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COMBINED DISTORTION ESTIMATION AND ERROR CORRECTION CODING FOR

MEMORY DEVICES

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Patent Application 60/747,106,

filed May 12, 2006, U.S. Provisional Patent Application 60/863,480, filed October 30, 2006,

U.S. Provisional application 60/863,81O filed November 1, 2006, U.S. Provisional Patent

Application 60/867,399, filed November 28, 2006, U.S. Provisional. Patent Application

60/885,024, filed January 16, 2007, U.S. Provisional Patent Application 60/886,102, filed

January 23, 2007, U.S. Provisional Patent Application 60/889,277, filed February 11, 2007,

U.S. Provisional Patent Application 60/892,869, filed March 4, 2007, U.S. Provisional Patent

Application 60/894,290, filed March 12, 2007, U.S. Provisional Patent Application

60/894,456, filed March 13, 2007, U.S. Provisional Patent Application 60/912,056, filed April

16, 2007 and U.S. Provisional Patent Application 60/913,281, filed April 22, 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 improving memory device performance using error correction coding and

distortion estimation.

BACKGROUND OF THE INVENTION

Several types of memory devices, such as Flash memories and Dynamic Random

Access Memory (DRAM), use arrays of analog memory cells for storing data. Flash memory

devices are described, for example, by Bez et al., in "Introduction to Flash Memory,"

Proceedings of the IEEE, (91:4), April, 2003, pages 489-502, which is incorporated herein by

reference.

In such memory devices, each analog memory cell typically comprises a transistor,

which holds a certain amount of electric charge that represents the information stored in the

cell. The electric charge written into a particular cell influences the "threshold voltage" of the

cell, i.e., the voltage that needs to be applied to the cell so that the cell will conduct current.

Some memory devices, commonly referred to as Single-Level Cell (SLC) devices,

store a single bit of information in each memory cell. Typically, the range of possible

threshold voltages of the cell is divided into two regions. A voltage value falling in one of the

regions represents a "0" bit value, and a voltage belonging to the second region represents "1".



Higher-density devices, often referred to as Multi-Level Cell (MLC) devices, store two or

more bits per memory cell: In multi-level cells, the range of threshold voltages is divided into

more than two regions, with each region representing more than one bit.

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.

Other exemplary types ,of analog memory cells are Nitride Read-Only Memory

(NROM) cells, Ferroelectric RAM (FRAM) cells, magnetic RAM (MRAM) cells and phase

change RAM (PRAM, also referred to as Phase Change Memory - PCM) cells. NROM cells

are described, for example, 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.

FRAM, MRAM and PRAM cells are described, for example, by Kim and Koh in

"Future Memory Technology including Emerging New Memories," Proceedings of the 24

International Conference on Microelectronics (MIEL), Nis, Serbia and Montenegro, May 16-

19, 2004, volume 1, pages 377-384, which is incorporated herein by reference.

In some applications, the data stored in the memory device is encoded using an Error

Correcting Code (ECC). For example, Rodney and Sayano describe a number of on-chip

coding techniques for the protection of Random Access Memory (RAM) devices, which use

multi-level storage cells, in "On-Chip ECC for Multi-Level Random Access Memories,"

Proceedings of the 1989 IEEE/CAM Information Theory Workshop, June 25-29, 1989, Ithaca,

New York, which is incorporated herein by reference. As another example, U.S. Patent

6,212,654, whose disclosure is incorporated herein by reference, describes methods for storing

data in an analog memory device using coded modulation techniques. Other ECC schemes for

multilevel memory devices are described in U.S. Patents 6,469,931 and 7,023,735, whose

disclosures are incorporated herein by reference.

The threshold voltage values read from analog memory cells are sometimes distorted.

The distortion is due to various reasons, such as electrical field coupling from neighboring

memory cells, Back Pattern Dependency (BPD) caused by other cells along the same column

of the array, disturb noise caused by 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. Interference in memory cells is 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 are both incorporated

herein by reference.

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.

SUMMARY OF THE INVENTION

Embodiments of the present invention provide a method for operating a memory

device, including:

encoding data using an Error Correction Code (ECC) and storing the encoded data as

first analog values in respective analog memory cells of the memory device;

after storing the encoded data, reading from the memory cells of the memory device in

which the encoded data were stored respective second analog values, at least some of which

differ from the respective first analog values;

estimating a distortion that is present in the second analog values;

computing error correction metrics with respect to the second analog values

responsively to the estimated distortion; and

processing the second analog values using the error correction metrics in an ECC

decoding process, so as to reconstruct the data.

In some embodiments, computing the error correction metrics includes evaluating, for

each memory cell, one or more cell parameters indicative of the distortion, and computing the

error correction metrics responsively to the cell parameters. The cell parameters may include

at least one parameter selected from a group of parameters consisting of the analog values

read from other memory cells, estimated cross-coupling coefficients of the other memory

cells, parameters of a statistical distribution of the read second analog values, a number of

previous programming and erasure cycles the memory cell has gone through, time durations

that elapsed since the previous programming and erasure cycles, previous errors detected in

the memory cell, an identity of a word line to which the memory cell is connected, an identity



of a bit line to which the memory cell is connected, an estimated parameter of a sense

amplifier coupled to the bit line to which the memory cell is connected and an environmental

parameter.

In another embodiment, processing the second analog values includes dividing a range

of possible values of the second analog values into multiple decision intervals and

determining the respective decision intervals in which the second analog values fall, and

computing the error correction metrics includes defining a function that modifies the second

analog values relative to the decision intervals, so as to improve a performance of the ECC

decoding process.

In yet another embodiment, processing the second analog values includes accepting

feedback regarding a performance of the ECC decoding process, and modifying the ECC

decoding process responsively to the feedback. In still another embodiment, processing the

second analog values includes comparing the second analog values to decision thresholds, and

modifying the ECC decoding process includes modifying the decision thresholds. Modifying

the decision thresholds may include re-reading the second analog values from the memory

cells using the modified decision thresholds. In an embodiment, comparing the second analog

values to the decision thresholds includes reading the second analog values at the memory

device using the decision thresholds, and modifying the decision thresholds includes sending a

command to the memory device requesting to modify the thresholds.

In a disclosed embodiment, processing the second analog values includes producing

multiple estimates of the data stored in each memory cell by performing respective multiple

iterations of the ECC decoding process using different sets of the decision thresholds, and

reconstructing the data responsively to the multiple estimates of the data. Reconstructing the

data may include selecting one of the multiple estimates independently for each memory cell.

In some embodiments, processing the second analog values includes applying a first

ECC decoding process having a first error performance, accepting the feedback includes

accepting an indication of decoding errors in the data decoded using the first process, and

modifying the ECC decoding process includes processing the second analog values using a

second ECC decoding process having a second error performance better than the first error

performance. In another embodiment, modifying the ECC decoding process includes

modifying a sampling resolution used in reading the second analog values.

In some embodiments, reading the second analog values includes reading multiple

instances of the second analog values using respective different sets of decision thresholds,

and computing the error correcting metrics includes combining the multiple instances



independently for each memory cell and computing the error correcting metrics based on the

combined multiple instances. Reading and combining the multiple instances of the second

analog values may include iteratively obtaining additional instances of the second analog

values and updating the error correcting metrics using the additional instances until

successfully decoding the ECC.

In some embodiments, for each memory cell, estimating the distortion includes

reading the second analog values from a subset of potentially-interfering memory cells that

potentially contribute to the distortion in the second analog value read from the memory cell,

and computing the error correction metrics includes evaluating the distortion coηtributed by

the potentially-interfering memory cells. In an embodiment, evaluating the distortion

contributed by the potentially-interfering memory cells to the memory cell includes

approximating the distortion contributed by each potentially-interfering memory cell based on

both the second analog value read from the potentially-interfering memory cell and on the

second analog value read from the memory cell. In another embodiment, processing the

second analog values includes processing the second analog value of the memory cell at a first

quantization level, and processing the second analog values read from the potentially-

interfering memory cells at a second quantization level that is coarser than the first

quantization level. Processing the second analog values may include reading the second

analog values at the first and second quantization levels by iteratively modifying a threshold

of a circuit used for reading the second analog values.

In a disclosed embodiment, storing the encoded data includes writing the first analog

values into the memory cells using a Program and Verify (P&V) process, and estimating the

distortion includes classifying the potentially-interfering memory cells into at least two classes

selected from a group of classes consisting of memory cells that were fully programmed

earlier than the memory cell, memory cells that were fully programmed later than the memory

cell and memory cells that were that were fully programmed concurrently with the memory

cell by the P&V process, and calculating the aggregate distortion separately within each of the

classes.

In some embodiments, the memory cells may include Flash memory cells, Dynamic

Random Access Memory (DRAM) cells, Phase Change Memory (PCM) cells, Nitride Read-

OnIy Memory (NROM) cells, Magnetic Random Access Memory (MRAM) cells or

Ferroelectric Random Access Memory (FRAM) cells.

In a disclosed embodiment, the ECC includes a block code. The block code may

include one of a Bose-Chaudhuri-Hochquenghem (BCH) code and a Reed-Solomon (RS)



code. In an embodiment, the block code may include one of a Low-Density Parity Check

(LDPC) code, a turbo-code and a Turbo Product Code (TPC). The ECC decoding process may

include an iterative decoding process. Additionally or alternatively, the ECC decoding process

may use feedback produced by reading the second analog values. The ECC decoding process

may include a Maximum Likelihood Sequence Estimation (MLSE) process. The ECC may

include one of a convolutional code, a Trellis-Coded Modulation (TCM) code, a Bit

Interleaved Coded Modulation (BICM) code and a concatenated code. The error correction

metrics may include Likelihood Ratios (LRs) or Log Likelihood Ratios (LLRs).

In some embodiments, estimating the distortion includes predicting the distortion

present in one of the memory cells based on the distortion present in other memory cells.

In an embodiment, the memory cells are arranged in isolated groups of potentially-

interfering cells, estimating the distortion in each group includes evaluating an inverse of a

cross-coupling matrix representing mutual interference between pairs of the memory cells in

the group, and computing the error correction metrics includes computing a distance between

the inverse of the cross-coupling matrix applied to the first analog values, summed with

average distortion levels in the respective memory cells in the group, and the inverse of the

cross-coupling matrix applied to the second analog values. In another embodiment, the

isolated groups include respective Nitride Read-Only Memory (NROM) cells, and the

potentially-interfering cells in each group include first and second charge storage areas of the

respective NROM cell. In yet another embodiment, the memory cells are arranged in isolated

groups of potentially-interfering cells, estimating the distortion in each group includes

evaluating a vector of average distortion levels in the respective memory cells in the group

and a cross-coupling matrix representing mutual interference between pairs of the memory

cells in the group, and computing the error correction metrics includes computing the metrics

responsively to a difference between a vector of the second analog values read from the

memory cells in the group and a product of the cross-coupling matrix and the vector of the

average distortion levels. In another embodiment, the isolated groups include respective

Nitride Read-Only Memory (NROM) cells, and the potentially-interfering cells in each group

include first and second charge storage areas of the respective NROM cell.

In yet another embodiment, storing the encoded data includes scrambling the encoded

data and storing the scrambled data, and processing the second analog values includes

descrambling the second analog values read from the memory cells. In still another

embodiment, storing the data includes maintaining at least some of the memory cells at an

erased level, and reading the second analog values, estimating the distortion, computing the



error correcting metrics and processing the second analog values include compensating for the

distortion in the second analog values read from the memory cells that were maintained at the

erased level.

There is also provided, in accordance with an embodiment of the present invention, a

method for operating a memory device, including:

storing data as first analog values in respective analog memory cells of the memory

device;

after storing the data, reading multiple instances of second analog values from the

respective memory cells, each of the instances read by comparing the second analog values to

;a respective decision threshold;

estimating a distortion that is present in the second analog values; and

processing the multiple instances of the second analog values responsively to the

estimated distortion, so as to reconstruct the data.

In some embodiments, reading and processing the multiple instances include

iteratively obtaining additional instances of the second analog values.

There is additionally provided, in accordance with an embodiment of the present

invention, apparatus for retrieving data that has been encoded using an Error Correction Code

(ECC) and stored as first analog values in respective analog memory cells of a memory

device, the apparatus including:

a reading unit, which is arranged to read from the analog memory cells of the memory

device in which the encoded data were stored respective second analog values, at least some

of which differ from the respective first analog values;

a signal processing unit, which is arranged to estimate a distortion that is present in the

second analog values and to compute error correction metrics with respect to the second

analog values responsively to the estimated distortion; and

a decoder, which is arranged to process the second analog values using the error

correction metrics, so as to decode the ECC and reconstruct the data.

In an embodiment, the reading unit resides in a first Integrated Circuit (IC) and the

signal processing unit and the decoder reside in a second IC different from the first IC. In an

alternative embodiment, the reading unit, the signal processing unit and the decoder are

integrated in a single device.

There is further provided, in accordance with an embodiment of the present invention,

apparatus for retrieving data that has been stored as first analog values in respective analog

memory cells of a memory device, the apparatus including:



a reading unit, which is arranged to read multiple instances of second analog values

from the respective memory cells, each of the instances read by comparing the second analog

values to a respective decision threshold; and

a signal processing unit, which is arranged to estimate a distortion that is present in the

second analog values and to process the multiple instances of the second analog values

responsively to the estimated distortion, so as to reconstruct the data.

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;

Fig. 3 is a graph showing voltage distributions in a memory cell array, in accordance

with an embodiment of the present invention;

Fig. 4 is a functional block diagram that schematically illustrates a process for

retrieving data from a memory cell array, in accordance with an embodiment of the present

invention;

Fig. 5 is a flow chart that schematically illustrates a method for retrieving data from a

memory cell array, in accordance with another embodiment of the present invention; and

Fig. 6 is a flow chart that schematically illustrates a method for estimating distortion in

a memory cell array, in accordance with an embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

OVERVIEW

Embodiments of the present invention provide improved methods and systems for

retrieving information stored in memory devices. In the embodiments that are described

hereinbelow, data is stored as levels of electric charge that are written into an array of analog

memory cells. The charge levels determine the respective threshold voltages of the cells. .In

order to reduce the effects of the various distortion mechanisms, the data is encoded using an

Error Correcting Code (ECC) prior to its storage in the memory cells.

. The data is reconstructed by reading the threshold voltages of the memory cells and

decoding the ECC using an ECC decoder. The ECC decoder operates on ECC metrics, such as

Log-Likelihood Ratios (LLRs), which are defined over the read voltages.



A signal processing unit estimates the distortion that is present in the read voltages.

The distortion may be contributed by other cells in the array, by operations performed on such

cells and/or by effects such as aging. Depending on the distortion mechanism, the actual level

of electrical charge stored in the cells and/or the sensed and sampled voltages may be affected.

The signal processing unit calculates the ECC metrics based on the estimated distortion, and

provides the ECC metrics to the ECC decoder. The ECC decoder decodes the ECC using the

metrics, so as to reconstruct the data stored in the target memory cells. The ECC metrics may

also take into account additional certain cell parameters that are indicative of the anticipated

distortion level. In some embodiments, feedback as to the success, failure or quality of the

ECC decoding process is used to modify the operation of the decoding process.

Using ECC metrics that are based on the estimated distortion considerably improves

the performance of the ECC decoding process. The improved performance of the ECC

decoding process can be used to achieve higher information storage density in several ways.

For example, the number of voltage levels (and thus the number of information bits) stored in

each memory cell can be increased. In other embodiments, smaller and denser memory cell

arrays, which may have increased cross-coupling between cells and/or a higher aging rate, can

be used with good performance because of the improved ECC performance. Additionally or

alternatively, the code rate being used can be decreased for a given error rate requirement,

resulting in less coding overhead. In alternative embodiments, the error performance of a

given memory array and ECC can be improved. The improved performance can also be used

to reduce the range of threshold voltages used by the memory device, thus reducing the power

consumption of the device and improving its reliability and endurance.

The methods and systems described herein can be used in a wide variety of memory

devices and cell types, such as different Flash memory cells, DRAM cells, NROM cells,

MRAM cells and PCM cells. The principles of the present invention can also be used for data

storage and retrieval in various storage media and devices, such as in Hard Disk Drives

(HDD).

Any suitable estimation method can be used for estimating the distortion in the

voltages read from the memory cell array. Several exemplary methods are described herein.

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 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

stores information by holding 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 and NOR Flash cells, PCM, NROM, FRAM, MRAM and DRAM cells.

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

using a reading/writing (R/W) unit 40, whose functionality is described in greater detail

below. When reading data out of array 28, unit 40 converts the electric charge, and thus the

analog voltages of memory cells 32, into digital samples. Each digital sample is represented

using one or more bits. The samples are cached in buffers 36. The samples produced by unit

40 are also referred to as soft samples. 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 intermediates between memory device 24 and

the host or application that stores and retrieves the data. As will be shown in detail

hereinbelow, MSP 52 uses novel methods that combine error correction coding and distortion

estimation in order to improve the reliability and storage density of the data.

MSP 52 comprises an encoder/decoder 64, which encodes the data to be written to

device 24 using an ECC, and decodes the ECC when reading data out of device 24. A signal

processing unit 60 processes the data that is written into and retrieved from device 24. In

particular, unit 60 estimates the distortion that affects the voltages read out of cells 32. The

estimated distortion is used to improve the performance of the ECC, as will be described in

detail further below.

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. A controller 76 manages the

operation and timing of MSP 52. In addition to carrying out the functions described

hereinbelow, controller 76 may perform additional memory management functions such as

wear leveling and bad block management. 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 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 in a single IC or System on Chip

(SoC). In some implementations, a single MSP 52 may be connected to multiple memory

devices 24. Additional architectural aspects of certain embodiments of implementation of

system 20 are described in greater detail in U.S. Provisional Patent Application 60/867,399,

cited above.

In a typical writing operation, data to be written into memory device 24 is accepted

from the host and cached in I/O buffer 56. Encoder/decoder 64 encodes the data, and the

encoded data is transferred, via data buffers 72, to memory device 24. In device 24 the data is

temporarily stored in buffers 36. R/W unit 40 converts the data to analog voltage values and

writes the data into the appropriate cells 32 of array 28.

In a typical reading operation, R/W unit 40 reads analog voltage values out of the

appropriate memory cells 32 and converts the voltages to digital samples. The samples are

cached in buffers 36 and transferred to buffers 72 of MSP 52. Signal processing unit 60

estimates the distortion that is present in the data samples, using methods that are described

hereinbelow.

Blocks of data are transferred from buffers 72 to unit 60, and encoder/decoder 64

decodes the ECC of these blocks. Encoder/decoder 64 uses the distortion estimation provided

by unit 60 to improve the performance of the ECC decoding process. The decoded data is

transferred via I/O buffer 56 to the host.

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 AND DISTORTION MECHANISMS

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



are 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) transistor. 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

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 an entire row of cells, also

referred to as a page, simultaneously.

In some embodiments, unit 40 measures the drain current by pre-charging the bit line

of the cell to a certain voltage level. Once the gate voltage is set to the desired value, the drain

current causes the bit line voltage to discharge through the cell. Unit 40 measures the bit line

voltage several microseconds after the gate voltage is applied, and compares the bit line

voltage to the threshold. . In some embodiments, each bit line 84 is connected to a respective

sense amplifier, which amplifies the bit line current and converts it to voltage. The amplified

voltage is compared to the threshold using a comparator.

Some of the methods described hereinbelow involve adjustment of the thresholds to

which the read voltage levels are compared. Such threshold adjustments may be performed at

a high rate, in some cases prior to each reading operation. In some embodiments, memory

device 24, and in particular R/W unit 40, is designed to enable fast, efficient and flexible



threshold adjustments. For example, the interface between MSP 52 and memory device 24

may comprise commands that enable fast and efficient threshold adjustments by R/W unit 40.

Such commands may specify the requested adjustment per each individual threshold, or

request a uniform adjustment of an entire threshold set. Exemplary command interfaces that

can be used for this purpose are described in U.S. Provisional Patent Applications 60/889,277,

60/912,056 and 60/913,281, cited above.

The voltage reading method described above is an exemplary method. Alternatively,

R/W unit 40 may use any other suitable method for reading the threshold voltages of cells 32.

For example, unit 40 may comprise one or more Analog to Digital Converters (ADCs), which

convert the bit line voltages to digital samples. Further alternatively, the methods and systems

described herein can be used with any suitable method or means for writing and reading

analog values to and from the analog memory cells.

In some embodiments, entire pages (rows) are written and read in parallel. Erasing of

cells is usually carried out in blocks that contain multiple pages. Typical memory devices may

comprise several hundreds of thousands of pages, each comprising several thousand cells

(e.g., 16K or 32K cells). A typical erasure block is on the order of 128 pages, although other

block sizes can also be used.

The voltages digitized by R/W unit 40 may contain various types of distortion, which

are caused by different distortion mechanisms in array 28. Some distortion mechanisms affect

the actual electrical charge that is stored in the cells, while other mechanisms distort the

sensed voltages. For example, electrical coupling between adjacent cells in the array may

modify the threshold voltage in a particular cell. This effect is referred to as interference noise.

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 a read,

write or erase operation on a certain cell in the array, which causes unintended programming

or erasure of 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.

Fig. 3 is a graph showing voltage distributions in memory cell array 28, in accordance

with an embodiment of the present invention. Fig. 3 is used to demonstrate the effect of

distortion on the accuracy of reading values from the memory cell array. In the example of

Fig. 3, each cell 32 stores two bits of information using four nominal voltage levels. Plots



92A...92D show the voltage distribution over the entire array, at the time each cell is

programmed. Plot 92A shows the distribution of voltages in the cells that store "11" bit

values. Plots 92B, 92C and 92D show the voltage distribution in the cells that store "01", "00"

and "10" bit values, respectively.

In the present example, the threshold voltages of cells 32 are read using 3-bit

conversion. Thus, the range of threshold voltages is divided into eight decision zones

96A...96H. The data content of each cell is determined based on the decision zone in which

the threshold level read from the cell falls. For example, a voltage level 98 read from a

particular cell, which falls in decision zone 96F5 indicates that the data content of the cell is

"00". Note that voltage levels that fall in decision zone 96 are also interpreted as indicating a

data content of "11". Although four decision zones are generally sufficient for decoding the

four possible bit combinations, using eight decision zones provides better resolution and

improves the distortion estimation and decoding performance.

As a result of the various distortion mechanisms, the distribution of threshold voltages

may change. For example, the threshold voltages may drift over time due to aging. Plots

100A... 100D respectively show the distributions of cells having " 1 1", "01", "00" and "10"

data content, after the voltages shifted over time.

In particular, voltage level 98 has changed to a shifted level 104 due to distortion. As

can be seen in the figure, voltage level 104 falls in decision zone 96E, and not in zone 96F as

originally intended. In the present example, due to the increased resolution provided by the

eight decision zones, the deviation will not necessarily cause a decision error. However, in

general, it can be seen that distortion may cause an erroneous reading of the data content of

the cell.

ECC DECODING ASSISTED BY DISTORTION ESTIMATION

System 20 reduces the probability of making erroneous decisions as to the data content

of cells 32 by encoding the data stored in the cells using an ECC. In the present example,

encoder/decoder 64 encodes the data in each page separately. In alternative embodiments, the

data can be encoded in blocks having any other suitable size. For example, each page can be

divided into several sectors, and encoder/decoder 64 encodes the data in each sector

separately. Alternatively, the data can be encoded over multiple pages.

Various types of error correcting codes known in the art can be used to encode the

data. The ECC may comprise, for example, a block code that separately encodes fixed-size

blocks of data. Exemplary block codes may comprise the Bose-Chaudhuri-Hochquenghem



(BCH) code or the Reed-Solomon (RS) code. A particular class of block codes is a class of

codes that lend themselves to iterative decoding processes. Codes that are typically decoded

using iterative processes comprise, for example, Low-Density Parity Check (LDPC) codes,

turbo-codes and Turbo Product Codes (TPC). Other types of codes may comprise

convolutional codes and Trellis-Coded Modulation (TCM) codes. Further alternatively, the

code may comprise a known Bit Interleaved Coded Modulation (BICM) code, which typically

comprises a convolutional code, a bit interleaver and a Gray mapper.

The ECC process may alternatively comprise a feedback-coded programming process,

such as the process described in U.S. Provisional application 60/863,810, cited above. In some

cases, two codes can be used sequentially as an inner and outer code, to form a concatenated

code.

The ECC used by encoder/decoder 64 operates on metrics, which are defined over the

read data. The ECC metrics may provide information regarding the statistical likelihood that a

particular information bit (or symbol, as in the case of Reed-Solomon codes and trellis codes)

was encoded, given that a certain voltage level was read. The ECC metrics may be based on

parameters such as the centers and the variance of the voltage distributions 92A...92D.

Typically, MSP 52 estimates parameters of the voltage distributions and uses the

estimated parameters to calculate the bit or symbol likelihoods. In addition, the MSP may

maintain or receive information regarding the conditions of the cells, and use this information

to assess the characteristics of the voltage distributions in the cells and modify the ECC

metrics accordingly. For example, the MSP may track the number of program and erase cycles

the cells have gone through and how long ago they have been programmed. These parameters

are indicative of the level of leakage noise from which the cells have suffered since they were

programmed.

In some embodiments, the ECC metrics may comprise Likelihood Ratios (LRs) or

Log-Likelihood Ratios (LLRs), which are defined as

P(X I r)
[1] LR =

P(Xi = Or)

wherein X denotes a particular data bit out of the one or more bits stored in a particular

memory cell and r denotes the voltage level read from the cell. Alternatively, the ECC metrics



may comprise any other metric defined over the voltage levels read from the memory cells,

which assists the ECC decoding process.

Other types of ECC metrics may comprise square error LLRs as often used in Additive

White Gaussian Noise scenarios and mean square error estimates as often used in Viterbi

decoders, TCM and BICM codes.

In some embodiments, the ECC metric may indicate the relative reliabilities of the

decoded bits. For example, the bit can be classified into "suspected as erred," "regular" or

"safe" based on the distance of the read threshold level from the center of the distribution.

When the read voltage is close to the edge of a decision zone, the corresponding bits are

classified as "suspected as erred." When the voltage is well within the decision zone the

corresponding bits are classified as "safe." Otherwise, the bits are classified as "regular." Such

ECC metrics can be used, for example, by block code soft decoders.

Signal processing unit 60 estimates the distortion that is present in the voltages read

from memory cells 32, and calculates the ECC metrics based on the estimated distortion.

Using ECC metrics that are based on the estimated distortion considerably improves the

performance of the ECC decoding process carried out by encoder/decoder 64, since they give

more weight to values having less distortion, and vice versa.

Referring to the example of Fig. 3, and assuming p(Xj=Q)=p(Xf=l)=0.5, Equation [2]

can be written as

wherein S denotes decision zones 96A...96H, S X j = O denotes the subset of the values that

are programmed into the cells in which the bit X j equals "0", and S X = I denotes the

subset of programmed values in which bit X\ equals "1".

Let T Q denote the value for which X = O that is closest to the read voltage r, and T

denote the value for which X 1- I that is closest to the read voltage r. In most practical cases,

the sums in Equation [3] can be approximated by the maximal terms in each sum, which are

typically the terms that involve TQ and T]. Assuming also that the voltage distribution of r is

Gaussian with variance σ , Equation [3] can be approximated by



[4] A(X ) (r - T0)2 -(r - T1Y
2σ

Since r represents a value within a specific decision zone, which is denoted [Va ,Vb\,

Equation [4] can be written more accurately as

wherein Q() denotes the Gaussian complementary Cumulative Distribution Function (CDF).

In the present example, unit 60 calculates the LLR values based on the values of Va , F , TQ,

T] and σ.

In some embodiments, the ECC metrics evaluated by MSP may take into account

additional cell parameters available to the MSP, in order to improve the accuracy and

performance of the ECC metrics. Such additional information may comprise any parameter

that is indicative of the anticipated distortion level of the cell, such as the values written into

neighboring cells, estimated cross-coupling coefficients of neighboring cells, the number of

program and erasure cycles the cell has gone through, the time durations that elapsed since the

previous program and erasure cycles, previous decoding errors detected in the cell, the identity

of the word line and/or bit line to which the cell is connected, environmental parameters such

as supply voltage (Vcc) and temperature, and/or any other suitable parameters. For example,

the conditional probabilities in Equation [3] above can be replaced with conditional

probabilities that take the additional cell parameters into account.

In some practical cases, the level of cross-coupling interference from a neighboring

cell depends not only on the voltage (or charge) stored in the neighboring cell, but also on the

voltage level (or charge level) of the interfered cell. Thus, in some embodiments, the MSP

calculates the ECC metrics by evaluating a function defined over the voltage (or charge)

levels of the interfering cells and of the interfered cell.

Some aspects of estimating the values of the cross-coupling coefficients are described

in a PCT application entitled "Distortion Estimation and Cancellation in Memory Devices,"

filed May 10, 2007, whose disclosure is incorporated herein by reference.

In some cases, the memory cell array can be partitioned into groups of cells, such that

the cross-coupling interference is confined to each group, and different groups are isolated



from one another. An extreme example occurs in NROM devices, in which each cell stores

two values in two charge areas of the cell. When cell-to-cell isolation is sufficiently high,

cross-coupling can be assumed to occur only between the two values of each cell.

In such cases, the cross-coupling coefficients among the cells in a particular cell group

can be arranged in a cross-coupling matrix, and the ECC metrics can be calculated using the

cross-coupling matrix.

Let x denote the k values written into a group of k mutually-interfering cells.

y i

Let y = y 2
denote the k values read from the cells. In some cases, such as when the cells

y k

are written using a Program and Verify (P&V) process that is applied simultaneously to all the

cells in the group, x y at the time the cells are programmed. Vector y changes over time

due to the different distortion mechanisms, such as aging. The value of vector y at a later

point in time can be written as

[6] y =x +H(m n)

wherein m denotes a vector of respective voltage shifts of the k voltages due to aging, and n

denotes a vector of random aging noise components. The k random components are assumed

to have a Gaussian distribution with variance σ .His the cross-coupling matrix defined as

wherein ay denotes the cross-coupling coefficient from cell j to cell i in the group. For k=2,

such as for NROM cells, H =



The term H n in Equation [6] above is not white, since its k components are

correlated. Multiplying both sides of Equation [6] above by the inverse of H yields

[8] H ~ 1 y = ( H ~ 1 x + m) + n

wherein the term ( H ~ x + m) is deterministic (and known, assuming the written levels are

known) and n is random and white.

MSP 52 calculates H by estimating coefficients aψ The MSP can then decode the

data by determining the values of x that minimize the expression

wherein | | denotes the Euclidean norm.

For example, when using a hard-decision ECC decoder, the MSP can scan or search

through the different possible data value combinations of x , in order to determine the set of

values that minimizes Expression [9] above. Any suitable search process can be used for this

purpose. For example, the MSP can use sphere decoding methods, such as the methods

described by Agrell et al., in "Closest Point Search in Lattices," IEEE Transactions on

Information Theory, volume 48, August 2002, pages 2201-2214, which is incorporated herein

by reference. Alternatively, V-BLAST approximate decoding methods, as are known in the

art, can also be used.

When a soft-decision ECC decoder is used, such as when using BICM, the MSP

typically calculates the LLR of each data bit during the search process. For example, the MSP

can calculate the minimum value of Expression [9] above for all X values in which the data

bit in question is set to " 1", and subtract from this result the minimum value of Expression [9]

for all x values in which the data bit in question is set to "0". The resulting LLR values can

then be used as metrics by the soft ECC decoder. Alternatively, m can be approximated by

using the nominal mean values of the shifts, based on hard decisions on y . Then, the

expression y —H -m can be used as input to the LLR calculations in Equations [4] or [5]

above.

Generally, Expression [9] above can be used as an ECC metric by the ECC decoder.

For example, when the ECC comprises a TCM scheme and the ECC decoder comprises a



Viterbi decoder, the decoder can use Expression [9] above as a metric for the group of values

corresponding to the k cells in the group.

Fig. 4 is a functional block diagram that schematically illustrates a process for

retrieving data from memory cell array 28, in accordance with an embodiment of the present

invention. When reading data from memory device 24, R/W unit 40 produces digitized

samples based on the voltage levels read from memory cells 32 of array 28. The samples are

stored in data buffer 72.

In the context of the present patent application and in the claims, terms such as

"reading data," "sampling voltages" and ".reading voltages" mean either explicitly converting

analog voltages stored in memory cells to: digital samples, or accepting such samples over an

interface. For example, when using a two-chip configuration such as shown in Fig. 1 above,

these terms can refer to accepting samples, which were produced by an off-chip comparator or

A/D converter, by the MSP.

The target samples (i.e., the samples of the memory cells whose data is requested by

the host) are provided to a metric calculation module 108 in signal processing unit 60. The

metric calculation module calculates ECC metrics of the target samples.

The target samples, as well as samples of other cells that may potentially cause

distortion to the target cells, are provided to a distortion estimation module 112 in signal

processing unit 60. Module 112 estimates the distortion contributed to the target cells, based

on the samples of the target cells and of the potentially-interfering cells. Module 112 may

carry out various methods for estimating the distortion. Exemplary estimation methods are

described further below.

Module 112 may consider different numbers and types of potentially-interfering cells,

depending on the type of distortion mechanism in question and on the estimation method

being used. For example, in some embodiments module 112 estimates the cross-coupling

interference to each cell from its eight neighbor cells in the array. In these embodiments,

module 112 typically processes the page (row) being decoded, as well as the preceding and

following pages. The data buffer in this case can be several pages in size.

hi an alternative embodiment, module 112 may consider the distortion originating

from only the left-hand-side and right-hand-side neighbors of a cell. In these embodiments,

the data buffer may be smaller, on the order of a single page.

In some embodiments, module 112 estimates distortion, which is caused by cells in

pages that are distant from the target cell. For example, back pattern noise may be contributed

by cells on the same column as the target cell but on distant pages. In these embodiments, the



content of such distant cells, or other information regarding these cells, may be provided to

module 112.

In some cases, the samples read from the potentially-interfering cells can be stored and

processed at a coarser quantization, i.e., at a smaller number of bits in comparison with the

quantization of the samples of the target cells. The reduced quantization can reduce the size of

the data buffer and the complexity of module 112.

Distortion estimation module 112 provides the estimated distortion to metric

calculation module 108. The metric calculation module calculates the ECC metrics based on

the estimated distortion, and provides the metrics to encoder/decoder 64. The ECC

encoder/decoder decodes the ECC using the metrics, so as to reconstruct the data stored in the

target memory cells.

In some embodiments, metric calculation module 108 defines a function over the

sample values read from the target cells and over the decision thresholds. The function

modifies the sample values with respect to the decision thresholds, so as to reduce the error

probability of the ECC decoding process, given the distortion estimation provided by module

112. For example, referring to Fig. 3, the function evaluated by module 108 essentially warps

the voltage axis, so as to map curves 100A...100D to curves 92A...92D, respectively. When

the function operates on subsequent target samples, the bit decisions are taken based on

shifted distributions 100A ... 10OD .

In some cases, feedback from the ECC decoding process (e.g., decoding success or

failure) can be used to further improve the distortion estimation and metric calculation

process. A data retrieval method that uses such feedback is described in Fig. 5 below.

The ECC decoder may consider and make joint decisions on sequences of cells. For

example, the decoder may apply various Maximum Likelihood Sequence Estimation (MLSE)

techniques, as are known in the art, for this purpose.

ITERATIVE DISTORTION ESTIMATION USING ECC DECODER FEEDBACK

Fig. 5 is a flow chart that schematically illustrates a method for retrieving data from

memory cell array 28, in accordance with another embodiment of the present invention. Steps

128-140 of the method describe a process that is similar to the process of Fig. 4 above. Steps

144-156 that follow perform an iterative adaptation of the decoding process based on

feedback from the ECC decoding process.

The method begins with RAV unit 40 reading the voltages of the desired target cells

and from the potentially-interfering cells in array 28, at a reading step 128. Signal processing



unit 60 estimates the distortion present in the read voltages, at a distortion estimation step 132.

Unit 60 calculates the ECC metrics, at a metric calculation step 136. Unit 60 can use any ECC

metric and any distortion estimation method, such as the methods described herein. ECC

encoder/decoder 64 decodes the ECC and reconstructs the stored data, at a decoding step 140.

ECC encoder/decoder 64 notifies unit 60 (or controller 76) whether the page was

decoded successfully, i.e., whether the decoded page contains errors or not. If the decoding

was successful, as checked at a success checking step 144, the method terminates

successfully, as a successful termination step 148. Unit 60 may use different methods to verify

whether the decoded page contains errors. For example, unit 60 may check whether the

decoder output is a valid codeword. Alternatively, one or more checksum bits, such as a

Cyclic Redundancy Check (CRC), may be stored together with the data. Unit 60 can calculate

the CRC over the decoded data and compare it with the stored CRC value. Further

alternatively, unit 60 may calculate a reliability metric of the decoded data and compare it

with a predetermined threshold.

In the present example, only a certain maximum number of feedback iterations is

allowed in order to avoid endless loop, deadlock situations. Thus, when the feedback from the

ECC decoder indicates that the decoded page contains errors, unit 60 (or controller 76) checks

whether the maximum number of iterations has already been performed, at an iteration

checking step 152. If the maximum number of iterations has already been exhausted, the

method terminates without successfully decoding the data, at an error termination step 160.

Otherwise, the ECC decoder adapts the decoding process, at a feedback adaptation

step 156. For example, the ECC decoder can mark the LLR values that produced the lowest

error probabilities. Unit 60 then uses this information to mark the target samples having the

lowest error probabilities. Alternatively, the decoder may mark bits having low confidence

levels as "erasures," and update the erasure marks according to the decoding process results.

Further alternatively, any other technique for adjusting or updating the decoding process using

ECC decoder feedback can also be used. The method then loops back to distortion estimation

step 132 above, and unit 60 re-estimates the distortion based on the provided feedback.

MSP 52 uses a certain set of voltage thresholds when decoding the data at decoding

step 140 above. In some embodiments, when errors are detected at success checking step 144

above, unit 60 modifies the decoding process by adjusting the thresholds, in order to improve

the decoding performance. Unit 60 may use any suitable method for adjusting the thresholds.

For example, unit 60 may perform a gradient search, in which the thresholds values are

incremented or decremented, depending on whether the error performance improves or



degrades. Alternatively, the threshold values can be adjusted so as to minimize the number of

read operations required. Additional threshold adaptation methods, which can be used to

adjust the decision thresholds, are described in U.S. Provisional Patent Application

60/894,290, cited above.

Note that in some cases, adjusting the decision thresholds involves re-reading the cell

voltages. For example, when the cell threshold voltages are read by applying different

voltages to the word lines, as described above, the cells are re-read using the modified

decision thresholds. When the cells are read using high resolution ADCs, re-reading of the

cells is usually not necessary.

In some embodiments, unit 60 can select the threshold values on a cell-by-cell basis, to

match the distortion characteristics of each individual cell. The possible thresholds can be pre¬

determined or adjusted in an adaptive manner. For example, assume that a certain group of

cells is read in three decoding iterations, using three predetermined sets of thresholds denoted

THl . . .TH3. In the present example, the following table lists the bit sequences produced by the

three decoding iterations:

For each bit in the sequence, one of the three threshold sets produced the lowest

distortion level. The best-performing threshold set for each bit is given by the following table:

Unit 60 selects, for each bit in the sequence, the decoding result that used the best-

performing threshold set. Thus, the decision results are given by the following table:

In alternative embodiments, unit 60 selects the thresholds on a cell-by-cell basis before

ECC decoding. In these embodiments, the cells are read using multiple predetermined sets of

thresholds prior to ECC decoding. Then, for each cell, the best-performing set of thresholds is

used, according to the estimated distortion for this cell. The best-performing threshold set is

applied for each cell to produce the input to the ECC decoder.



Alternatively to selecting the values decoded using the best-performing thresholds,

unit 60 may combine data values, which were read in different iterations using different

thresholds. For example, unit 60 may perform majority voting on the bit values decoded at

different iterations.

Further alternatively, unit 60 can read the voltages from the cells using different

thresholds, and combine the read values from the different iterations before decoding the

ECC. In other words, for each cell, unit 60 can read the cell voltage using different thresholds

and produce the ECC decoding metrics (e.g., LLR) based on the multiple read voltages. Then,

the ECC is decoded using the metrics. In some embodiments, the cells are read using different

thresholds in an iterative manner, until the ECC decoding is successful. In each iteration, the

cell is read using a different threshold. The decoding metrics are computed or updated based

on the voltages read from the cell in the different iterations. The process continues until the

ECC is decoded successfully.

Although the description above referred to re-reading cells with different thresholds on

a cell-by-cell basis, a single set of thresholds can be used for the entire page.

In some embodiments, MSP 52 comprises two or more different decoders having

increasing performance. Higher performance decoders typically have higher complexity, draw

more power and introduce a higher processing delay, with respect to simpler decoders.

Initially, the MSP decodes the page using the least-complex decoder, and reverts to a higher-

performance decoder only when decoding errors are detected. Using this method, the average

power consumption and processing delay is reduced, since high performance and complexity

decoders are invoked only when needed.

For example, the MSP may initially attempt to decode the data without any ECC

decoding, and revert to using an ECC decoder when errors are detected. This technique can be

used, for example, when the ECC scheme used by the MSP comprises a systematic code, i.e.,

a code that adds separate redundancy bits without modifying the uncoded information bits. As

another example, the simpler decoder may comprise a hardware-implemented hard-decision

Reed-Solomon (RS) decoder, whose inputs comprise memόryless cell-by-cell decisions. The

higher-performance decoder may comprise a soft-decision RS decoder, which is implemented

in software and uses high-resolution sampling of the cell voltages.

Another possibility for modifying the decoding process based on the feedback

provided by the ECC decoder is to modify the resolution in which the voltage levels are read.

The resolution can be modified, for example, by iteratively modifying the threshold voltages

used for digitizing the voltages read from the memory cells, until successful decoding is



achieved. As noted above, in some embodiments the voltages of potentially-interfering cells

and the voltage of the interfered cell are read with different resolutions, hi such cases, the

reading resolution of the potentially-interfering cells, the interfered cell, or both, can be

adapted.

EXEMPLARY DISTORTION ESTIMATION METHODS

Signal processing unit 60 of MSP 52 can use any suitable method for estimating the

distortion that is present in the voltages read from memory cells 32. Some exemplary methods

are described in U.S. Provisional Patent Applications 60/747,106 and 60/885,024, cited

above. Alternatively, any other suitable distortion estimation method can be used.

Fig. 6 is a flow chart that schematically illustrates a method for estimating distortion in

a memory cell array 28, in accordance with an embodiment of the present invention. The

method described below can be used by distortion estimation module 112, such as in

distortion estimation step 132 of the method of Fig. 5 above. The method uses the fact that

distortion caused by cells that were programmed earlier than the target cell may differ from

the distortion caused by cells that were programmed after the target cell.

Another assumption is that the array has been programmed using a Program and

Verify (P&V) process, as is well known in the art. P&V processes are described, for example,

by Jung et al., in "A 117mm2 3.3V Only 128Mb Multilevel NAND Flash Memory for Mass

Storage Applications," IEEE Journal of Solid State Circuits, (11:31), November, 1996, pages

1575-1583, and by Takeuchi et al., in "A Multipage Cell Architecture for High-Speed

Programming Multilevel NAND Flash Memories," IEEE Journal of Solid-State Circuits,

(33:8), August 1998, pages 1228-1238, which are both incorporated herein by reference.

In some known P&V processes, each cell in a certain page is programmed to one of M

voltage levels denoted 0...M-1, wherein level 0 is the erased level. The P&V process

programs the page in M phases. In phase i, a sequence of voltage pulses is applied to the cells

whose programmed level should be i or higher. After each pulse, the process reads the

voltages of the different cells and stops applying pulses to the cells that have reached their

desired levels.

The method begins with MSP 52 accepting sampled voltages read from cells 28 of

array 32, at a voltage reading step 170. The voltages comprise both the voltages of the target

cells and the voltages of cells that potentially cause interference to the target cells. In the

present example, the pages of array 28 are read in a sequential order, i.e., row by row,

although other reading configurations can also be used.



For a given target cell, the potentially-interfering cells are classified according to the

time of programming, at a classification step 174. A subset of cells 32, which is denoted Dl,

comprises potentially-interfering cells, which were not yet fully programmed by the P&V

process at the time the target cell was programmed. Cells in class Dl were at the erased level

when the target cell was programmed, but may have been programmed since then.

In some programming schemes, cells are programmed in several stages. For example,

in some programming methods of four-level cells, the Least Significant Bit (LSB) and the

Most Significant Bit (MSB) are written in two separate steps. An exemplary method is

described in the article by Takeuchi et al, cited above. In such methods, a cell may be

programmed to an intermediate level at a certain point in time, and a future programming step

brings the cell to its final programmed value. When such programming methods are used,

class Dl is extended to include the cells that were either at the erased level or at an

intermediate programming level when the target cell is programmed, but may have been

programmed to their final value since then.

Another subset of cells 32, denoted D2, comprises potentially-interfering cells, which

were already programmed at the time the target cell was programmed. Since the interference

from these cells to the target cell was already present when the target cell was programmed,

the P&V process already compensated for this interference, at least partially, unless the target

cell is erased, in which case the P&V .algorithm was not applied to it. A third class of cells,

denoted D3, comprises potentially-interfering cells that are programmed concurrently with the

target cell, e.g., cells on the same page as the target cell.

Signal processing unit 60 estimates the distortion to the target cell according to the

different classes of potentially-interfering cells, at a class-based distortion estimation step 178.

Let n and m denote the row and column number of the target cell in array 28, respectively.

Xn m denotes the voltage of the target cell after it was written using the P&V process. X ,

denotes the voltage of the cell located in row i and column j at the time the target cell was

programmed. y n m denotes the cell voltage value read from the target cell, which differs

from Xn m due to distortion. Similarly, z- , denotes the cell voltage value read from the

target cell, which differs from Xj , due to distortion.

The aggregate distortion present in y n m can be estimated as
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wherein hn m j . denotes the cross-coupling interference coefficient from the interfering cell

at row i and column/ to the target cell at row n and column m . b denotes a constant bias term.

The cells in class D l include cells that were programmed after the target cell was

programmed. Therefore, the interference caused by these cells was not present at that time,

and the P&V process could not have compensated for this distortion.

The cells in class D 2 were already programmed when the target cell was programmed,

and the distortion caused by these cells was already present when the P&V process

programmed the target cell. Therefore, the P&V process has already (at least partially)

compensated for this distortion when the target cell was programmed. Note that class D2 is

empty when the target cell is erased, since in this case it was not processed by a P&V

algorithm and the distortions from previously programmed cells was not compensated.

Nevertheless, this compensation was correct at the time the target cell was programmed, and

does not take into account aging or other effects that occurred between that time and the time

in which the target cell was read. Xf , in the second term of Equation [10] above is an

estimate of the voltage, which was present in the interfering cell at the time the target cell was

programmed.

Note that the first and second terms of Equation [10] differ from one another in the

reason for the change in the interfering cell voltage between the time of programming and the

time of reading: for the cells in class D l to the voltage change is caused by additional

programming, whereas in the cells in class D2 cells to the change is caused by distortion.

In some embodiments, Xj , can be estimated by applying ECC decoding to the

outputs of these cells. The ECC can help in correcting severe errors, such as errors caused by

severe leakage, by recovering the set of bits that was written to the cell. Alternatively,

y j j —Xf f in the second term of Equation [10] can be estimated using a memoryless

function of y , , such as a y , which estimates the leakage error for cells whose voltage
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level is y j . Alternatively, y - X j can be approximated by the average expected leakage

from the cell.

The third term in Equation [10] above, which refers to the cells in class DS, assumes

the use of a P&V process, which inherently compensates for the distortion caused by D3 cells

that are programmed to levels that are the same as or lower than the target cell. When a

potentially-interfering cell on the same page as the target cell is programmed to a higher level,

this programming is performed in a later pass of the P&V process, after the target cell has

already been fully programmed. Therefore, a significant part of the distortion caused by D3

cells having higher levels than the target cell will not be pre'sent at the time the target cell is

programmed, and the P&V process will not be able to compensate for this part of the

distortion.

In some cases, the number of P&V pulses used to program a certain cell may vary due

to cell-to-cell tolerances and various reading and writing inaccuracies of the P&V process. As

a result, certain cells can be faster to write from others, even for the same voltage level. When

the target cell is faster to program than a certain interfering cell, the interference from this cell

will not be accurately compensated for by the P&V process.

In some embodiments, Equation [10] above can be modified to compensate for these

differences. The third term in Equation [10] can be written as

[ ] Σ ι,m,i,j -g(y i,j yn,m)
(UhD 3

wherein

In Equation [12], Xn m denotes the extracted value of xn>m, e.g., by using the ECC

decoding process, as described above. ∆ denotes a factor that compensates for the fact that the

target cell was faster to program than the interfering cell.

Equation [10] above assumes that the distortion depends only on the voltage change of

the interfering cell and not on the voltage of the interfered cell. Equation [10] above also

assumes that the distortion is linear, i.e., can be modeled as a constant multiplied by the

voltage change of the interfering cell. In some practical scenarios, however, these two

assumptions may not hold. In particular, in some cases the interference from a certain

interfering cell to a certain interfered cell depends on both the voltage of the interfering cell



and on the voltage of the interfered cell. In such cases, Equation [10] can be re-written more

generally as

yij>yn,m3

wherein f(t j,tf,r) denotes the distortion caused by an interfering cell: whose voltage

changes from t to tβ to an interfered cell whose voltage level is r.

In some cases, such as when cell voltages are affected by Back Pattern Dependency

(BPD), the interfering cells are located along the same cell string or bit line as the interfered

cell, and the distortion to a certain cell depends on the voltages of the cells located above it

along the bit line.

In some cases, unit 60 may predict the distortion in a particular cell from known or

previously-estimated distortion values of other cells. For example, cells located in close

proximity to one another in the array may have similar or correlated distortion levels. As

another example, when some of the distortion is caused by or propagated over the supply

voltage, cells that share the same power supply (Vcc) circuitry may have similar distortion.

In some embodiments, unit 60 corrects the ECC metrics responsively to distortion that

is caused by gain and bias errors in the sense amplifiers. When a certain memory cell is read,

the sense amplifier transforms the current flowing through the cell into voltage. The voltage at

the sense amplifier output should therefore satisfy v=k
SA

i , wherein v denotes the output

voltage, idenotes the cell current and K denotes the amplifier gain, which is assumed to be .

constant for all cells. In many practical cases, however, the gain of the sense amplifier is not

constant. The amplifier may also introduce a bias error. Thus, the sense amplifier output

voltage can be written as v = (J + ∆ )i +B ,wherein hAis constant, A denotes a gain

error and B$A denotes the bias error. ∆ and B$A mav vary °m one sense amplifier to

another (i.e., from one bit line to another).

In some embodiments, unit 60 estimates the values of ∆ and B A modifies the

ECC metrics based on the estimated sense amplifier parameters. For example, the LLR



calculations of [4] or [5] above can be modified to account for different A and B A values

by shifting and scaling the read voltage r in Equation [4], or the interval boundaries Va and,

V] in Equation [5].

For example, the read voltage r in Equation [4] above can be replaces with rg, which is

defrned as T0 = ( r .

Although the exemplary method of Fig. 6 referred to certain P&V process

implementations, the method can be used, mutatis mutandis, with any other suitable P&V

process. Adaptation of the method for use with other types of P&V processes on the basis of

the disclosed embodiments will be apparent to those skilled in the art.

In many known devices, one of the nominal voltage levels is defined as an "erased"

level, hi some known data storage methods and devices, cells that remain at the erased level

do not participate in the P&V process. Therefore, these cells may suffer from cross-coupling

interference from neighboring cells that is not corrected by the P&V process. This interference

widens the erased level voltage distribution towards the next-higher level and increases the

necessary margin. In many NAND Flash cells, the erased level has a negative voltage,

whereas the other levels have positive voltages. In such known devices, it is often not possible

to read negative voltages, and therefore impossible to read the exact voltage of an erased cell

in order to correct the interference. In some embodiments, when MSP 52 detects that a certain

memory cell has a slightly positive voltage level and determines that the distortion level for

this cell is high, the MSP concludes that this cell is an erased cell whose voltage erroneously

became positive due to the distortion. The MSP can compensate for the distortion in such

cells, so as to reduce the necessary margin.

In NROM Flash cells, the voltage levels of erased cells are usually positive, so they

can be read. Although the cross-coupling between the two sides of an NROM cell is typically

compensated for by the P&V process, the distortion is not compensated for when one or both

sides of the cell are erased. In such cases, MSP 52 can compensate for the distortion even

when one or both of the cell sides are erased, and reduce the necessary margin.

Although the embodiments described herein mainly address retrieving data from

multilevel cells (MLC), the principles of the present invention can also be used with single-

level cells (SLC). 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.

It 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.



CLAIMS

1. A method for operating a memory device, comprising:

encoding data using an Error Correction Code (ECC) and storing the encoded data as

first analog values in respective analog memory cells of the memory device;

after storing the encoded data, reading from the memory cells of the memory device in

which the encoded data were stored respective second analog values, at least some of which

differ from the respective first analog values;

estimating a distortion that is present in the second analog values;

computing error correction metrics with respect to the second analog values

responsively to the estimated distortion; and

processing the second analog values using the error correction metrics in an ECC

decoding process, so as to reconstruct the data.

2. The method according to claim 1, wherein computing the error correction metrics

comprises evaluating, for each memory cell, one or more cell parameters indicative of the

distortion, and computing the error correction metrics responsively to the cell parameters.

3 . The method according to claim 2, wherein the cell parameters comprise at least one

parameter selected from a group of parameters consisting of the analog values read from other

memory cells, estimated cross-coupling coefficients of the other memory cells, parameters of

a statistical distribution of the read second analog values, a number of previous programming

and erasure cycles the memory cell has gone through, time durations that elapsed since the

previous programming and erasure cycles, previous errors detected in the memory cell, an

identity of a word line to which the memory cell is connected, an identity of a bit line to which

the memory cell is connected, an estimated parameter of a sense amplifier coupled to the bit

line to which the memory cell is connected and an environmental parameter.

4. The method according to claim 1, wherein processing the second analog values

comprises dividing a range of possible values of the second analog values into multiple

decision intervals and determining the respective decision intervals in which the second

analog values fall, and wherein computing the error correction metrics comprises defining a

function that modifies the second analog values relative to the decision intervals, so as to

improve a performance of the ECC decoding process.



5. The method according to claim 1, wherein processing the second analog values

comprises accepting feedback regarding a performance of the ECC decoding process, and

modifying the ECC decoding process responsively to the feedback.

6. The method according to any of claims 1-5, wherein processing the second analog

values comprises comparing the second analog values to decision thresholds, and wherein

modifying the ECC decoding process comprises modifying the decision thresholds.

7. The method according to claim 6, wherein modifying the decision thresholds

comprises re-reading the second analog values from the memory cells using the modified

decision thresholds.

8. The method according to claim 6, wherein comparing the second analog values to the

decision thresholds comprises reading the second analog values at the memory device using

the decision thresholds, and wherein modifying the decision thresholds comprises sending a

command to the memory device requesting to modify the thresholds.

9. The method according to claim 6, wherein processing the second analog values

comprises producing multiple estimates of the data stored in each memory cell by performing

respective multiple iterations of the ECC decoding process using different sets of the decision

thresholds, and reconstructing the data responsively to the multiple estimates of the data.

10. The method according to claim 9, wherein reconstructing the data comprises selecting

one of the multiple estimates independently for each memory cell.

11. The method according to claim 5, wherein processing the second analog values comprises

applying a first ECC decoding process having a first error performance, wherein accepting the

feedback comprises accepting an indication of decoding errors in the data decoded using the

first process, and wherein modifying the ECC decoding process comprises processing the

second analog values using a second ECC decoding process having a second error

performance better than the first error performance.

12. The method according to claim 5, wherein modifying the ECC decoding process

comprises modifying a sampling resolution used in reading the second analog values.

13. The method according to any of claims 1-5, wherein reading the second analog values

comprises reading multiple instances of the second analog values using respective different

sets of decision thresholds, and wherein computing the error correcting metrics comprises

combining the multiple instances independently for each memory cell and computing the error

correcting metrics based on the combined multiple instances.



14. The method according to claim 13, wherein reading and combining the multiple

instances of the second analog values comprise iteratively obtaining additional instances of

the second analog values and updating the error correcting metrics using the additional

instances until successfully decoding the ECC.

15. The method according to any of claims 1-5, wherein for each memory cell, estimating

the distortion comprises reading the second analog values from a subset of potentially-

interfering memory cells that potentially contribute to the distortion in the second analog

value read from the memory cell, and wherein computing the error correction metrics

comprises evaluating the distortion contributed by the potentially-interfering memory cells.

16. The method according to claim 15, wherein evaluating the distortion contributed by

the potentially-interfering memory cells to the memory cell comprises approximating the

distortion contributed by each potentially-interfering memory cell based on both the second

analog value read from the potentially-interfering memory cell and on the second analog value

read from the memory cell.

17. The method according to claim 15, wherein processing the second analog values

comprises processing the second analog value of the memory cell at a first quantization level,

and processing the second analog values read from the potentially-interfering memory cells at

a second quantization level that is coarser than the first quantization level.

18. The method according to claim 17, wherein processing the second analog values

comprises reading the second analog values at the first and second quantization levels by

iteratively modifying a threshold of a circuit used for reading the second analog values.

19. The method according to any of claims 1-5, wherein storing the encoded data

comprises writing the first analog values into the memory cells using a Program and Verify

(P&V) process, and wherein estimating the distortion comprises classifying the potentially-

interfering memory cells into at least two classes selected from a group of classes consisting

of memory cells that were fully programmed earlier than the memory cell, memory cells that

were fully programmed later than the memory cell and memory cells that were that were fully

programmed concurrently with the memory cell by the P&V process, and calculating the

aggregate distortion separately within each of the classes.

20. The method according to any of claims 1-5, wherein the memory cells comprise Flash

memory cells.



21. The method according to any of claims 1-5, wherein the memory cells comprise

Dynamic Random Access Memory (DRAM) cells.

22. The method according to any of claims 1-5, wherein the memory cells comprise Phase

Change Memory (PCM) cells.

23. The method according to any of claims 1-5, wherein the memory cells comprise

Nitride Read-Only Memory (NROM) cells.

24. The method according to any of claims 1-5, wherein the memory cells comprise Magnetic

Random Access Memory (MRAM) cells.

25. The method according to any of claims 1-5, wherein the memory cells comprise

Ferroelectric Random Access Memory (FRAM) cells.

26. The method according to any of claims 1-5, wherein the ECC comprises a block code.

27. The method according to claim 26, wherein the block code comprises one of a Bose-

Chaudhuri-Hochquenghem (BCH) code and a Reed-Solomon (RS) code.

28. The method according to claim 26, wherein the block code comprises one of a Low-

Density Parity Check (LDPC) code, a turbo-code and a Turbo Product Code (TPC).

29. The method according to claim 28, wherein the ECC decoding process comprises an

iterative decoding process.

30. The method according to any of claims 1-5, wherein the ECC decoding process uses

feedback produced by reading the second analog values.

31. The method according to any of claims 1-5, wherein the ECC decoding process

comprises a Maximum Likelihood Sequence Estimation (MLSE) process.

32. The method according to any of claims 1-5, wherein the ECC comprises one of a

convolutional code, a Trellis-Coded Modulation (TCM) code, a Bit Interleaved Coded

Modulation (BICM) code and a concatenated code.

33. The method according to any of claims 1-5, wherein the error correction metrics

comprise Likelihood Ratios (LRs).

34. The method according to any of claims 1-5, wherein the error correction metrics

comprise Log Likelihood Ratios (LLRs).



35. The method according to any of claims 1-5, wherein estimating the distortion

comprises predicting the distortion present in one of the memory cells based on the distortion

present in other memory cells.

36. The method according to any of claims 1-5, wherein the memory cells are arranged in

isolated groups of potentially-interfering cells, wherein estimating the distortion in each group

comprises evaluating an inverse of a cross-coupling matrix representing mutual interference

between pairs of the memory cells in the group, and wherein computing the error correction

metrics comprises computing a distance between the inverse of the cross-coupling matrix

applied to the first analog values, summed with average distortion levels in the respective

memory cells in the group, and the inverse of the cross-coupling matrix applied to the second

analog values.

37. The method according to claim 36, wherein the isolated groups comprise respective

Nitride Read-Only Memory (NROM) cells, and wherein the potentially-interfering cells in

each group comprise first and second charge storage areas of the respective NROM cell.

38. The method according to any of claims 1-5, wherein the memory cells are arranged in

isolated groups of potentially-interfering cells, wherein estimating the distortion in each group

comprises evaluating a vector of average distortion levels in the respective memory cells in

the group and a cross-coupling matrix representing mutual interference between pairs of the

memory cells in the group, and wherein computing the error correction metrics comprises

computing the metrics responsively to a difference between a vector of the second analog

values read from the memory cells in the group and a product of the cross-coupling matrix and

the vector of the average distortion levels.

39. The method according to claim 38, wherein the isolated groups comprise respective

Nitride Read-Only Memory (NROM) cells, and wherein the potentially-interfering cells in

each group comprise first and second charge storage areas of the respective NROM cell.

40. The method according to any of claims 1-5, wherein storing the encoded data

comprises scrambling the encoded data and storing the scrambled data, and wherein

processing the second analog values comprises descrambling the second analog values read

from the memory cells.

41. The method according to any of claims 1-5, wherein storing the data comprises

maintaining at least some of the memory cells at an erased level, and wherein reading the

second analog values, estimating the distortion, computing the error correcting metrics and



processing the second analog values comprise compensating for the distortion in the second

analog values read from the memory cells that were maintained at the erased level.

42. A method for operating a memory device, comprising:

storing data as first analog values in respective analog memory cells of the memory

device;

after storing the data, reading multiple instances of second analog values from the

respective memory cells, each of the instances read by comparing the second analog values to

a respective decision threshold;

estimating a distortion that is present in the second analog values; and

processing the multiple instances of the second analog values responsively to the

estimated distortion, so as to reconstruct the data.

43. The method according to claim 42, wherein reading and processing the multiple

instances comprise iteratively obtaining additional instances of the second analog values.

44. Apparatus for retrieving data that has been encoded using an Error Correction Code

(ECC) and stored as first analog values in respective analog memory cells of a memory

device, the apparatus comprising:

a reading unit, which is arranged to read from the analog memory cells of the memory

device in which the encoded data were stored respective second analog values, at least some

of which differ from the respective first analog values;

a signal processing unit, which is arranged to estimate a distortion that is present in the

second analog values and to compute error correction metrics with respect to the second

analog values responsively to the estimated distortion; and

a decoder, which is arranged to process the second analog values using the error

correction metrics, so as to decode the ECC and reconstruct the data.

45. The apparatus according to claim 44, wherein the signal processing unit is arranged to

evaluate, for each memory cell, one or more cell parameters indicative of the distortion, and to

compute the error correction metrics responsively to the cell parameters.

46. The apparatus according to claim 45, wherein the cell parameters comprise at least one

parameter selected from a group of parameters consisting of the second voltages read from

other memory cells, estimated cross-coupling coefficients of the other memory cells,

parameters of a statistical distribution of the read second analog values, a number of previous

programming and erasure cycles the memory cell has gone through, time durations that



elapsed since the previous programming and erasure cycles, previous errors detected in the

memory cell, an identity of a word line to which the memory cell is connected, an identity of a

bit line to which the memory cell is connected, an estimated parameter of a sense amplifier

coupled to the bit line to which the memory cell is connected and an environmental parameter.

47. The apparatus according to claim 44, wherein the decoder is arranged to divide a range

of possible values of the second analog values into multiple decision intervals and to

determine the respective decision intervals in which the second analog values fall, and

wherein the signal processing unit is arranged to define a function that modifies the second

analog values relative to the decision intervals based on the estimated distortion, so as to

improve a performance of the decoder.

48. The apparatus according to claim 44, wherein the signal processing unit is arranged to

accept feedback regarding a performance of the decoder, and to modify an operation of the

decoder responsively to the feedback.

49. The apparatus according to any of claims 44-48, wherein the decoder is arranged to

compare the second analog values to decision thresholds, and wherein the signal processing

unit is arranged to modify the operation of the decoder by modifying the decision thresholds

responsively to the feedback.

50. The apparatus according to claim 49, wherein the reading unit is arranged to read the

second analog values by comparing the second analog values to the decision thresholds, and

wherein the signal processing unit is arranged to modify the decision thresholds by sending a

command to the reading unit requesting to modify the thresholds.

51. The apparatus according to claim 49, wherein the signal processing unit is arranged to

cause the reading unit to re-read the second analog values from the memory cells using the

modified decision thresholds.

52. The apparatus according to claim 49, wherein the decoder is arranged to produce

multiple estimates of the data stored in each memory cell by performing respective multiple

decoding iterations using different sets of the decision thresholds, and to reconstruct the data

responsively to the multiple estimates of the data.

53. The apparatus according to claim 52, wherein the decoder is arranged to reconstruct

the data by selecting one of the multiple estimates independently for each memory cell.

54. The apparatus according to claim 48, wherein the decoder is arranged to initially apply a

first ECC decoding process having a first error performance, wherein the signal processing



unit is arranged to accept an indication of decoding errors in the data decoded using the first

decoding process, and to cause the decoder to process the second analog values using a second

ECC decoding process having a second error performance better than the first error

performance.

55. The apparatus according to claim 48, wherein the signal processing unit is arranged to

modify a sampling resolution used by the reading unit for reading the second analog values

responsively to the feedback.

56. The apparatus according to any of claims 44-48, wherein the reading unit is arranged

to read multiple instances of the second analog values using respective different sets of

decision thresholds, wherein the signal processing unit is arranged to combine the multiple

instances independently for each memory cell and to compute the error correcting metrics

based on the combined multiple instances.

57. The apparatus according to claim 56, wherein the reading unit, the signal processing

unit and the decoder are arranged to iteratively obtain additional instances of the second

analog values and to update the error correcting metrics using the additional instances until

successfully decoding the ECC.

58. The apparatus according to any of claims 44-48, wherein the reading unit is arranged,

for each memory cell, to read the second analog values from a subset of potentially-interfering

memory cells that potentially contribute to the distortion in the second analog value read from

the memory cell, and wherein the signal processing unit is arranged to evaluate the distortion

contributed by the potentially-interfering memory cells.

59. The apparatus according to claim 58, wherein the signal processing unit is arranged to

approximate the distortion contributed by each potentially-interfering memory cell based on

both the second analog value read from the potentially-interfering memory cell and on the

second analog value read from the memory cell.

60. The apparatus according to claim 58, wherein the signal processing unit is arranged to

process the second analog value of the memory cell at a first quantization level, and to process

the second analog values read from the potentially-interfering memory cells at a second

quantization level that is coarser than the first quantization level.

61. The apparatus according to claim 60, wherein the reading unit is arranged to compare

the second analog values to a threshold, and to iteratively modify the threshold so as to read

the second analog values at the first and second quantization levels.



62. The apparatus according to any of claims 44-48, wherein the first analog values were

written into the memory cells using a Program and Verify (P&V) process, and wherein the

signal processing unit is arranged to classify the potentially-interfering memory cells into at

least two classes selected from a group of classes consisting of memory cells that were fully

programmed earlier than the memory cell, memory cells that were fully programmed later

than the memory cell and memory cells that were fully programmed concurrently with the

memory cell by the P&V process, and to calculate the aggregate distortion separately within

each of the classes.

63. The apparatus according to any of claims 44-48, wherein the reading unit resides in a

first Integrated Circuit (IC) and wherein the signal processing unit and the decoder reside in a

second IC different from the first IC.

64. The apparatus according to any of claims 44-48, wherein the reading unit, the signal

processing unit and the decoder are integrated in a single device.

65. The apparatus according to any of claims 44-48, wherein the memory cells comprise

Flash memory cells.

66. The apparatus according to any of claims 44-48, wherein the memory cells comprise

Dynamic Random Access Memory (DRAM) cells.

67. The apparatus according to any of claims 44-48, wherein the memory cells comprise

Phase Change Memory (PCM) cells.

68. The apparatus according to any of claims 44-48, wherein the memory cells comprise

Nitride Read-Only Memory (NROM) cells.

69. The apparatus according to any of claims 44-48, wherein the memory cells comprise

Magnetic Random Access Memory (MRAM) cells.

70. The apparatus according to any of claims 44-48, wherein the memory cells comprise

Ferroelectric Random Access Memory (FRAM) cells.

71. The apparatus according to any of claims 44-48, wherein the ECC comprises a block

code.

72. The apparatus according to claim 71, wherein the block code comprises one of a Bose-

Chaudhuri-Hochquenghem (BCH) code and a Reed-Solomon (RS) code.

73. The apparatus according to claim 71, wherein the ECC comprises one of a Low-

Density Parity Check (LDPC) code, a turbo-code and a Turbo Product Code (TPC).



74. The apparatus according to claim 73, wherein the decoder is arranged to decode the

ECC using an iterative decoding process.

75. The apparatus according to any of claims 44-48, wherein the decoder is arranged to

decode the ECC using feedback that is produced by reading the second analog values.

76. The apparatus according to any of claims 44-48, wherein the decoder is arranged to

decode the ECC using a Maximum Likelihood Sequence Estimation (MLSE) process.

77. The apparatus according to any of claims 44-48, wherein the ECC comprises one of a

convolutional code, a Trellis-Coded Modulation (TCM) code, a Bit Interleaved Coded

Modulation (BICM) code and a concatenated code.

78. The apparatus according to any of claims 44-48, wherein the error correction metrics

comprise Likelihood Ratios (LRs).

79. The apparatus according to any of claims 44-48, wherein the error correction metrics

comprise Log Likelihood Ratios (LLRs).

80. The apparatus according to any of claims 44-48, wherein the signal processing unit is

arranged to predict the distortion present in one of the memory cells based on the distortion

present in other memory cells.

81. The apparatus according to any of claims 44-48, wherein the memory cells are

arranged in isolated groups of potentially-interfering cells, and wherein the signal processing

unit is arranged to estimate the distortion in each group by evaluating an inverse of a cross-

coupling matrix representing mutual interference between pairs of the memory cells in the

group, and wherein computing the error correction metrics comprises computing a distance

between the inverse of the cross-coupling matrix applied to the first analog values, summed

with average distortion levels in the respective memory cells in the group, and the inverse of

the cross-coupling matrix applied to the second analog values.

82. The apparatus according to claim 81, wherein the isolated groups comprise respective

Nitride Read-Only Memory (NROM) cells, and wherein the potentially-interfering cells in

each group comprise first and second charge storage areas of the respective NROM cell.

83. The apparatus according to any of claims 44-48, wherein the memory cells are

arranged in isolated groups of potentially-interfering cells, and wherein the signal processing

unit is arranged to estimate the distortion in each group by evaluating a vector of average

distortion levels in the respective memory cells in the group and a cross-coupling matrix



representing mutual interference between pairs of the memory cells in the group, and to

compute the error correction metrics responsively to a difference between a vector of the

second analog values read from the memory cells in the group and a product of the cross-

coupling matrix .and the vector of the average distortion levels.

84. The apparatus according to claim 83, wherein the isolated groups comprise respective

Nitride Read-Only Memory (NROM) cells, and wherein the potentially-interfering cells in

each group comprise first and second charge storage areas of the respective NROM cell.

85. The apparatus according to any of claims 44-48, wherein the data stored in the

memory cells is scrambled, and wherein the signal processing unit is arranged to descramble

the second analog values read from the memory cells.

86. The apparatus according to any of claims 44-48, wherein at least some of the memory

cells are maintained at an erased level, and wherein the signal processing unit is arranged to

compensate for the distortion in the second analog values read from the memory cells that

were maintained at the erased level.

87. Apparatus for retrieving data that has been stored as first analog values in respective

analog memory cells of a memory device, the apparatus comprising:

a reading unit, which is arranged to read multiple instances of second analog values

from the respective memory cells, each of the instances read by comparing the second analog

values to a respective decision threshold; and

a signal processing unit, which is arranged to estimate a distortion that is present in the

second analog values and to process the multiple instances of the second analog values

responsively to the estimated distortion, so as to reconstruct the data.

88. The apparatus according to claim 77, wherein the reading unit and the signal

processing unit are arranged to iteratively obtain additional instances of the second analog

values.
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