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ESTIMATION OF NON-LINEAR DISTORTION IN MEMORY DEVICES

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of U.S. Provisional Patent Application 60/867,399,
filed November 28, 2006, U.S. Provisional Patent Application 60/823,650, filed August 27,
2006, and U.S. Provisional Patent Application 60/939,077, filed May 20, 2007, whose

disclosures are incorporated herein by reference.

FIELD OF THE INVENTION
The present invention relates generally to memory devices, and particularly to methods

and systems for estimating and compensating for distortion in memory devices.

BACKGROUND OF THE INVENTION

Several types of memory devices, such as Flash memories, use arrays of analog
memory cells for storing data. Each analog memory cell stores a quantity of an analog value,
such as an electrical charge or voltage, which represents the information stored in the cell. In
Flash memories, for example, each analog memory cell holds a certain amount of electrical
charge. The range of possible analog values is typically divided into regions, each region
corresponding to one or more data bit values. Data is written to an analog memory cell by
writing a nominal analog value that corresponds to the desired bit or bits. The possible bit
values that can be stored in an analog memory cell are also referred to as the memory states of
the cell.

Some memory devices, commonly referred to as Single-Level Cell (SLC) devices, store
a single bit of information in each memory cell, i.e., each memory cell can be programmed to
assume two possible memory states. Higher-density devices, often referred to as Multi-Level
Cell (MLC) devices, store two or more bits per memory cell, i.e., can be programmed to
assume more than two possible memory states.

Flash memory devices are described, for example, by Bez et al., in "Introduction to
Flash Memory," Proceedings of the IEEE, volume 91, number 4, April, 2003, pages 489-502,
which is incorporated herein by reference. Multi-level Flash cells and devices are described,
for example, by Eitan et al., in "Multilevel Flash Cells and their Trade-Offs," Proceedings of
the 1996 IEEE International Electron Devices Meeting (IEDM), New York, New York, pages
169-172, which is incorporated herein by reference. The paper compares several kinds of

multilevel Flash cells, such as common ground, DINOR, AND, NOR and NAND cells.
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Eitan et al., describe another type of analog memory cell called Nitride Read Only
Memory (NROM) in "Can NROM, a 2-bit, Trapping Storage NVM Cell, Give a Real

‘Challenge to Floating Gate Cells?" Proceedings of the 1999 International Conference on Solid

State Devices and Materials (SSDM), Tokyo, Japan, September 21-24, 1999, pages 522-524,
which is incorporated herein by reference. NROM cells are also described by Maayan et al., in

"A 512 Mb NROM Flash Data Storage Memory with 8 MB/s Data Rate", Proceedings of the

2002 IEEE International Solid-State Circuits Conference (ISSCC 2002), San Francisco,

California, February 3-7, 2002, pages 100-101, which is incorporated herein by reference.
Other exemplary types of analog memory cells are Ferroelectric RAM (FRAM) cells, magnetic
RAM (MRAM,) cells, Charge Trap Flash (CTF) and phase change RAM (PRAM, also referred
to as Phase Change Memory - PCM) cells. FRAM, MRAM and PRAM cells are described, for
example, by Kim and Koh in "Future Memory Technology including Emerging New

Memories," Proceedings of the 24th International Conference on Microelectronics (MIEL),

Nis, Serbia and Montenegro, May 16-19, 2004, volume 1, pages 377-384, which is
incorporated herein by reference.

The analog values read from analog memory cells are sometimes distorted. The
distortion may be due to various reasons, such as electrical field coupling from neighboring
memory cells, disturb noise caused by memory access operations on other cells in the array and
threshold voltage drift caused by device aging. Some common distortion mechanisms are
described in the article by Bez et al., cited above. Distortion effects are also described by Lee
et al., in "Effects of Floating Gate Interference on NAND Flash Memory Cell Operation,"
IEEE Electron Device Letters, (23:5), May, 2002, pages 264-266, which is incorporated herein
by reference.

Several techniques for interference cancellation in memory devices are known in the
art. For example, U.S. Patent 5,867,429, whose disclosure is incorporated herein by reference,
describes a method for compensating for electric field coupling between floating gates of a
high density Flash Electrically Erasable Programmable Read Only Memory (EEPROM) cell
array. According to the disclosed method, a reading of a cell is compensated by first reading
the states of all cells that are field-coupled with the cell being read. A number related to either
the floating gate voltage or the state of each coupled cell is then multiplied by the coupling
ratio between the cells. The breakpoint levels between states for each of the cells are adjusted

- 'by an amount that compensates for the voltage coupled from adjacent cells.
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U.S. Patent Application Publication 2004/0057285, whose disclosure is incorporated
herein by reference, describes a memory device and a method, which allow programming and
sensing a plurality of memory cells in parallel, in order to minimize errors caused by coupling
from fields of neighboring cells. The memory device-and method have the plurality of memory
cells linked by the same word line and a read/write circuit is coupled to each memory cells in a
contiguous manner. A memory cell and its neighbors are programmed together and the field
environment for each memory cell relative to its neighbors during programming and
subsequent reading is less varying.

U.S. Patent Application Publication 2005/0162913, whose disclosure is incorporated
herein by reference, describes a method for reading a non-volatile memory arranged in
columns and rows, which reduces adjacent cell coupling. A bit to be read in a word-line is
selected. An adjacent word line written after the word line is read. The selected bit in the word
line is read by selectively adjusting at least one read parameter, such as a sense voltage, a pre-
charge voltage or both.

U.S. Patent 7,193,898, whose disclosure is incorporated herein by reference, describes
a read process for a selected memory cell, which takes into account the state of one or more
adjacent memory cells. If an adjacent memory cell is in one or more of a predetermined set of
programmed states, an initialization voltage is provided to the bit line of the programmed
adjacent memory cell to induce a compensation current between the bit line of the

programmed adjacent memory cell and the bit line of the selected memory cell.

SUMMARY OF THE INVENTION

A method for operating 2 memory in accordance with an embodiment of the present
invention includes: |

storing data in analog memory cells of the memory by writing respective analog values
to the analog memory cells;

identifying a set of the analog memory cells including an interfered cell having a
distortion that is statistically correlated with the respective analog values of the analog memory
cells in the set;

determining a mapping between combinations of possible analog values of the analog
memory cells in the set and statistical characteristics of composite distortion levels present in
the interfered memory cell; and

applying the -determined mapping so-as-to compensate for the distortion in the

interfered memory cell.
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In a disclosed embodiment, the combinations of the possible analog values used in
determining the mapping include the possible analog values of the interfered memory cell.

- Typically, the memory cells in the set have respective spatial relationships with respect

- to the interfered memory cell, and determining the mapping includes, for a target combination

among the combinations of the possible analog values, measuring multiple values of the
composite distortion levels caused in multiple other interfered memory cells by respective
other sets of memory cells, which have the spatial relationship with respect to the respective
other interfered memory cells and have the target combination of the analog values, and
processing the multiple values of the composite distortion levels to determine a composite
distortion level to which the target combination is mapped. In one embodiment, determining
the mapping includes estimating drift levels of the analog values in the interfered memory cells
corresponding to the combinations of the possible analog values, and applying the mapping
includes compensating for the distortion using the estimated drift levels.

Additionally or alternatively, storing the data includes programming the analog
memory -cells to assume respective discrete memory states, and determining the mapping
includes determining the mapping as a function of combinations of possible memory states of
the memory cells in the set and the composite distortion levels present in the interfered
memory cell when the memory cells in the set assume the combinations of the possible
memory states.

In some embodiments, measuring the multiple values of the composite distortion levels
includes programming the other interfered memory cells without programming the other sets
of the memory cells, reading the analog values from the other interfered memory cells prior to
completing programming of the other sets of the memory cells, programming the other sets of
the memory cells, reading the analog values from the other interfered memory cells after the
other sets of the memory cells have been programmed, and computing the values of the
composite distortion levels by comparing the analog values read when the other sets of the
memory cells are not programmed to the respective analog values read after the other sets of
the memory cells have been programmed.

Typically, reading the analog values prior to completing the programming includes
reading the analog values while the other sets of the memory cells are in an erased state.
Alternatively or additionally, reading the analog values prior to completing the programming
includes reading the analog values while the other sets of the memory cells are in a partially-

programmed state. Further alternatively or additionally, reading the analog values prior to
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completing the programming includes reading the analog values after some of the memory
cells in the other sets of the memory cells have been programmed.

In some embodiments, measuring the multiple values of the composite distortion levels

- includes reading the analog values from the other interfered memory cells and from the other

sets of the memory cells, identifying a subset of the other interfered memory cells whose
respective sets of the memory cells are not programmed, and computing the values of the
composite distortion levels by comparing the analog values read from the memory cells in the
subset to the analog values read from some of the other interfered memory cells, whose
respective sets of the memory cells are programmed to assume the target combination of the
memory states.

In other embodiments, measuring the multiple values of the composite distortion levels
includes reading the analog values from the other interfered memory cells and from the other
sets of the memory cells, processing the read analog values to estimate the memory states of
the other interfered memory cells and of the other sets of the memory cells, identifying a subset
of the other interfered memory cells whose respective sets of the memory cells are not
programmed, and computing the values of the composite distortion levels by comparmg the
analog values read from the memory cells in the subset to the analog values read from some of
the other interfered memory cells, whose respective sets of the memory cells are estimated to
have the target combination of the memory states. The method may include re-estimating the
memory states of the other interfered memory cells and of the other sets of the memory cells,
and updating the mapping based on the re-estimated memory states.

Additionally or alternatively, determining the mapping includes dividing a range of the
analog values into a number of regions higher than a number of the possible memory states,
and determining the mapping between combinations of possible regions in which the analog
values of the memory cells in the set fall and the composite distortion levels caused in the
interfered memory cell by the set of the memory cells when the analog values written thereto
are within the combination of the regions,

In a disclosed embodiment, determining the mapping includes storing the mapping in a
Look-Up Table (LUT) that is accessed based on the combinations of the possible analog
values. Alternatively, determining the mapping includes expressing the mapping by a mapping
function, which produces the respective composite distortion levels responsively to the
combinations of the possible analog values.

Typically, applying the mapping includes determining a current combination of the

analog values of the memory cells in the set, applying the mapping to the current combination
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to produce an estimate of the distortion level in the interfered memory cell, and compensating
for the distortion in the interfered memory cell based on the estimate. In one embodiment,
compensating for the distortion includes subtracting the estimate from an analog value read
from the interfered memory cell. In another embodiment, compensating for the distortion
includes determining a read threshold used for reading an analog value from the interfered
memory cell based on the estimate. Additionally or alternatively the data stored in the analog
memory cells may be encoded with an Error Correction Code (ECC), and compensating for the
distortion may include computing a metric used for decoding the ECC based on the estimate.

In a disclosed embodiment, determining the mapping includes adaptively updating the
mapping over time.

Typically, determining the mapping includes determining a statistical property of the
composite distortion levels, and applying the mapping includes compensating for the distortion
in the interfered memory cell responsively to the statistical property.

In one embodiment, determining the mapping includes determining a first mapping that
applies to the memory cells located in a first area of the memory, and a second mapping that
applies to the memory cells located in a second area of the memory different from the first
area. Additionally or alternatively, when the distortion in the interfered memory cell is caused
by first and second different distortion mechanisms, determining the mapping includes
determining first and second mappings that respectively correspond to the first and second
distortion mechanisms. Further additionally or alternatively, determining the mapping
includes determining a first mapping that applies to a first order of programming the interfered
memory cell with respect to programming the memory cells in the set, and a second mapping
that applies to a second order of programming the interfered memory cell with respect to
programming the memory cells in the set, different from the first order.

In one embodiment, the statistical characteristics include a mean distortion level.

In a disclosed embodiment, determining the mapping includes measuring the statistical
characterisﬁcs of the composite distortion levels after installation of the memory in a host
system, responsively to operation of the memory in the host system.

There is also provided, in accordance with an embodiment of the present invention, a
data storage apparatus, including:

an interface, which is operative to communicate with a memory that includes a
plurality of analog memory cells; and

a memory signal processor (MSP), which is connected to the interface and is coupled

to store data in the analog memory cells of the memory by writing respective analog values to
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the analog memory cells, to determine, for a set of the analog memory cells including an
interfered cell having a distortion that is statistically correlated with the respective analog
values of the analog memory cells in the set, a mapping between combinations of possible
analog values of the analog memory cells in the set and statistical characteristics of composite
distortion levels present in the interfered memory cell, and to apply the determined mapping so
as to compensate for the distortion in the interfered memory cell.

There is additionally provided, in accordance with an embodiment of the present
invention, a data storage apparatus, including:

a memory, which includes a plurality of analog memory cells; and

a memory signal processor (MSP), which is connected to the memory and is coupled to
store data in the analog memory cells of the memory by writing respective analog values to the
analog memory cells, to determine, for a set of the analog memory cells including an interfered
cell having a distortion that is statistically correlated with the respective analog values of the
analog memory cells in the set, a mapping between combinations of possible analog values of
the analog memory cells in the set and statistical characteristics of composite distortion levels
present in the interfered memory cell, and to apply the determined mapping so as to
compensate for the distortion in the interfered memory cell.

The present invention will be more fully understood from the following detailed

description of the embodiments thereof, taken together with the drawings in which:

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is a block diagram that schematically illustrates a system for memory signal
processing, in accordance with an embodiment of the present invention;
Fig. 2 is a diagram that schematically illustrates a memory cell array, in accordance

with an embodiment of the present invention; and

Figs. 3-5 are flow charts that schematically illustrate methods for estimating and
compensating for distortion in a memory cell array, in accordance with embodiments of the

present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

OVERVIEW

In many practical implementations of analog memory cell arrays, each memory cell is
subject to distortion from multiple interfering cells, which may or may not be adjacent to the

interfered cell in the array. The distortion mechanisms are often non-linear, i.e., the composite
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distortion inflicted on a certain interfered cell by multiple interfering cells cannot be modeled
as a linear combination of the individual distortion contributions of the interfering cells.

In general, the composite distortion level in a certain interfered cell can be modeled as
a function of the particular combination of the analog values of: the interfering cells. In some
cases, the function also depends on the analog value of the interfered cell. Instead of modeling
the distortion based on the combination of analog values, the distortion can be approximated
based on the memory states of the cells. Thus, the composite distortion inflicted on an
interfered cell by a group of interfering cells can be modeled as a function of the combination
of memory states of the interfering cells, and possibly of the interfered cell. In many practical
cases, the distortion mechanism is stationary across the array or parts thereof, such as across an
erasure block. In other .Words, any group of interfered cell and associated interfering cells
having a certain combination of memory states would produce similar distortion in the
interfered cell.

Embodiments of the present invention provide improved methods and systems for
estimating and compensating for distortion in arrays of analog memory cells. The methods and
systems described herein make use of the fact that the distortion in a memory cell can be
modeled as a function of the memory states, or of the analog values, of the interfering cells.
Although the methods described herein are particularly suitable for estimating non-linear
distortion, they can be used for estimating linear distortion, as well.

In some embodiments, a Memory Signal Processor (MSP) writes data to an array of
analog memory cells and reads data from the array. In particular, the MSP estimates the
distortion in the memory cells and compensates for the estimated distortion when reading
and/or writing data. The MSP typically calculates a mapping between the possible
combinations of the analog values and/or memory states of the interfering cells and the
resulting composite distortion level in the interfered cell. The mapping may also depend on the
analog value and/or memory state of the interfered cell itself. The mapping is sometimes
represented by a Look-Up Table (LUT), whose rows correspond to the different memory state
combinations. Alternatively, the mapping can be represented using other means, such as by
fitting a mapping function, which may be a polynomial function, to the memory state
combinations and the resulting distortion levels. In some cases, the mapping is calculated as a
function of the analog values stored in the interfering cells, or of various approximations of
these values, rather than as a function of the corresponding memory states.

Several exemplary methods for estimating the mean distortion, as well as other

statistical properties of the distortion, for different memory state combinations are described
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herein. Some of these methods assume a-priori knowledge of the memory states of the
memory cells and/or of the pre-interference values, i.e., the analog values stored in the memory

cells without the effects of distortion. Other disclosed methods do not assume such knowledge.

- In some embodiments, distortion estimation is carried out iteratively, in order to improve the

estimation accuracy and track changes in the distortion mechanisms.

The MSP may compensate for the estimated distortion in a number of ways. For
example, the MSP may directly subtract the estimated distortion level from the values read
from the memory cells and/or modify reading thresholds that are used in the reading process
based on the estimated diStortion. When the data written into the memory is encoded using an
Error Correction Code (ECC), the MSP can adjust metrics that are used in the ECC decoding
process responsively to the estimated distortion.

The estimation and compensation methods described herein can be used at different
stages along the lifetime of the memory array, such as during or after production, during

initialization and/or during normal data storage operation in a host system. A wide variety of

- distortion types, such as cross-coupling interference and disturb noise, can be accurately

estimated and compensated for.

SYSTEM DESCRIPTION

Fig. 1 is a block diagram that schematically illustrates a system 20 for memory signal
processing, in accordance with an embodiment of the present invention. System 20 can be used
in various host systems and devices, such as in computing devices, cellular phones or other
communication terminals, removable memory modules ("disk-on-key" devices), digital
cameras, music and other media players and/or any other system or device in which data is
stored and retrieved.

System 20 comprises a memory device 24, which stores data in a memory cell array 28.
The memory array comprises multiple analog memory cells 32. In the context of the present
patent application and in the claims, the term "analog memory cell" is used to describe any
memory cell that holds a continuous, analog value of a physical parameter, such as an
electrical voltage or charge. Array 28 may comprise analog memory cells of any kind, such as,
for example, NAND, NOR and CTF Flash cells, PCM, NROM, FRAM, MRAM and DRAM
cells. The charge levels stored in the cells and/or the analog voltages written into and read out
of the cells are referred to herein collectively as analog values.

Data for storage in memory device 24 is provided to the device and cached in data

buffers 36. The data is then converted to analog voltages and written into memory cells 32
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using a reading/writing (R/W) unit 40, whose functionality is described in greater detail below.
When reading data out of array 28, R/W unit 40 converts the electrical charge, and thus the
analog voltages of memory cells 32, into digital samples. Each sample has a resolution of one
or more bits. The samples are cached in buffers 36. The operation and timing of memory
device 24 is managed by control logic 48.

The storage and retrieval of data in and out of memory device 24 is performed by a
Memory Signal Processor (MSP) 52. MSP 52 comprises a signal processing unit 60, which
processes the data that is written into and retrieved from device 24. In particular, unit 60
estimates the distortion that affects the analog values stored in cells 32, and compensate for the
effect of the estimated distortion.

MSP 52 comprises a data buffer 72, which is used by unit 60 for storing data and for
interfacing with memory device 24. MSP 52 also comprises an Input/Output (I/O) buffer 56,
which forms an interface between the MSP and the host system. A controller 76 manages the
operation and timing of MSP 52. Signal processing unit 60 and controller 76 may be
implemented in hardware. Alternatively, unit 60 and/or controller 76 may comprise
microprocessors that run suitable software, or a combination of hardware and software
elements.

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

In the exemplary system configuration shown in Fig. 1, memory device 24 and MSP 52
are implemented as two separate Integrated Circuits (ICs). In alternative embodiments,
however, the memory device and MSP may be integrated on separate semiconductor dies in a
single Multi-Chip Package (MCP) or System on Chip (SoC). Further alternatively, some or all
of the MSP circuitry may reside on the same die on which memory array 28 is disposed.
Further alternatively, some or all of the functionality of MSP 52 can be implemented in
software and carried out by a processor or other element of the host system. In some
implementations, a single MSP 52 may be connected to multiple memory devices 24.
Additional architectural aspects of certain embodiments of system 20 are described in greater

detail in U.S. Provisional Patent Application 60/867,399, cited above.

10



10

- 15

20

25

30

WO 2008/026203 PCT/IL2007/001059

In a typical writing operation, data to be written into memory device 24 is accepted
from the host and cached in /O buffer 56. The data is transferred, via data buffers 72, to
memory device 24. The data may be pre-processed by MSP 52 before it is transferred to the

. memory device for programming. For example, unit 60 may encode the data using an Error

Correction Code (ECC) and/or scramble the data. In device 24 the data is temporarily stored in
buffers 36. R/W unit 40 converts the data to nominal analog values and writes the nominal
values into the appropriate cells 32 of array 28.

In a typical reading operation, R/W unit 40 reads analog values out of the appropriate
memory cells 32 and converts them to soft digital samples. The samples are cached in buffers
36 and transferred to buffers 72 of MSP 52. In some embodiments, unit 60 of MSP 52 converts
the samples to data bits. As noted above, the range of possible analog values is divided into
two or more regions, with each region representing a certain combination of one or more data
bits. When reading a memory cell, unit 60 typically compares the magnitude of the read
sample to a set of decision thresholds, in order to determine the region in which the read value
falls (i.e., the memory state of the cell), and thus the data bits stored in the cell. Blocks of data
are transferred from buffers 72 to unit 60. If ECC is used, unit 60 decodes the ECC of these
blocks. The data is transferred via I/O buffer 56 to the host system.

Additionally, signal processing unit 60 estimates the distortion that is present in the
read samples, using methods that are described hereinbelow. In some embodiments, MSP 52
scrambles the data before it is written into the memory cells, and de-scrambles the data read

from the memory cells, in order to improve the distortion estimation performance.

MEMORY ARRAY STRUCTURE

Fig. 2 is a diagram that schematically illustrates memory cell array 28, in accordance
with an embodiment of the present invention. Although Fig. 2 refers to Flash memory cells
that are connected in a particular array configuration, the principles of the present invention aré
applicable to other types of memory cells and other array configurations, as well. Some
exemplary cell types and array configurations are described in the references cited in the
Background section above.

Memory cells 32 of array 28 are arranged in a grid having multiple rows and columns.
Each cell 32 comprises a floating gate Metal-Oxide Semiconductor (MOS) tramsistor. A
certain amount of electrical charge (electrons or holes) can be stored in a particular cell by
applying appropriate voltage levels to the transistor gate, source and drain. The value stored in

the cell can be read by measuring the threshold voltage of the cell, which is defined as the
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minimal voltage that needs to be applied to the gate of the transistor in order to cause the
transistor to conduct. The read threshold voltage is proportional to the charge stored in the cell.

In the exemplary configuration of Fig. 2, the gates of the transistors in each row are
connected by word lines 80. The sources of the transistors in each column are connected by bit
lines 84. In some embodiments, such as in some NOR cell devices, the sources are connected
to the bit lines directly. In alternative embodiments, such as in some NAND cell devices, the
bit lines are connected to strings of floating-gate cells.

Typically, R/W unit 40 reads the threshold voltage of a particular cell 32 by applying
varying voltage levels to its gate (i.e., to the word line to which the cell is connected) and
checking whether the drain current of the cell exceeds a certain threshold (i.e., whether the
transistor conducts). Unit 40 usually applies a sequence of different voltage values to the word
line to which the cell is connected, and determines the lowest gate voltage value for which the
drain current exceeds the threshold. Typically, unit 40 reads a group of cells, referred to as a
page, simultaneously. Alternatively, R/W unit may use any other technique or circuitry for
reading and writing values to and from memory cells 32 of array 28.

The memory cell array is typically divided into multiple pages, i.e., groups of memory
cells that are programmed and read simultaneously. In some embodiments, each page
comprises an entire row of the array. In alternative embodiments, each row (word line) can be
divided into two or more pages. For example, in some SLC devices each row is divided into
two pages, one comprising the odd-order cells and the other comprising the even-order cells.
Typically but not necessarily, a two-bit-per-cell memory device usually has four pages per row,
a three-bit-per-cell memory device has six pages per row, and a four-bit-per-cell memory
device has eight pages per row. Erasing of cells is usually carried out in blocks that contain
multiple pages. Typical memory devices may comprise several thousand erasure blocks. In a
typical two-bit-per-cell MLC device, each erasure block is on the order of 32 word lines, each
comprising several thousand cells. Each word line is often partitioned into four pages
(odd/even order cells, least/most significant bit of the cells). Alternatively, other block sizes
and configurations can also be used. Three-bit-per cell devices often have 192 pages per

erasure block, and four-bit-per-cell devices often have 256 pages per block.

MEMORY CELL DISTORTION MECHANISMS

The analog values (e.g., threshold voltages) stored in memory cells 32 may contain
various types of distortion, which are caused by different distortion mechanisms in array 28.

For example, electrical cross-coupling between nearby cells in the array may modify the
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threshold voltage of a particular cell. As another example, electrical charge may leak from the
cells over time. As a result of this aging effect, the threshold voltage of the cells may drift over
time from the initially-written value. Another type of distortion, commonly referred to as
disturb noise, is caused by memory access operations (e.g., read, write or erase operations) on
certain cells in the array, which cause unintended charge variations in other cells. As yet
another example, the source-drain current of a particular cell can be affected by the charge in
adjacent cells, e.g., other cells in the same NAND cell string, via an effect referred to as Back
Pattern Dependency (BPD).

The distortion in memory cells 32 degrades the performance of the memory device,
e.g., the error probability when reconstructing the data, the achievable storage capacity and/or
the achievable data retention period. Performance degradation is particularly severe in MLC
devices, in which the differences between the different voltage levels that represent the data
are relatively small.

In many practical cases, a certain interfered cell is subject to distortion from multiple
interfering cells. The interfering cells may or may not be adjacent to the interfered cell in the
array. For example, cross-coupling interference usually occurs between nearby cells, although
not necessarily directly adjacent to one another. Other types of distortion, such as disturb noise
and BPD, may be caused by cells that belong to the same bit line or word line as, but
sometimes distant from, the interfered cell.

Distortion mechanisms are often non-linear. In other words, the composite distortion
inflicted on a certain interfered cell by multiple interfering cells cannot be modeled as a linear
combination of the individual distortion contributions of the interfering cells. Even when the
distortion is caused by only a single interfering cell, the distortion may not be linear. For
example, the distortion level may depend on the analog values stored in both the interfering
cell and the interfered cell. The dependence may be an arbitrary, often non-linear function. In
general, it is possible to model the composite distortion level in a certain interfered cell
depending on the particular combination of the analog values of the (one or more) interfering
cells and the interfered cell.

Instead of modeling the distortion based on the combination of analog values stored in
the interfered cell and the interfering cells, the distortion can be approximated based on the
memory states of the cells. Thus, the composite distortion inflicted on an interfered cell by a
group of interfering cells can be assumed to depend on the combination of memory states of

the interfered cell and the interfering cells.
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In many practical cases, the distortion mechanism is stationary across the array or
across an area of the array, such as across an erasure block or across a certain word line within
the block. In other words, any interfered cell and associated interfering cells, which have a
certain spatial relationship in the array and a certain combination of memory states, would
produce similar distortion in the interfered cell. For example, when the distortion in a cell is
caused by its eight nearest neighbors, the dependence of the composite distortion level on the
particular combination of nine memory states is often similar across the array or erasure block.
This condition often holds for other spatial or geometrical relationships between interfering
and interfered cells, such'as interfering cells that belong to the same row or column (word or

bit line) as the interfered cell.

DISTORTION ESTIMATION METHODS

Embodiments of the present invention provide improved methods and systems for
estimating the distortion levels in memory cell array 28. The methods and systems described
herein are particularly suitable for estimating non-linear distortion, although they can be used
to estimate linear distortion, as well.

In some embodiments, MSP 52 calculates and maintains a mapping between
combinations of memory states of one or more interfering cells and the resulting composite
distortion levels. The mapping may also depend on the memory state of the interfered cell.
When reading data out of the memory cells, the MSP uses the mapping to compensate for the
distortion.

For example, consider an MLC array storing two bits per cell. Each analog memory
cell in the array can be programmed to assume one of four possible memory states denoted
0...3. In this exemplary array, each memory cell is subject to distortion from three interfering
cells, namely its left-hand-side, right-hand-side and next-row neighbors. Assuming the

composite distortion depends on the memory states of the interfered cell and of the three
interfering cells, the total number of combinations of possible memory states is 4(3+1)=256.

Each combination of memory states produces a particular composite distortion level in the
interfered cell. The distortion is assumed to be stationary across the array, i.e., any memory cell
and its left-hand-side, right-hand-side and next-row neighbors having a given combination of

memory states would produce similar distortion in the memory cell.

In the present example, MSP 52 calculates and maintains a mapping between the 256
memory state combinations and the corresponding composite distortion levels. The MSP may

maintain the mapping in a Look-Up Table (LUT) that is accessed by the memory state
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combinations, by evaluating a multidimensional mapping function such as a polynomial
function, or using any other suitable method. For example, the MSP may use the following

256-row LUT:

Memory state | Memory state | Memory state | Memory state Composite
of interfered of left-hand- | ofright-hand- of next-row | distortion level
cell side neighbor | side neighbor neighbor in interfered
cell (Volts)
0 0 0 0 0
0 0 0 1 0.01
3 3 3 2 0.15
3 3 3 3 0.16

Figs. 3-5 below describe exemplary methods for calculating the LUT entries, i.e., the
composite distortion levels that correspond to the different memory state combinations.
Although the embodiments described below refer to LUT implementations, the methods
described herein can be similarly used with any other mapping representation.

In some embodiments, MSP 52 may use multiple LUTs for different areas of the array
and/or for different types of memory cells that exhibit different distortion characteristics. For
example, the distortion in even-order rows (word lines) may be different from the distortion in
odd-order rows. Even-order columns (bit lines) may differ from odd-order columns. Cells
located along the perimeter of an erasure block (e.g., first/last row, first/last column) may
exhibit different distortion characteristics. Thus, MSP 52 may comprise a separate LUT for
each different cell type. |

Additionally or alternatively, the MSP may hold multiple LUTs (or mapping functions)
corresponding to various orders of programming of the interfered and interfering cells. For
example, a certain LUT may correspond to cases in which the interfered cell was programmed
after its vertical neighbor, and another LUT may correspond to cases in which the interfered
cell was programmed before its vertical neighbor. Certain aspects of interference estimation
based on the order of -programming of memory cells are addressed in PCT Application
PCT/IL2007/000576, entitled “Distortion Estimation and Cancellation in Memory Devices,”

filed May 10, 2007, whose disclosure is incorporated herein by reference.
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Further additionally or alternatively, the MSP may maintain separate LUTs for
different distortion mechanisms. For example, when memory cells are subject both to cross-
coupling interference and to disturb noise, the MSP may maintain a separate LUT for each
mechanism.

For example, a certain erasure block may have certain pages, whose cells are subject to
only vertical cross-talk (i.e., cross-coupling interference from other cells along the same bit
line as the interfered cell). Other pages may be subject to both vertical and horizontal cross-
talk (i.e., cross-coupling interference from other cells in the same word line as the interfered
cell). The pages in the last word line of the block may be subject to another, different cross-
coupling mechanism. In such cases, the MSP may hold a separate LUT (or other form of
mapping function) for each cross-coupling mechanism. When estimating the distortion in a
certain memory cell, the MSP extracts the estimated distortion levels from one or more
appropriate mechanism-specific LUTs, depending on the mechanisms that affect the cell in
question. In many practical cases, the distortion caused by different distortion mechanisms is
additive. Therefore, in some embodiments, the MSP sums the mean distortion levels extracted
from the different mechanism-specific LUTS, to produce the total mean distortion level.

Although it is possible in principle to use a single LUT without differentiating between
different mechanisms, the use of separate LUTs is often advantageous. For example, the size
of each individual LUT is often considerably smaller than the size of the single LUT. In
addition, the accuracy of estimating the LUT entries (composite distortion levels) can be
significantly improved when each LUT addresses only a single mechanism.

In some embodiments, multiple LUTs can be Tooked-up in parallel, so as to increase
the speed of the distortion estimation process. Any suitable granularity or resolution can be
used in the LUT or other mapping representation. For example, assuming the voltage shift due
to cross-coupling is in the range of £300mV, the distortion level can be represented at a
granularity of 20mV using a 5-bit number.

Fig. 3 is a flow chart that schematically illustrates a method for estimating and
compensating for distortion in memory cell array 28, in accordance with an embodiment of the
present invention. The method begins with MSP 52 programming a subset of memory cells 32
that are defined as interfered cells, without completing the programming their respective

interfering cells, at a pre-interference programming step 90. The interfering cells may either be

in an erased state or a partially-programmed state at this step. Alternatively, some of the

interfering cells may have already been programmed. Any suitable method can be used for

selecting the subset of interfered cells. For example, the MSP may select a subset of cells that
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are unlikely to interfere with one another, e.g., cells that are sufficiently separated from one
another and belong to different bit and word lines. For example, the MSP may select a cell in
every fifth word line and every fifth bit line.

The MSP programs: the subset of interfered cells with known data, which may
comprise, for example, pseudo-random data or a predefined data pattern. The programmed
data may be scrambled or otherwise selected or manipulated, so that a sufficient number of
memory cells are set to each of the possible memory states. The MSP reads the programmed
interfered cells, at a pre-interference reading step 94. At this stage, the interfered cells are not

subject to distortion, and the values read from the cells are regarded as pre-interference values,

denoted Vpre.

The MSP now programs the memory cells that interfere with the interfered cells, at an
interferer programming step 98. The data used for programming the interfering cells is known,
and is typically designed especially to reproduce a wide variety of different memory state
combinations of interfered and interfering memory cells.

The MSP now reads the interfered cells again, at a post-interference reading step 102.
Since the interfering cells have been programmed at step 98 above, the interfered cells are now

subject to distortion. The values read from the interfered cells are regarded as post-interference
values, denoted Vpqs. The pre- and post-interference values Vype and Vppsr are typically read

with high resolution, i.e., as soft samples.
MSP 52 compares the pre- and post-interference values read from the interfered cells to

determine the composite distortion levels in the cells, at a distortion calculation step 106. For a
given interfered cell, the difference between Vpost and Vpre is indicative of the composite

distortion level in the cell, caused by the particular combination of memory states of the
interfered cell and its interfering cells. The MSP typically repeats the process of steps 90-106
above for a large number of interfered cells.

The MSP determines a mapping from the combinations of memory states of the

interfered cell and the interfering cells to the resulting distortion level, based on the multiple
Voost and ¥y measurements, at a mapping calculation step 110. For example, the MSP may

calculate the average distortion level in all interfered cells that are set to a certain memory state
and whose interfering cells have a particular combination of memory states. In other words, the

MSP ‘may collect the memory state combinations corresponding to each row of the LUT
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described above, and average the distortion levels per row. The average distortion level that is
entered at row i of the LUT can thus be written as

1 i j
[ Z V}{osz‘ ’Vpre

(1] Vi: _E {V’gost"V}%re}z ]
51 4
JEV]

Jjes;

wherein E{} denotes statistical averaging, S; denotes the subset of interfered cells whose

memory state combination corresponds to row i of the LUT, and V_]gre and }{ os¢ denote the

pre- and post-interference values read from cell j. The MSP fills the LUT with the average
distortion levels evaluated at step 110 above, at a LUT updating step 114.

MSP 52 compensates for the distortion in the interfered cells based on the mapping
determined at step 110 above (e.g., based on the LUT entries), at a compensation step 118.
Distortion compensation can be carried out in a number of ways, as will be described further
below.

The method of Fig. 3 above can be combined with the normal operation of system 20
in the host system. In some embodiments, the method can program user data instead of
artificial data in the interfered and interfering cells. In these embodiments, the MSP performs
additional reading operations in order to measure the pre- and post-interference values.

The method of Fig. 3 above assumes that the data written to the interfered and
interfering cells, and therefore the memory states of these cells, are known a-priori. In
addition, the method uses a-priori knowledge of the pre-interference  values of the interfered
cells. In some situations, however, the pre-interference values of the interfered cells are not
known. Figs. 4 and 5 below describe methods for estimating the distortion without assuming
prior knowledge of the pre-interference values of the interfered cells. The method of Fig. 4
assumes that the data written to the cells, and therefore their memory states, are known. The
method of Fig. 5 assumes that neither the memory states nor the pre-interference values of the
cells are known.

The descriptions of Figs. 4 and 5 give exemplary methods that calculate the mean
distortion level and the shift (i.e., the difference between the mean distortion in the interfered
cell before and after programming of the interfering cells). Additionally or alternatively, the
methods of Figs. 4 and 5 can also be used to calculate varjous statistical properties of the
distortion for different memory state combinations of the interfering cells (and possibly the

interfered cell, as well).
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Such statistical properties may comprise, for example, the mean distortion value, the
shift in the mean distortion value before and after programming of the interfering cells, the
variance of the distortion level, the shape and parameters of the Probability Distribution
Function (PDF)-of the analog value stored in the interfered cells, and/or any other suitable
statistical property of the distortion.

Fig. 4 is a flow chart that schematically illustrates an alternative method for estimating
the distortion in memory cell array 28, in accordance with an alternative embodiment of the
present invention. The method of Fig. 4 begins with the interfered and interfering memory
cells already programmed, and assumes that their memory states are known. As in the method
of Fig. 3 above, the programmed data may comprise pseudo-random or specially designed
data. Unlike the method of Fig. 3, however, the reading operation is performed after the cells
are already programmed, and therefore the pre-interference values of the cells cannot be read
explicitly.

MSP 52 reads the memory cells, at a reading step 120. The read values comprise the
post-interference values of the cells, since the cells have already been programmed. In order to
estimate the pre-interference values, MSP 52 identifies memory cells whose interfering cells
are at the erased level, at an identification step 122. The identified cells are referred to as target
cells. The MSP uses the values of the identified target cells as estimates of the pre-interference
values, since these cells are not subject to interference.

The MSP calculates an estimated average pre-interference value for each of the
possible memory states, at a pre-interference estimation step 124. For example, the MSP can
separately average the values read from the target cells that are set to each possible memory
state.

MSP 52 estimates the composite distortion level for each combination of memory
states of the interfered cell and associated interfering cells, at a distortion estimation step 128.
The MSP estimates the composite distortion based on the average pre-interference values
calculated at step 124 above and on the post-interference values of the cells read at step 120
above.

In this situation, Equation [1] above can be written as

. . S
2] Vi= E {VJ }— E {VJ }: E {V] }—V
! jes; post jes; pre jes; ost

since the memory staté of the inferfered cell is constant within each subset ;. I7k denotes the

estimated pre-interference values calculated at step 124 above, and k denotes the memory state

19



10

‘15

20

25

30

WO 2008/026203 PCT/IL2007/001059

of the interfered cell in subset S; The MSP thus calculates the composite distortion levels V; in

accordance with Equation [2]. The MSP then fills the LUT with the composite distortion
levels corresponding to the different memory state combinations, at a LUT filling step 132.

Fig. 5 is a flow chart that schematically illustrates yet another method fo‘rvestimating
the distortion in memory cell array 28, in accordance with another embodiment of the present
invention. The method of Fig. 5 begins with the interfered and interfering memory cells
already programmed. Neither the pre-interference values nor the memory states of the cells are
known a-priori.

MSP 52 reads the memory cells, at a blind reading step 140. Since the memory states
of the cells are not known in advance, the MSP estimates the memory states, at a state
estimation step 144. The MSP may estimate the memory states by comparing the read values
to a set of predetermined reading thresholds. In some embodiments, the MSP possesses an
approximated mapping of memory state combinations to distortion levels, which may be used
to improve the memory state estimation.

The MSP estimates the pre-interference values using target cells whose interfering cells
are erased, at a pre-interference approximation step 148, similarly to steps 122 and 124 of the
method of Fig. 4 above. Then, the MSP estimates the composite distortion for each memory
state combination, at a composite distortion approximation step 152, similarly to step 128 of
the method of Fig. 4 above. In the present case, however, the MSP uses the estimated memory
states instead of the known memory states used in the method of Fig. 4. The MSP fills the
LUT with the approximated composite distortion levels, at a table filling step 156.

In some embodiments, the method of Fig. 5 is used iteratively. In these embodiments,
after the LUT is updated, the method loops back to step 144 above, and the memory states of
the read cells are re-estimated using the updated LUT. The iterative process can be repeated
iteratively until convergence is reached (e.g., until the variations in the LUT updates are
sufficiently small).

The methods of Figs. 3 and 4 above can also be performed sequentially, such as in
order to average read noises and to track changes in the distortion mechanisms over time. For
example, the LUT entries can be adapted using a Least Mean Square (LMS), sign LMS,
Recursive Least Squares (RLS) or any other suitable adaptation method.

The methods of Figs. 3-5 above are exemplary methods. Alternatively, the MSP can

use any other suitable method for determining a mapping of memory state combinations of the
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interfering cells, and optionally the interfered cell, to the resulting composite distortion
affecting the interfered cell.

Having determined the mapping, the MSP can compensate for the distortion in a
number of ways.- For exa.mple, when reading data from a memory cell, the MSP may read the
memory states of the interfering cells, apply the mapping to the appropriate memory state
combination to obtain the average distortion level, and subtract this distortion level from the
value read from the memory cell. '

Alternatively, the MSP may use the mapping to adjust the reading thresholds used for
determining the memory states of read cells. Further alternatively, when the data stored in the
memory cells is encoded using ECC, the MSP may use the mapping to compute ECC metrics
that are used in the ECC decoding process. Certain aspects of ECC metric adjustment based on
distortion estimation are described, for example, in PCT Patent Application
PCT/IL.2007/000580, entitled “Combined Distortion Estimation and Error Correction Coding
for Memory Devices,” filed May 10, 2007, which is assigned to the assignee of the present
patent application and whose disclosure is incorporated herein by reference.

Further alternatively, the MSP can use the mapping of memory state combinations in
any other distortion cancellation technique. Some exemplary techniques are described, for
example, in PCT Patent Application PCT/IL2007/000576, entitled “Distortion Estimation and
Cancellation in Memory Devices,” filed May 10, 2007, which is assigned to the assignee of the
present patent application and whose disclosure is incorporated herein by reference.

In addition to calculating the average distortion level using any of the methods
described above, the MSP may calculate and store other statistical i)roperties of the distortion,
such as its variance or entire distribution function. This statistical information can be used to
further improve the distortion compensation. For example, if the variance of the composite
distortion for a particular memory state combination exceeds a certain level, the MSP may
conclude that the distortion estimation of such a cell is unreliable.

In some embodirﬁents, data is written to the memory cells using a Program and Verify
(P&V) process, as is known in the art. The methods of Figs. 3-5 above can be combined with
the P&V process. For eiample, P&V processes often program the memory cells page by page
in sequential order. Thus, when a certain row is written, the previous row is usually already
programmed and the following row is not yet programmed. Since the values written to each
row are verified in the presence of interference from the previous rows, the P&V process
inherently compensates, at least partially, for interference from the previous rows. Therefore,

when implementing the methods of Figs. 3-5 in conjunction with a P&V process, it is
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sometimes possible to define only memory cells that were programmed later than the
interfered cells as potentially-interfering cells.

The compensation of P&V processes for distortion from previously-programmed cells

.. is usually accurate at the time the interfered cells are programmed. However, the value written

into the cell tends to drift over time due to aging effects, and this drift is unaccounted for by
the P&V process. In some embodiments, the estimation methods described herein can take into
account and compensate for drifts in cell values that are uncorrected by the P&V process. For
example, the MSP can estimate the average cell value drift, either over all memory cells or
separately for each possible memory state. The distortion values stored in the LUT can be
adjusted using the estimated drift. In some embodiments, the MSP can estimate and store an
estimated drift value for each memory state combination, e.g., as an additional field in each
row of the LUT.

In the methods described above, the LUT (or other mapping) has a resolution that is

equal to the number of memory .states. For example, in an SLC device and assuming N
possible interferers, the LUT has ZN 1 rows. In alternative embodiments, the MSP may

construct and maintain a LUT having a finer resolution. The range of analog values of the
memory cells can be divided into high-resolution regions, whose number is higher than the
number of memory states. Each row of the high-resolution LUT corresponds to the memory
cells whose analog values fall in a particular combination of high-resolution regions.

The distortion estimation and compensation methods described herein can be carried
out at any stage along the lifetime of system 20, such as during or after production, at
initialization when system 20 is installed in the host system, and/or during normal operation of
system 20 in the host system.

Although the embodiments described herein mainly address distortion estimation based
on the combination of memory states of the interfering cells, the principles of the present
invention can also be used to estimate the distortion based on the combination of the analog
values stored in the interfering cells, and possibly the analog value of the interfered cells. For
example, a mapping function may map each set of possible analog values to the corresponding
mean distortion level or other statistical property of the distortion.

The methods and systems described herein can also be used to cancel distortion that is
not necessarily actively induced in the interfered cell by the interfering cells. For example, a
certain set -of ‘memory cells ‘may have distortion components that have some statistical

correlation with the distortion in the interfered cell, even though these memory cells may not
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be the cause of this distortion. Thus, the methods and systems described herein can be used to
estimate the distortion in the interfered cell based on the combination of analog values (or
memory states) of a set of memory cells, whose distortion is statistically correlated with the
distortion in the interfered cell.

Although the embodiments described herein mainly address retrieving data from solid-
state memory devices, the principles of the present invention can also be used for storing and
retrieving data in Hard Disk Drives (HDD) and other data storage media and devices.

Tt will thus be appreciated that the embodiments described above are cited by way of
example, and that the present invention is not limited to what has been particularly shown and
described hereinabove. Rather, the scope of the present invention includes both combinations
and sub-combinations of the various features described hereinabove, as well as variations and
modifications thereof which would occur to persons skilled in the art upon reading the

foregoing description and which are not disclosed in the prior art.
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CLAIMS

L. A method for operating a memory, comprising:

storing data in analog memory cells of the memory by writing respective analog values
to the analog memory cells;

identifying a set of the analog memory cells comprising an interfered cell having a
distortion that is statistically correlated with the respective analog values of the analog memory
cells in the set;

determining a mapping between combinations of possible analog values of the analog
memory cells in the set and statistical characteristics of composite distortion levels present in
the interfered memory cell; and

applying the determined mapping so as to compensate for the distortion in the

interfered memory cell.

2. The method according to claim 1, wherein the combinations of the possible analog
values used in determining the mapping comprise the possible analog values of the interfered

memory cell.

3. The method according to claim 1, wherein the memory cells in the set have respective
spatial relationships with respect to the interfered memory cell, and wherein determining the
mapping comprises, for a target combination among the combinations of the possible analog
values, measuring multiple values of the composite distortion levels caused in multiple other
interfered memory cells by respective other sets of memory cells, which have the spatial
relationship with respect to the respective other interfered memory cells and have the target
combination of the analog values, and processing the multiple values of the composite
distortion levels to determine a composite distortion level to which the target combination is

mapped.

4. The method according to claim 3, wherein determining the mapping comprises
estimating drift levels of the analog values in the interfered memory cells corresponding to the
combinations of the possible analog values, and wherein applying the mapping comprises

compensating for the distortion using the estimated drift levels.

5. The method according to claim 3, wherein storing the data comprises programming the
analog memory cells to assume respective discrete memory states, and wherein determining
the mapping comprises determining the mapping as a function of combinations of possible

memory states of the memory cells in the set and the composite distortion levels present in the
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interfered memory cell when the memory cells in the set assume the combinations of the

possible memory states.

6. The method according to claim 5, wherein measuring the multiple values of the

composite distortion levels comprises:

programming the other interfered memory cells without programming the other sets of

the memory cells;

reading the analog values from the other interfered memory cells prior to completing
programming of the otherlsets of the memory cells;

programming the other sets of the memory cells;

reading the analog values from the other interfered memory cells after the other sets of
the memory cells have been programmed; and

computing the values of the composite distortion levels by comparing the analog values
read when the other sets of the memory cells are not programmed to the respective analog

values read after the other sets of the memory cells have been programmed.

7. The method according to claim 6, wherein reading the analog values prior to
completing the programming comprises reading the analog values while the other sets of the

memory cells are in an erased state.

8. The method according to claim 6, wherein reading the analog values prior to
completing the programming comprises reading the analog values while the other sets of the

memory cells are in a partially-programmed state.

9. The method according to claim 6, wherein reading the analog values prior to
completing the programming comprises reading the analog values after some of the memory

cells in the other sets of the memory cells have been programmed.

10.  The method according to claim 5, wherein measuring the multiple values of the

composite distortion levels comprises:

reading the analog values from the other interfered memory cells and from the other

sets of the memory cells;

identifying a subset of the other interfered memory cells whose respective sets of the

memory cells are not programmed; and
computing the values of the composite distortion levels by comparing the analog values

read from the memory cells in the subset to the analog values read from some of the other
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interfered memory cells, whose respective sets of the memory cells are programmed to assume

the target combination of the memory states.

11.  The method according to claim 5, wherein measuring the multiple values of the
composite distortion levels comprises:

reading the analog values from the other interfered memory cells and from the other
sets of the memory cells;

processing the read analog values to estimate the memory states of the other interfered
memory cells and of the other sets of the memory cells;

identifying a subset of the other interfered memory cells whose respective sets of the
memory cells are not programmed; and

computing the values of the composite distortion levels by comparing the analog values
read from the memory cells in the subset to the analog values read from some of the other
interfered memory cells, whose respective sets of the memory cells are estimated to have the

target combination of the memory states.

12.  The method according to claim 11, and comprising re-estimating the memory states of
the other interfered memory cells and of the other sets of the memory cells, and updating the

mapping based on the re-estimated memory states.

13.  The method according to claim 5, wherein determining the mapping comprises
dividing a range of the analog values into a number of regions higher than a number of the
possible memory states, and determining the mapping between combinations of possible
regions in which the analog values of the memory cells in the set fall and the composite
distortion levels caused in the interfered memory cell by the set of the memory cells when the

analog values written thereto are within the combination of the regions.

14.  The method according to any of claims 1-13, wherein determining the mapping
comprises storing the mapping in a Look-Up Table (LUT) that is accessed based on the

combinations of the possible analog values.

15. The method according to any of claims 1-13, wherein determining the mapping
comprises expressing the mapping by a mapping function, which produces the respective

composite distortion levels responsively. to the combinations of the possible analog values.

16. Thé method according to any of claims 1-13, wherein applying the mapping comprises
determining a current combination of the analog values of the memory cells in the set,

applying the mapping to the current combination to produce an estimate of the distortion level
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in the interfered memory cell, and compensating for the distortion in the interfered memory

cell based on the estimate.

17.  The method according to claim 16, wherein compensating for the distortion comprises

subtracting the estimate from an analog value read from the interfered memory cell.

18.  The method according to claim 16, wherein compensating for the distortion comprises
determining a read threshold used for reading an analog value from the interfered memory cell

based on the estimate.

19.  The method according to claim 16, wherein the data stored in the analog memory cells
is encoded with an Error Correction Code (ECC), and wherein compensating for the distortion

comprises computing a metric used for decoding the ECC based on the estimate.

20.  The method according to any of claims 1-13, wherein determining the mapping

comprises adaptively updating the mapping over time.

21.  The method according to any of claims 1-13, wherein determining the mapping
comprises determining a statistical property of the composite distortion levels, and wherein
applying the mapping comprises compensating for the distortion in the interfered memory cell
responsively to the statistical property.

22.  The method according to any of claims 1-13, wherein determining the mapping

comprises determining a first mapping that applies to the memory cells located in a first area

of the memory, and a second mapping that applies to the memory cells located in a second area

.of the memory different from the first area.

23.  The method according to any of claims 1-13, wherein the distortion in the interfered
memory cell is caused by first and second different distortion mechanisms, and wherein
determining the mapping comprises determining first and second mappings that respectively

correspond to the first and second distortion mechanisms.

24.  The method according to any of claims 1-13, wherein determining the mapping
comprises determining a first mapping that applies to a first order of programming the
interfered memory cell with respect to programming the memory cells in the set, and a second
mapping that applies to a second order of programming the interfered memory cell With

respect to programming the memory cells in the set, different from the first order.

25.  The method according to any of claims 1-13, ‘wherein the statistical characteristics

comprise a mean distortion level.
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26. The method according to any of claims 1-13, wherein determining the mapping
comprises measuring the statistical characteristics of the composite distortion levels after
installation of the memory in a host system, responsively to operation of the memory in the

host system.

27. A data storage apparatus, comprising:

an interface, which is operative to communicate with a memory that includes a
plurality of analog memory cells; and

a memory signal processor (MSP), which is connected to the interface and is coupled
to store data in the analog memory cells of the memory by writing respective analog values to
the analog memory cells, to determine, for a set of the analog memory cells comprising an
interfered cell having a distortion that is statistically correlated with the respective analog

values of the analog memory cells in the set, a mapping between combinations of possible

~ analog values of the analog memory cells in the set and statistical characteristics of composite

distortion levels present in the interfered memory cell, and to apply the determined mapping so

as to compensate for the distortion in the interfered memory cell.

28.  The apparatus according to claim 27, wherein the combinations of the possible analog
values used in determining the mapping comprise the possible analog values of the interfered

memory cell.

29.  The apparatus according to claim 27, wherein the memory cells in the set have
respective spatial relatioﬁships with respect to the interfered memory cell, and wherein the
MSP is coupled to determine the mapping for a target combination among the combinations of
the possible analog values by measuring multlple values of the composite dlstortlon levels
present in multiple other interfered memory cells by respective other sets of the memory cells,

which have the spatial relationship with respect to the respective other interfered memory cells
and have the target combination of the analog values, and processing the multiple values of the
composite distortion levels to determine a composite distortion level to which the target

combination is mapped.

30.  The apparatus according to claim 29, wherein the MSP is coupled to estimate drift
levels of the analog values in the interfered memory cells corresponding to the combinations of

the possible analog values, and to compensate for the distortion using the estimated drift

levels.
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31.  The apparatus according to claim 27, wherein the MSP is coupled to program the
analog memory cells to assume respective discrete memory states, and to determine the

mapping as a function of combinations of possible memory states of the memory cells in the

. set and the composite distortion levels present in the interfered memory cell when the memory

cells in the set assume the combinations of the possible memory states.

32.  The apparatus according to claim 31, wherein the MSP is coupled to measure the
multiple values of the composite distortion levels by:
programming the other interfered memory cells without programming the other sets of

the memory cells;

reading the analog values from the other interfered memory cells prior to completing
programming of the other sets of the memory cells;

programming the other sets of the memory cells;

reading the analog values from the other interfered memory cells after the other sets of
the memory cells have been programmed; and

computing the values of the composite distortion levels by comparing the analog values
read when the other sets of the memory cells are not programmed to the respective analog

values read after the other sets of the memory cells have been programmed.

33.  The apparatus according to claim 32, wherein the MSP is configured to read the analog
values prior to completing the programming by reading the analog values while the other sets

of the memory cells are in an erased state.

34,  The apparatus according to claim 32, wherein the MSP is configured to read the analog
values prior to completing the programming by reading the analog values while the other sets

of the memory cells are in a partially-programmed state.

35.  The apparatus according to claim 32, wherein the MSP is configured to read the analog
values prior to completing the programming by reading the analog values after some of the

memory cells in the other sets of the memory cells have been programmed.

36. The apparatus according to claim 31, wherein the MSP is coupled to measure the

multiple values of the composite distortion levels by:

reading the analog values from the other interfered memory cells and from the other

sets of the memory cells;

identifying a subset of the other interfered memory cells whose respective sets of the

memory cells are not programmed; and

29



10

15

20

25

30

WO 2008/026203 PCT/IL2007/001059

computing the values of the composite distortion levels by comparing the analog values
read from the memory cells in the subset to the analog values read from some of the other
interfered memory cells, whose respective sets of the memory cells are programmed to assume

the target combination of the memory states.

37.  The apparatus according to claim 31, wherein the MSP is coupled to measure the
multiple values of the composite distortion levels by:

reading the analog values from the other interfered memory cells and from the other
sets of the memory cells;

processing the read analog values to estimate the memory states of the other interfered
memory cells and of the other sets of the memory cells;

identifying a subset of the other interfered memory cells whose respective sets of the
memory cells are not programmed; and

computing the values of the composite distortion levels by comparing the analog values
read from the memory cells in the subset to the analog values read from some of the other
interfered memory cells, whose respective sets of the memory cells are estimated to have the

target combination of the memory states.

38.  The apparatus according to claim 37, wherein the MSP is coupled to re-estimate the
memory states of the other interfered memory cells and of the other sets of the memory cells,

and to update the mapping based on the re-estimated memory states.

39.  The apparatus according to claim 31, wherein the MSP is coupled to divide a range of
the analog values into a number of regions higher than a number of the possible memory
states, and to determine the mapping between combinations of possible regions in which the
analog values of the memory cells in the set fall and the composite distortion levels caused in
the interfered memory cell by the set of the memory cells when the analog values written

thereto are within the combination of the regions.

40.  The apparatus according to any of claims 27-39, wherein the MSP is coupled to store
the mapping in a Look-Up Table (LUT) that is accessed based on the combinations of the
possible analog values.

41.  The apparatus according to any of claims 27-39, wherein the MSP is coupled to
express the mapping by a mapping function, which produces the respective composite

distortion levels responsively to the combinations of the possible analog values.
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42.  The apparatus according to any of claims 27-39, wherein the MSP is coupled to
determine a current combination of the analog values of the memory cells in the set, to apply
the mapping to the current combination to produce an estimate of the distortion level in the
interfered memory -cell, and to compensate for the distortion in the interfered memory cell

based on the estimate.

43.  The apparatus according to claim 42, wherein the MSP is coupled to subtract the

estimate from an analog value read from the interfered memory cell.

44.  The apparatus according to claim 42, wherein the MSP is coupled to determine a read

threshold used for reading an analog value from the interfered memory cell based on the

estimate.

45.  The apparatus according to claim 42, wherein the data stored in the analog memory
cells is encoded with an Error Correction Code (ECC), and wherein the MSP is coupled to

compute a metric used for decoding the ECC based on the estimate.

46.  The apparatus according to any of claims 27-39, wherein the MSP is coupled to

adaptively update the mapping over time.

47.  The apparatus according to any of claims 27-39, wherein the MSP is coupled to
determine a statistical property of the composite distortion levels, and to compensate for the

distortion in the interfered memory cell responsively to the statistical property.

48.  The apparatus according to any of claims 27-39, wherein the MSP is coupled to
determine a first mapping that applies to the memory cells located in a first area of the
memory, and a second mapping that applies to the memory cells located in a second area of the

memory different from the first area.

49.  The apparatus according to any of claims 27-39, wherein the distortion in the interfered
memory cell is caused by first and second different distortion mechanisms, and wherein the
MSP is coupled to determine first and second mappings that respectively correspond to the

first and second distortion mechanisms.

50.  The apparatus according to any of claims 27-39, wherein the MSP is coupled to
determine a first mapping that applies to a first order of pro gramming the interfered memory
cell with respect to programming the memory cells in the set, and a second mapping that
applies to a second order of programming’ the interfered memory cell with respect to

programming the memory cells in the set, different from the first order.
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51.  The apparatus according to any of claims 27-39, wherein the statistical characteristics

comprise a mean distortion level.

52.  The apparatus according to any of claims 27-39, wherein the MSP is configured to
determine the mapping by measuring the statistical characteristics of the composite distortion
levels after installation of the memory in a host system, responsively to operation of the

memory in the host system.

53. A data storage apparatus, comprising:

a memory, which comprises a plurality of analog memory cells; and

a memory signal processor (MSP), which is connected to the memory and is coupled to
store data in the analog memory cells of the memory by writing respective analog values to the
analog memory cells, to determine, for a set of the analog memory cells comprising an
interfered cell having a distortion that is statistically correlated with the respective analog
values of the analog memory cells in the set, a mapping between combinations of possible
analog values of the analog memory cells in the set and statistical characteristics of composite
distortion levels present in the interfered memofy cell, and to apply the determined mapping so

as to compensate for the distortion in the interfered memory cell.
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FIG. 4
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FIG. 5
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