otherwise pro 
ceed to 

STEP 410. 

0225. In the preferred embodiment, the write is to main 
memory if all the following conditions are satisfied: 1) At 
least two metapages of sequential sector are present prior the 
first sector of the write. In that case a new update block will be 
open to store the sequential stream. 
0226 STEP 410: Is the write data less than a page? If so, 
proceed along line 421 to write to binary cache in STEP 420. 
Otherwise proceed to STEP 412. 
0227 STEP 412: With at least a page to be written, the 
binary cache is examined if its capacity is nearly full. If so 
write to the main memory instead by proceed along line 431 
to write to main memory in STEP 430. Otherwise proceed to 
STEP 414. 
0228. In the preferred embodiment, the write is to main 
memory if the binary cache is in partial page mode only. The 
binary cache is in partial page mode when the Volume of valid 
data in the cache is near (by a predefined amount) the cache 
capacity. In that case, the binary cache only allows partial 
page write to slow down memory consumption. 
0229 STEP 414: Is that an update block already open for 
the logical group of the write data? If so, proceed to test if the 
data could not easily be tacked on to the update block sequen 
tially in STEP 416. If there is no such update block opened, 
proceed to test if an update block can be opened in STEP 418. 
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0230 STEP 416: Test if the data is fragmented and non 
sequential and therefore could not easily be tacked on to the 
existing update block sequentially. If so, proceed along line 
421 to write to binary cache in STEP 420. Otherwise proceed 
to write to main memory in STEP 430. 
0231. In the preferred embodiment, the write is a binary 
cache write if either of the following conditions applies: 1) 
The segment to be written has lengths 128 sectors, and can 
not be written sequentially to the last-written sectorin an open 
MLC update block. Note that data may be written sequen 
tially if any gap may be padded with data moved from any 
Source, in accordance with rules for MLC write management. 
2) Remaining segment data to be written occupies a partial 
page. 
0232 STEP 418: Test if the ability to open a new update 
block is not limited in the main memory. If so, proceed along 
line 421 to write to binary cache in STEP 420. Otherwise 
proceed to write to main memory in STEP 430. 
0233. In the preferred embodiment, the write is a binary 
cache write if both of the following conditions apply: 1) The 
segment to be written has lengths 128 sectors. 2) The maxi 
mum number of total update blocks that may exist is reached. 
Note: In all main memory write cases, the beginning/ending 
fragment of a write (Partial Page Write) is written to the 
binary cache. 
0234 STEP 420: Write data to binary cache. Proceed to 
end write command in STEP 440. 
0235 STEP 430: Write data to MLC main memory. Pro 
ceed to end write command in STEP 440. 
0236 STEP 440: End write command. 
0237 As can be seen from the example flow diagram of 
FIG. 20, the decision to cache data or write directly to main 
memory is a function of the characteristics of data to be 
written, the host write history, the state of the update blocks in 
the main memory and the state of the binary blocks in the 
binary cache. 

Sequential Writes to MLC Main Memory 
0238. The state of the update blocks, not only involve 
availability, but also if the data could be easily written to it 
sequentially. In the preferred embodiment, the main memory 
contains two types of blocks. An intact block is one where a 
logical group completely fills a metablock sequentially with 
out any obsolete data. As soon as some of the logical units in 
the metablock are revised, the updated units are stored in a 
cluster of update blocks for that logical group. The update 
logical units are stored in an update block sequentially, so the 
state of the update block also involve whether the logical 
address of the data to be written follows sequentially to the 
last address written on any of the update blocks in the cluster. 
In cases where there is no match, sequence can still be main 
tained by padding, i.e., filling the intervening gap by copying 
valid logical units thereto. However, this padding process 
should only be applied moderately. 
0239 FIG. 21A illustrates a first example of a sequential 
write to the last page in an open MLC update block. If the 
write is not a partial page write, then it is always written to the 
MLC, with the remaining partial page write (if any) written to 
the binary cache. In the example shown in FIG. 21A, for host 
write of logical units 50-58, logical units 50-57 are written to 
the MLC with the remaining partial page of logical unit 58 
written to the binary cache. 
0240 FIG. 21B illustrates a second example of a sequen 

tial write to the last page in an open NLC update block. For 
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host write of logical units 50-60, logical units 50-5F are 
written to the MLC with the remaining partial page of logical 
unit 60 written to the binary cache. 
0241. If the write is a partial page write, then it is always 
written to the binary cache. 
0242 FIG. 22A illustrates a first example a write that is 
sequential to the last sector of the logical group written to the 
binary cache. If the condition of STEP 406 of FIG. 20A is 
satisfied, then along with the padding in the binary cache, the 
write is written to the update block. For the first example, 
since the host write 54-57 is a partial page write and does not 
have the last sector of a metapage, 54-57 is written to the 
binary cache. 
0243 FIG.22B illustrates a second example a write that is 
sequential to the last sector of the logical group written to the 
binary cache. In the second example, since the host write 
SF-60 satisfies the condition of STEP 406 of FIG. 20A. 
Except for the remaining partial page write (60), the host 
write is written to the MLC with intermediate data padded 
with data from the binary cache. 
0244 If the condition of STEP 408 of FIG. 20A is satis 

fied, an update block is open for the write. Except for the 
remaining partial page write of the host write, the host write 
is written to the MLC with intermediate data padded with data 
from the binary cache. 
0245. If the conditions in STEP 406 and STEP 408 of FIG. 
20A are not satisfied, then the write is written into the binary 
cache. 
(2) Meta-Block Write from Host 
0246. If the condition of STEP 402 of FIG. 20A is satis 

fied, the host write will be written directly to the metablock 
(update block) of the main memory. If a logical group is 
written the first time, there is at least one update block avail 
able for use, and if the write data is not a partial segment, then 
the data is written to an update block. For example meta-page 
size is 8 sectors. In case of data to be written is 8 sectors also, 
it is written to an update block. If the data to be written is 9 
sectors, then first 8 sectors go to an update block and the last 
sector goes to the Binary Cache. 
0247 Any data present in the Binary Cache that should be 
written together with data from the host in accordance with 
rules for meta-block write management (described later) is 
moved from the Binary Cache to the meta-block. 
(3) Meta-Block Write from Binary Cache (Cache Flush) 
0248. The binary cache is of finite capacity and its cached 
data will need to be flushed and archived periodically to make 
room. Cached data is archived by logical group. The consid 
eration for which logical group to archived includes: how full 
the binary cache is; the existence of certain “sticky logical 
groups'; and the amount of indexing required for keeping 
track of the fragments from a logical group in the binary 
cache. Archiving of a logical group is classified/scheduled as 
follows: 
0249 1. As foreground operations, interleaved with writ 
ing data from the host to either cache or MLC. Archiving of all 
data for a logical group is performed at the end of a write 
Segment. 
0250 2. As a background operation, when the host inter 
face is idle. 

Data Archiving Per BC Utilization (Foreground Operation) 

0251 FIG. 23 illustrates the binary cache utilization. 
Since the binary cache is implemented by the same block 
structure as the main memory, the blocks will contain valid 
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data and obsolete data and what is left will be the unwritten 
capacity. Data archiving to MLC is performed by archiving 
data to MLC for a selected logical group for which an open 
MLC update block may or may not exists. Data archiving is 
enabled when valid data in the cache 2 a predetermined 
percentage of cache capacity. 
0252. A logical group is selected for archiving according 
to the following algorithm: 
0253 1. A logical group for which no open MLC update 
block exists and with highest volume of valid data in the cache 
is selected as a candidate. However, the “sticky' logical group 
as described in item 2 of a later section are excluded from the 
selection. The selected logical group need not have the abso 
lute highest volume of valid data, but may have a locally 
highest value according to groupings set by the control struc 
tures (e.g., cached Binary Cache Index (BCI) pages). If Such 
logical group does not exist according to groupings set by the 
control structures, other groupings set by the control struc 
tures (BCIs) will be read until such logical group is found. 
0254 2. A logical group for which an open MLC update 
block exists and with highest volume of valid data in the cache 
is selected as a candidate. However, the “sticky' logical 
groups as described in a later section (item 1 and 2) are 
excluded from the selection. In all cases, the selected logical 
group need not have the absolute highest Volume of valid data, 
but may have a locally highest Value according to groupings 
set by the control structures. If Such logical group does not 
exist according to groupings set by the control structures, then 
no candidate in other groupings needed to be found (i.e., no 
additional BCIs have to be read in). 
0255 3. For the final logical group selection, the logical 
group for which no open MLC update block exists is given a 
bias of W 2K entries. 
0256 That is, if (the volume of valid cache data of the 
logical group with no open MLC update block+W 2K entries) 
is greater than or equal to (the volume of valid data of the 
logical group with open MLC update block), then the logical 
group with no open MLC is selected for archiving. Otherwise, 
the logical group with open MLC update block is selected for 
archiving. The comparison is with the number of entries that 
are going to be copied to the update block. 
0257 Alternatively, early data archiving is enabled when 
the following three conditions are all met: 
0258 1. Valid data in the cache 2 a first predetermined 
percentage of cache capacity 
0259 2. The number of valid data entries/number of valid 
fragments is is a predetermined number, where the number is 
measure for determining if the cache contains a high number 
of Small fragments. 
0260 3. Archiving of the selected LG candidate will not 
bring Valid data in the caches a third predetermined percent 
age of cache capacity. 
0261 Normal data archiving is enabled when Valid data in 
the cache 2 a fourth predetermined percentage of cache 
capacity 
0262 Alternatively, in the selection of logical group for 
Data Archiving (instead of relying on locally cached BCI for 
selection, more BCIs are examined to find a more “optimal' 
logical group for consolidation). 
0263. If within the cached BCI page(s), the number of 
logical group (if any) without an open update block is less 
than N and the largest logical group with an open update 
block (if any) has less than X valid binary cache entries, then 
read in additional BCI pages until: 
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0264 a) at least N logical groups without open update 
blocks have been found (accumulatively) and compared; or 
0265 b) at least MBCI pages have been read; or 
0266 c) at least a logical group with an open update block 
that has greater than or equal to X valid BC entries have been 
found. 
0267. When a logical group with no open MLC update 
block is selected all data in cache relating to that logical group 
is written into a new update block and then closed. When a 
logical group with an open MLC update block is selected, 
only data in cache that is required to close the update block is 
copied in the update block and closed. 
0268 Moving data from binary cache to MLC is also 
performed if required during a write or block management 
operation that is taking place in MLC. 
"Sticky' Logical Groups Excluded from Archiving 
0269. For archiving, certain designated logical groups will 
be excluded from being selected for consolidation. For 
example: 
0270) 1. The logical group corresponding to the MRU 
MLC update block 
0271 2. The logical group of the write access that results 
in a previous Binary Cache consolidation will be excluded 
(see FIG. 24) if there is no intervening write access to any 
other logical group in between the access and the new con 
Solidation. 
0272. 3. Special logical groups that are accessed fre 
quently and randomly, for example those that hold the FAT 
tables. 
0273 FIG. 24 illustrates the “sticky' logical group 
excluded from archiving. 

DataArchiving Per LG Index Utilization (Foreground Opera 
tion) 
0274. When the total number of index entries used by a 
logical group is 2C96 maximum number of index entries in 
and BCI, the LG is archived. 

Idle Time Archiving (Background Operation) 

0275 An idle time archiving will be initiated when all of 
following conditions are satisfied: 

0276 BC utilization is above K% (K is a new param 
eter) 

0277 Idle time from the last write command is Tus (T 
is a new parameter) 

0278. An ongoing idle time archiving will pause on receiv 
ing a new write command that results in a foreground data 
archiving (normal archiving or data archiving per LG index 
Utilization). The archiving will resume after the foreground 
data archiving. If the LG of the new command corresponds to 
the LG of the ongoing idle time archiving, then the idle time 
archiving of the LG will be terminated (the corresponding 
block will be returned to the freelist) 
0279 LG selection algorithm for idle time archiving is as 
followed: 

0280. The first LG in the cached BCI that is not in the 
MRU list and does not have an open update block will be 
selected for archiving. 
0281. If suchLG is not found in the cached BCI, additional 
BCIs will be read until one is found (using the same selection 
algorithm in the last bullet item) 
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(0282. The length of the MRU list will be M (M is a new 
parameter). If the # of LG is less than M, then the oldest LG 
with no open update block in the MRU list will be selected for 
consolidation. 

(4) Binary Cache Write Management 
0283 Binary Cache write management operates in accor 
dance with the following rules: 
0284 Data fragments are written to the Binary Cache with 
a size granularity of 2 KB. 
0285 Data fragments in the Binary Cache are not aligned 
to LBA address space. 
0286 There may be a maximum of 128 fragments in the 
Binary Cache for any single logical group. 
0287. There is no restriction on the total number of frag 
ments in the Binary Cache. 
0288 Data is written only to a single binary cache block 
currently designated as the binary cache write block, irrespec 
tive of the LBA of the data. When this block is filled, a 
physical block is designated as the new binary cache write 
block. 

Data Alignment in the Binary Cache 
0289 Data stored in the BC is aligned to Banks similarly 
to the alignment in the regular MLC blocks, i.e. data that will 
eventually be written to a specific MLC bank will be stored in 
a Binary Cache Block within the same Bank. This is required 
in order to support independent Bank operation. Data within 
each Bank (within each meta-page) is not aligned—data can 
bestored into each 2 KB entry starting with any LBA and with 
any length. No prefpost padding is needed. If the data to be 
stored is not a multiple of 2 KB, then the last 2 KB will be 
partially written (padded with Zeros). The next write will start 
with the next available 2 KB unit. Within every 2 KB unit the 
data will be sequential. 
0290 FIG. 25 illustrates an example of a host update that 

is written to the Binary Cache with data alignment. 
0291. The host updates sectors 0xC-0x11. Since this trans 
action is short, and not sequential to a previous write, it is 
written to the BC. In this example, in order to keep the 
Bank-alignment, sectors 0xC-0xF are written to a Binary 
Cache block in Bank0 and sectors 0x10-0x11 are written to a 
Binary Cache Block in Bank1. The write is split into 2 dif 
ferent writes, even though it could have all been written to 
either one of the Banks using a single write operation. 

(5) Binary Cache Block Management 
0292 Cache compaction is enabled when unwritten 
capacity.<-size of current data segment or when the unwritten 
capacity is less than 128 sectors. (See FIG. 23.) 
0293. The binary cache block (excluding the cache write 
block) containing the least amount of valid data is selected to 
be compacted. If there are more than one binary cache block 
meeting the condition, the LRU one is selected. 
0294 The general rule for the compaction: 
0295 All valid data from the selected block is copied in 
increasing LBA order to the cache write block, and the 
selected block is erased (or marked for erasure). 
0296. No on-chip copy is used for compaction 
0297 Copy is done at min (64 sectors, MetapageSize) at a 
time in BCB compactions or BCB sector move. The last write 
may not end at a unit boundary and writes whatever sectors 
are left to write. 
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0298 For efficiency and performance, a minimum of 2 
indices should be temporarily cached in addition to the indi 
ces already in the index cache. After the compaction is fin 
ished, these temporarily cached indices are thrown away and 
the contents of the index cache are kept same as before start 
ing the compaction. 
0299 Compaction of a binary cache block is scheduled as 
follows. 
0300 1. As a background operation, when the host inter 
face is idle. 
0301 2. As foreground operations, interleaved with writ 
ing data from the host to either binary cache or MLC. The full 
selected cache block is compacted either immediately before 
or immediately after a data segment is written to the cache. 

(6) Meta-Block Write Management 
0302) 
below: 

0303 1. 
exist=D. 

0304 2. Maximum update blocks that may exist for any 
one logical group=E. 

0305 3. Maximum logical groups for which more than 
one update block may exist=F. 

0306 A new update block may be opened for data to be 
written, if does not exceed any of the limits specified above. 
0307 If a new update block is required, but cannot be 
opened because one or more of the maximum limits would be 
exceeded, a meta-block block management operation must 
first be performed. 
0308 Data is written in the most recently written update 
block for the logical group to which the data belongs, if the 
following condition is applied: 
0309 The data has a forward LBAjump sG from the last 
written data in the meta-block. In this case, data for any 
intervening LBAs is moved from its current location in the 
Binary Cache or meta-block to pad the jump. 
0310. In all other cases, a new update block for the logical 
group must first be opened. 
0311 Data is written in an update block in LBA order. The 
meta-block may start with any LBA, with LBA wrapping 
round at the end of the logical group. 
0312 Data is written to an update block with a size granu 

larity of one meta-page. 
0313 Data in an update block is aligned to LBA address 
space with a granularity of one meta-page. 

There are certain update block limits as shown 

Maximum total update blocks that may 

(7) Meta-Block Management 
0314. When a new update block cannot be opened as 
required by meta-block write management, a consolidation 
operation is performed to reduce the existing number of 
update blocks in the category which limit would be exceeded. 
A consolidation operation may have one of the following 
forms: 
0315 1. Full consolidation for a logical group, which 
results in all data for the group being located in LBA order in 
a single meta-block, and one or more blocks being made 
available for erasure. 
0316 2. Partial consolidation for a logical group, which 
results in one meta-block being made available for erasure. 
0317 Full consolidation is used, unless a new update 
block is required for a logical group already having an update 
block, in which case a partial consolidation is preferred. 
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0318. During full consolidation, all data for a logical 
group is moved in LBA order from its current location in the 
Binary Cache or a meta-block to the most recently written 
update block for the logical group, and all meta-blocks con 
taining obsolete data for the logical group are freed, ready for 
C-US. 

0319. The least recently written logical group with a single 
update block is selected for full consolidation. 
0320 Partial consolidation is only performed on a logical 
group with multiple update blocks. The update block for 
which consolidation can be performed with the least move 
ment of data is selected. Data is moved from this selected 
block to the most recently written update block for the logical 
group, after which the selected block is erased. Data may also 
be moved from other update blocks for the logical group 
during the consolidation, to pad LBA gaps. 
0321 Partial consolidation for a logical group is not pos 
sible if the most recently written update block would overflow 
in the course of the operation. In this case, full consolidation 
is performed on the logical group. 
0322 FIG. 26 is a table of example parameter values. The 
current values for parameters referenced in this document are 
shown in the following table. For references, the correspond 
ing parameters in the Bermuda Simulator are included in 
parenthesis. 

Binary Cache 

0323. The Binary Cache stores fragments of information 
in its own binary store. The Binary Cache is a slave of the 
Update Manager (UM) and has access to certain blocks of 
flash memory via the Low Level Sequencer (LLS). It has the 
ability to store and retrieve data passed to it from the UM. It 
can make data obsolete at the request of the UM. It has the 
ability to manage its own data effectively. 
0324. The Binary Cache contains the following control 
structures held persistently in Flash and moved into RAM as 
required for address translation. A fragment header is main 
tained in each fragment store in its subpages and pages. 
Binary cache index (BCI) to keep track of the fragments 
among the binary blocks. 
0325 FIG. 27 is a table showing partial description of the 
fragment header. The fields are logic group number, sector 
offset in LG, length of the fragment, and UbOverwriteFlags 
which is a flag to indicate if the fragment overwrites Update 
Block. 
0326 FIG. 28 is a table showing partial description of 
binary cache index. BCI records are used to aid rapid indexing 
offragments. Each BCI record stores information about frag 
ments belonging to a range of logical groups. A BCI record 
has a fixed size and fits inside a single ECC Page. If there is 
not enough free space inside the BCI record to store addi 
tional fragment descriptions, the BCI is split into 2 BCIs. 
Each BCI record references a discrete range of logical groups 
(and their fragments). Each BCI covers a non overlapping 
section of the possible logical group range. 
0327. The binary cache index stores directory information 
about fragments belonging to a range of logical groups. To 
control the size of a BCI, the device's logical address range is 
divided into a number of sections or Zones. Thus Zone is a 
grouping of logical groups. Each Zone is an independent 
entity, and manages its own logical address range. Each Zone 
is further subdivided into logical areas which directly relate to 
the fragment data to be stored in the cache. 
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0328 Zones are required because there is a limitation on 
the number of fragments that can be stored in a set of Binary 
Cache Indexes. Each Zone can contain a full range of BCIs. 
On devices with large address ranges several Zones may be 
present, on simple devices only one Zone will exist. BCIs 
address logical ranges within a Zone. The range of addresses 
and number of BCIS dynamically alters as fragments are 
added and made obsolete from the Binary Cache. 
0329 FIG. 29 illustrates the logical address range in the 
Binary Cache. 
0330 FIG.30 illustrates BCI being stored in any block in 

its own Zone. In each Binary Cache Zone, fragments for any 
Logical Group and any BCI can be stored in any blocks in the 
Zone. Each fragment takes at one or more ECC page. ECC 
page can store only one consecutive fragment. 
0331 FIG.31 is a flow diagram illustrating a fundamental 
read sequence for accessing the BCI index for a fragment. 
When a read access is made to the Binary Cache, the appro 
priate Zone is selected and the BCI directory record is parsed 
to find correct BCI. This BCI is accessed to load the required 
fragment as can be seen in FIG. 31. 
0332 STEP450: Use cached BCI Directory to locate BCI. 
0333 STEP 452: Load BCI into RAM if not already 
present 
0334) STEP 454: Does fragment have an index? If exists, 
proceed to STEP 460. Otherwise proceed to STEP 456. 
0335 STEP 456: Fragment data exists >address? If so, 
proceed to STEP 460. Otherwise proceed to STEP 458. 
0336 STEP 458: Return “False”. 
0337 STEP 460: Return data pointer, sector and length. 
0338 BCI records are used to aid the indexing mechanism 
in a RAM limited system. One BCI references up to 64 logical 
groups, and up to 128 fragments per logical group. BCIS refer 
to fragments within logical groups and to other BCIS. 
0339 FIG.32 illustrates the relationship between BCI and 
fragments in a binary block. 
0340 FIG. 33 illustrates adding fragments to logical 
group 2 results in change in BCI references. When a new 
fragment, Frag LG 2, is added, a new BCI record, BCI 3, is 
also added. BCI 3, will reference Frag LG 2 as well as all 
existing BCI records, such as BCI 2 and BCI 1. 
0341 The BCI dictionary is used to locate BCI records. It 
references to BCI records in ascending numeric order i.e. the 
lowest Logical Address is listed first, ascending to the highest. 
To aid searching the fragment logical group information is 
stored in ascending numeric order in the BCI record. 
0342. It is important that when a read request is made to 
the BC that the most recent data is returned and that this 
process is carried out as efficiently as possible. It is possible 
that a host writes data repeatedly over a small range of sectors 
within a logical group, including writing to the same sector 
multiple times. As the fragments arrive in the BC they are 
added to the next free location on the physical binary store. As 
the fragments arrive the BCI record is built up in RAM. 
(0343 FIG. 34 illustrates the BCI records in RAM getting 
reorganized dynamically. As the fragments arrive the BCI 
record is built up in RAM. Fragments in any logical group are 
Sorted in ascending sector order. As shown, the BCI is 
updated with the storing of each fragment and is sorted in 
logical group number and sector number. When a previously 
written logical unit is being updated, the updated BCI should 
remove the reference to the previously written logical unit. In 
transaction #4, sectors 1-2 of LG) is new and therefore the 
previous index to these logical sectors should be replaced. 
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This can result in logical group's info being edited as they are 
applied to the BCI and can force fragment reference splitting. 
The data from all fragments is still in the binary store. They 
have not been moved by this procedure, it is only the refer 
ences to them that have been adjusted. 
0344 Sometimes it is required to split a BCI record into 
two. This occurs when a fragment write procedure wishes to 
add to a BCI, but there is insufficient space in the BCI for new 
fragments or Logical Groups. A BCI split operation results in 
two new BCIs with as similara byte size as possible. The split 
occurs on a Logical Group boundary. The BCI dictionary is 
updated to include the new BCIs and remove the old ones. A 
BCI split operation requires a temporary EEC page buffer to 
be allocated. 
(0345. After a BCI split the start ID of the second new BCI 
has to be decided. It must be > the last logical group in the first 
new BCI. It also must be s the first Logical Group ID of the 
second BCI. If the split of the initial BCI resulted in a divide 
at towards the upper end of the physical BCI area then prob 
lems can occur during future writes. 
0346 FIG. 35 illustrates how choosing a wrong start in 
split operation reflects further splits in BCI. There is a danger 
that future writes to the 1st new BCI will result in further 
splits. There is no room for further insertions into 1st new 
BCI. This situation can be controlled by choosing the start LG 
for the 2nd new BCI carefully. An algorithm based on free 
space in 1st new BCI versus allowed LG indexes can ensure 
that future LGs will get placed in the BCI with the most 
available space. 

Binary Cache Compaction 
0347 BC compaction is where one of the BC physical 
blocks has its valid contents (i.e. those which are referenced 
by valid BCI record) moved to a new meta-block. The original 
block is marked for deletion. This results in an increased free 
space in the new Binary Cache block, as only valid fragments 
will be moved. 
0348. It is configurable as to whether the compaction pro 
cedure uses a new block or the currentactive physical block as 
its destination. 
0349. A Binary Cache meta-block (or just block to shorten 
the name in the description) can hold data from multiple 
logical groups and from multiple BCI records. 
0350 All valid fragments must be located and moved to 
the destination page. 
0351 FIG. 36 is an example of a pseudo code for binary 
cache compaction. 
0352. During compaction phase all dirty BCI records 
(Dirty BCI-BCI record held in RAM, may have been modi 
fied) (whether dirty before compaction or became so by 
updates during compaction) are saved to destination block. 
After successful compaction the “original block in the Zone 
is replaced with created one. The “Current write position' for 
a Zone is set to next available page in “new” block. 
0353. The ideal physical block for compaction can be 
selected by managing a count that measure the amount of 
obsolete fragments. 
0354 An optimization to the above procedure which may 
save many flash read accesses is to store a BCI record in the 
last page of every block of the BC. 
0355 Once the physical block for compaction has been 
selected the BCI in the final page of the block can be read. 
This BCI may no longer be valid for normal operation, as 
much of its data may have become obsolete. However what 




















