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WEAR LEVELING TECHNIQUES FOR
FLASH EEPROM SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a continuation of application Ser. No.
09/108,084, filed Jun. 30, 1998, now U.S. Pat. No. 6,594,183
which in turn is a continuation of application Ser. No.
07/759,212 filed Sep. 13, 1991, now U.S. Pat. No. 6,230,233
B1, issued on May 8, 2001, which applications are incor-
porated herein in its entirety by this reference.

BACKGROUND OF THE INVENTION

This invention relates generally to mass digital data
storage systems using flash electrically erasable and pro-
grammable read only memory (“EEPROM”) technology,
and, more specifically, to techniques of controlling the use of
such systems in order to improve their useful life.

An advantage of using EEPROM technology is that a
solid-state, non-volatile memory is provided, which can be
repetitively reprogrammed. Each EEPROM cell includes an
electrically floating gate positioned over a substrate channel
between source and drain regions. A thin gate oxide layer
separates the floating gate from the substrate. The threshold
level of the cell is controlled by an amount of charge that is
placed on the floating gate. If the charge level is above some
threshold, the cell is read to have one state, and if below that
threshold, is read to have another state.

The desired floating gate charge level is programmed by
applying an appropriate combination of voltages to the
source, drain, substrate and a separate control gate, for a
designated period of time, in order to cause electrons to
move from the substrate to the floating gate through the gate
oxide layer. Current leakage from the floating gate is very
small over time, thereby providing permanent storage. The
charge level on the floating gate can be reduced by an
appropriate combination of voltages applied to the elements
described above, but it is preferable to include a separate
erase gate that is positioned adjacent the floating gate with
a thin layer of tunnel oxide between them.

Alarge number of such cells form a memory. The cells are
preferably arranged on a semiconductor integrated circuit
chip in a two-dimensional array with a common control gate
provided for a row of such cells as a word line and the cells
in each column having either their drain or source connected
to a common bit line. Each cell is then individually addres-
sable by applying the appropriate voltages to the word and
bit lines that intersect at the desired cell. Rather than
providing for such individual addressing for the purpose of
erasing the cells, however, the erase gates of a block of cells
are generally connected together in order to allow all of the
cells in the block to be erased at the same time, i.e.,in a
“flash”.

In operating such a memory system, cells can be rewritten
with data by either programming with electrons from the
substrate or erasing through their erase gates, depending
upon the state in which they are found and the state to which
they are to be rewritten. However, flash EEPROM systems
are generally operated by first erasing all of the cells in a
erasable block to a common level, and then reprogramming
them to desired new states.

Flash EEPROM mass storage systems have many advan-
tages for a large number of applications. These advantages
include their non-volatility, speed, ease of erasure and
reprogramming, small physical size and similar factors.
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Because there are no mechanical moving parts, such systems
are not subject to failures of the type most often encountered
with hard and floppy disk mass storage systems. However,
EEPROM cells do have a limited lifetime in terms of the
number of times they can be reprogrammed or erased. As the
number of cycles to which a cell is subjected reaches a few
tens of thousands, it begins to take more voltage and/or time
to both program and erase the cell. This is believed due to
electrons being trapped in the respective gate and tunnel
dielectric layers during repetitive programming and erase
cycles. After a certain number of cycles, the number of
electrons that are so trapped begin to change the operating
characteristics of the cell. At some point, after one hundred
thousand or more such cycles, so much voltage or time is
required to either program or erase the cell, or both, that it
becomes impractical to use it any further. The lifetime of the
cell has at that point ended. This characteristic of EEPROM
cells is described in European Patent Application Publica-
tion No. 349,775—Harari (1990).

Therefore, it is a principal object of the present invention,
given a finite lifetime of individual EEPROM cells, to
maximize the service lifetime of an entire mass storage
EEPROM system.

SUMMARY OF THE INVENTION

This and additional objects are accomplished by the
present invention, wherein, briefly and generally, the
EEPROM array of cells is divided into two or more inter-
changeable banks of cells, each bank having one or more
blocks of cells. A block is the smallest group of cells that is
erasable or programmable at one time. A memory controller
provides for interchanging such banks over the lifetime of
the memory at times when it is detected that they are
receiving significantly uneven use.

If such an interchange, or wear leveling, is not carried out
in the case where there is significantly uneven use among
groups of EEPROM cells, one group will reach its end of
lifetime while other groups have significant life left in them.
When one group reaches an end of lifetime, the entire
memory may have to be replaced unless extra groups of
memory cells are included in the system for replacing those
that reach their lifetime. However, the techniques of the
present invention allow for extending overall memory sys-
tem lifetime without having to provide such replacement
groups of memory cells. The ability to interchange groups of
cells to result in more even wear among the groups is
particularly advantageous in computer system applications
wherein flash EEPROM memory is used in the nature of a
disk drive. This is because the memory is subjected to
frequent erase and reprogramming cycles in some groups
but not others, and since the large capacity of the memory
would require a large number of spare groups in order to
obtain a reasonable memory system lifetime without use of
the group interchange technique of the present invention.

Additional objects, advantages and features of the various
aspects of the present invention will become apparent from
the following description of its preferred embodiments,
which description should be taken in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 generally illustrates in block diagram form a
computer system with non-volatile solid state memory that
utilizes the various aspects of the present invention;

FIG. 2 schematically illustrates ways in which the solid
state memory in the system of FIG. 1 may be operated in
accordance with the present invention;
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FIG. 3 shows in block diagram form a specific type of
memory system of FIG. 1 in which the present invention is
utilized;

FIG. 4 shows a preferred organization of a block of
memory cells of the system of FIG. 3;

FIG. § is a flow diagram showing a preferred operation of
the memory system of FIGS. 3 and 4; and

FIGS. 6A, 6B and 6C illustrate certain operations set forth
in the flow diagram of FIG. 5.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In order to set forth one environment in which the
improved memory system of the present invention may be
utilized, FIG. 1 shows a general computer system that
includes flash EEPROM memory array 11 whose operation
is controlled by a memory controller 13. The memory
system 11 and 13 is connected to a computer system bus 15,
to which also are connected a system controlling micropro-
cessor 17, random access memory (“RAM™) 19, input/
output circuits (“I/0”) 21, and various other components as
appropriate for a specific computer system. In the improve-
ments being described, the memory controller 13 manages
operation of the EEPROM memory 11 in a way to maximize
the lifetime of the memory system by avoiding uneven use
of any one part of it.

FIG. 2 is a diagram which conceptually and generally
illustrates such a memory operation technique as well as
showing various alternatives for specific implementations of
the technique. The EEPROM memory 11 is organized into
a large number of blocks of flash EEPROM cells, each block
being the smallest unit of cells that is flash erasable. In the
case where separate erase gates are provided as part of the
EEPROM cells, all the erase gates of the cells in each block
are connected together. The blocks of memory cells are
further organized into banks. Each of the n banks in this
illustration contain m blocks. The quantity n must be at least
two, and the quantity m is one or more.

In a specific form, each block is designed to contain a
standard computer sector’s worth of data plus some over-
head fields. Blocks of data, indicated in dashed outline by a
block 23, are received from the computer system over the
bus 15, indicated to travel along a path 25. A logical address
of a memory location for a block 23 to be written into is also
sent by the computer system. This logical address is con-
verted by an address translation table 27 into a physical
memory address. A path 29 indicates the block within the
memory 11 into which the data is to be written. The address
translation table 27 simply converts a given logical address
from the computer system into a corresponding physical
address of a block within the memory 11 that is to receive
that data. As explained later, the translation table 27 is
reprogrammable by signals in a path 31 from a processing
unit 33 to redirect data blocks of given logical addresses into
different physical banks of the memory 11 in order to even
out use of the banks.

In preparation for the processing circuits 33 to decide
whether such redirection is required, information is first
gathered of memory characteristics and usage. A running
record 35 tabulates information from logical addresses of
data blocks being directed to the memory system from the
computer system. Another running record 37 tabulates infor-
mation of physical block usage within the memory array 11
itself. The processing circuits 33 take this data from either or
both of the records 35 and 37 and determine whether any
data shifting among banks in the memory is required.
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Depending upon specific applications, some of the informa-
tion available from monitoring the logical or physical
addresses of data blocks being programmed is used, and
sometimes both. The purpose of the conceptual diagram of
FIG. 2 is to explain a wide range of options for specific
implementations of wear leveling. In this example, it is
assumed that the banks are the smallest units of memory
which may be swapped in response to utilization of this
information.

Among the types of information that may beneficially be
acquired by the records 35 and 37 are the following:

(a) The total number of blocks of memory with which the
computer system is working at the moment. The number of
logical blocks recognized by the host computer operating
system, noted in the record 35, will obviously be no more
than the number of available physical blocks within inter-
changeable banks, noted in the record 37, and will likely be
fewer. The physical specification obviously can be no higher
than the number of physical blocks of memory available for
data storage, and generally will be less in order to allow for
some memory blocks becoming defective.

(b) For each of the available blocks, a record may be
maintained of the number of times that the block was written
since operation of the memory array 11 was first started. This
number for physical blocks maintained by the record 37 will
be higher than the logical number in record 35 because of
overhead writes which the memory controller 13 may cause
to occur.

(c) A total number of block writing cycles that have been
initiated since the memory array 11 was first put into
operation, the logical number in record 35 and the physical
number in record 37.

(d) The total number of cycles experienced by the inter-
changeable banks, either by way of a total of all the blocks
of each bank, or by way of an average number per bank.
Both a logical record 35 and a physical record 37 of this may
be maintained.

(e) Related to (d) is to maintain an identification of the
banks having the minimum and the maximum number of
cycles. The minimum and maximum numbers can than be
quickly ascertained.

This provides a great deal of information from which the
processing 33 can determine whether there is uneven wear
among the various banks of memory cells. The records 35 or
37 may be stored in separate tables or, to the extent possible,
maintained as part of the blocks to which the data pertains
in an overhead section or the information stored in the block.
Where an accumulation of numbers must be made, it is
preferable to keep running totals in order to minimize the
amount of processing that is necessary when the wear
leveling operation is performed. The processing 33 can use
this information in a number of different ways to detect
when one or more of the memory banks is being used
considerably more frequently than one or more of the other
memory banks.

As an example of one alternative, the maximum usage of
any of the banks is first noted and a calculation made of the
total number of block writes which could have been accom-
plished if each bank of the memory 11 was used to the
exactly the same amount. This is the ideal, perfect even wear
of the memory that is a goal of the wear leveling process.
This is then compared with the total number of erase and
write cycles that have occurred in the memory, the arith-
metical difference being indicative of how far the system is
operating from that ideal. A high difference value indicates
a large imbalance in usage among the blocks. It may be












