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(57) Abstract: A non-volatile memory has its cells' thresholds programmed within any one of a first set of voltage bands partitioned
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reference thresholds so as to provide additional soft bits for error correction. The reference thresholds of the second set are set up to
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using a minimum of data latches. This is accomplished by relaxing the requirement that the first set of reference threshold is a subset
of the second set and that the resulting soft bits are symmetrically distributed about the hard bits.
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NON-VOLATILE MEMORY AND METHODS
WITH ASYMMETRIC SOFT READ POINTS AROUND HARD READ
POINTS

FIELD AND BACKGROUND OF THE INVENTION

[0001] The present invention relates to storage of data in nonvolatile
memories such as flash memories and, more particularly, to a memory and methods of

reading using optimized placement of threshold levels for reading hard and soft bits.

[0002] Solid-state memory capable of nonvolatile storage of charge,
particularly in the form of EEPROM and flash EEPROM packaged as a small form
factor card, has recently become the storage of choice in a variety of mobile and
handheld devices, notably information appliances and consumer electronics products.
Unlike RAM (random access memory) that is also solid-state memory, flash memory
is non-volatile and retains its stored data even after power is turned off. In spite of the
higher cost, flash memory is increasingly being used in mass storage applications.
Conventional mass storage, based on rotating magnetic medium such as hard drives
and floppy disks, is unsuitable for the mobile and handheld environment. This is
because disk drives tend to be bulky, are prone to mechanical failure and have high
latency and high power requirements. These undesirable attributes make disk-based
storage impractical in most mobile and portable applications. On the other hand, flash
memory, both embedded and in the form of a removable card are ideally suited in the
mobile and handheld environment because of its small size, low power consumption,

high speed and high reliability features.

[0003] Flash memory typically comprises of EEPROM (Electrically Erasable
and Programmable Read-Only Memory). It is a non-volatile memory that can be
erased and have new data written or “programmed” into their memory cells. Each
memory cell is formed by a floating (unconnected) conductive gate, in a field effect
transistor structure, positioned over a channel region in a semiconductor substrate,
between source and drain regions. A control gate is then provided over the floating
gate. The threshold voltage characteristic of the transistor is controlled by the amount

of charge that is retained on the floating gate. That is, for a given level of charge on
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the floating gate, there is a corresponding voltage (threshold) that must be applied to
the control gate before the transistor is turned “on” to permit conduction between its

source and drain regions.

[0004] The floating gate can hold a range of charges and therefore can be
programmed to any threshold voltage level within a threshold voltage window. The
size of the threshold voltage window is delimited by the minimum and maximum
threshold levels of the device, which in turn correspond to the range of the charges
that can be programmed onto the floating gate. The threshold window generally
depends on the memory device’s characteristics, operating conditions and history.
Each distinct, resolvable threshold voltage level range or voltage bands within the
threshold window may, in principle, be used to designate a definite memory state of
the cell. In general, when the threshold window is partitioned into 2™ voltage bands
by 2™ -1 demarcation reference threshold voltages, the cell can store up to m bits of
data. For example, when the threshold voltage is partitioned into two distinct voltage
bands, each memory cell will be able to store one bit of data. Similarly, when the
threshold voltage window is partitioned into more than two distinct voltage bands,

cach memory cell will be able to store more than one bit of data.

[0005] The memory device may be erased by a number of mechanisms. For
EEPROM, a memory cell is electrically erasable, by applying a high voltage to the
substrate relative to the control gate so as to induce electrons in the floating gate to
tunnel through a thin oxide to the substrate channel region (i.e., Fowler-Nordheim
tunneling.) Typically, the EEPROM is crasable byte by byte. For flash EEPROM,
the memory is electrically erasable either all at once or one or more blocks at a time,

where a block may consist of 512 bytes or more of memory.

[0006] In order to increase memory capacity, flash memory devices are being
fabricated with higher and higher density as the state of the semiconductor technology
advances. Another method for increasing storage capacity is to have each memory

cell store more than two states.

[0007] Originally, flash memories stored only one bit per cell. Flash memories
that store two bits per cell now are available commercially, and flash memories that

store more than two bits per cell are being developed. Flash memories that store one
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bit per cell are called "Single Level Cell" (SLC) memories. Flash memories that store
more than one bit per cell are called “multi-state” or "Multi Level Cell" (MLC)

memories.

[0008] The transistor serving as a memory cell is typically programmed to a
"programmed" state by one of two mechanisms. In "hot electron injection,” a high
voltage applied to the drain accelerates electrons across the substrate channel region.
At the same time a high voltage applied to the control gate pulls the hot electrons
through a thin gate dielectric onto the floating gate. In "tunneling injection,” a high
voltage is applied to the control gate relative to the substrate. In this way, electrons

are pulled from the substrate to the intervening floating gate.

[0009] The memory devices typically comprise one or more memory chips
that may be mounted on a card. Each memory chip comprises an array of memory
cells supported by peripheral circuits such as decoders and erase, write and read
circuits. The more sophisticated memory devices operate with an external memory
controller that performs intelligent and higher level memory operations and

interfacing.

[0010] There are many commercially successful non-volatile solid-state
memory devices being used today. These memory devices may be flash EEPROM or
may employ other types of nonvolatile memory cells. Examples of flash memory and
systems and methods of manufacturing them are given in United States patents nos.
5,070,032, 5,095,344, 5,315,541, 5,343,063, and 5,661,053, 5,313,421 and 6,222,762.
In particular, flash memory devices with NAND string structures are described in
United States patent nos. 5,570,315, 5,903,495, 6,046,935. Also flash memory
devices are also manufactured from memory cells with a dielectric layer for storing
charge. Instead of the conductive floating gate elements described earlier, a dielectric
layer is used. Such memory devices utilizing dielectric storage element have been
described by FEitan et al., “NROM: A Novel Localized Trapping, 2-Bit Nonvolatile
Memory Cell,” IEEE Electron Device Letters, vol. 21, no. 11, November 2000, pp.
543-545. An ONO diclectric layer extends across the channel between source and
drain diffusions. The charge for one data bit is localized in the dielectric layer
adjacent to the drain, and the charge for the other data bit is localized in the dielectric
layer adjacent to the source. For example, United States patents nos. 5,768,192 and
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6,011,725 disclose a nonvolatile memory cell having a trapping diclectric sandwiched
between two silicon dioxide layers. Multi-state data storage is implemented by
separately reading the binary states of the spatially separated charge storage regions

within the dielectric.

[0011] The reference voltages demarcating the voltage bands of the threshold
window for programming references can be considered as “hard” reference voltages
(also equivalently referred to as “integral reference voltages” or “integral reference
thresholds”). Programming a memory cell aims to place its threshold in the middle of
one of the voltage bands or at least within the boundaries of the voltage band.

Reading with respect to these hard reference thresholds will yield corresponding hard
bits (HB). When the memory is programmed with sufficient margin between the
various voltage bands, the distribution of programmed threshold levels in each voltage
band is well defined. Thus, reading with respect to the hard reference thresholds are

adequate in locating each programmed threshold of the cells accurately.

[0012] In practice, the distribution about each voltage band has a spread and
there is a finite probability that some member of a distribution strayed over to a
neighboring voltage band. In that case, the hard read levels will yield erroneous read
results. A common practice is to incorporate an error correction code (“ECC”)

computed on the hard bits to correct errors that may crop up.

[0013] With the desire to produce memory with higher density, each
generation of memory device is fabricated with more integration, resulting in the
memory cells being closer to each other. This has created issues with increased
interactions and perturbations between cells, resulting in the further spreading of the
distribution of programmed threshold levels in each voltage band. Furthermore, the
problem is exacerbated by the implementation of MLC storage, in which more and
more bits are crammed into each cell. This results in having to partition the fixed
threshold windows into more and more voltage bands, thereby requiring the
distribution of programmed threshold levels in each band and the margins between

bands to be narrower.

[0014] The threshold voltages of the cells are distributed statistically around

the centers of their respective voltage bands. There are several reasons for the finite
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widths of these distributions. The programming process is a stochastic one that relies
on inherently stochastic processes such as quantum mechanical tunneling and hot
injection. The precision of the read/program circuitry is finite and is also limited by
random noise. In some flash technologies, the threshold voltage of a cell being read is
affected by the threshold voltages of neighboring cells. Chip-to-chip variations and
variations in the manufacturing process cause some cells to behave differently than
other cells when read/programmed. Furthermore, the cell threshold voltage
distributions tend to change over time. As a flash memory is programmed and erased,
the sizes of the voltage window and the voltage bands tend to change. These
phenomena limit the number of times a MLC flash memory can be erased and re-
programmed. Also, the threshold voltage of a flash cell that is not programmed for a
long time tends to drift to a lower threshold voltage. This phenomenon limits the time

that data can be reliably retained in a flash memory.

[0015] The voltage bands of a flash cell should be designed to be wide enough
to accommodate all these phenomena, but not too wide. A voltage band that is too
narrow, relative to the associated threshold voltage distribution curve and relative to
the drift of that curve over time, leads to an unacceptably high bit error rate. Making
the voltage bands very wide relative to the associated threshold voltage distributions
limits the number of bits in the bit patterns that can be stored reliably in the flash cell.
In practice, flash memories are designed to have one error per 10'*-10'° bits read.
Some flash technologies are unable to achieve this error rate while storing the desired
number of bits per cell. Some flash memories based on such technology use error

correction circuits to compensate for their high intrinsic error rates.

[0016] The use, in addition to integral reference thresholds, of other reference
thresholds that lie within voltage bands, allows the programmed threshold of a cell to
be located at a higher resolution within the threshold window. Such reference
thresholds are termed "fractional reference thresholds" or “fractional reference
voltages” herein. With the additional fractional reference thresholds, the threshold
window is resolvable into more voltage bands, which are codable by additional bits,
known as “soft bits”. These soft bits will help to improve the performance of the

ECC operation.

[0017] Soft bit (SB) readings (also known as ‘resolution bits’) in flash
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memory devices have already been introduced in the past in connection with
improving the reliability and operation of an algebraic ECC decoder by allowing it to
perform bit flips on less reliable bits. For example, US 6,751,766 and US 7,023,735
disclose using soft bits to improve the correction capability of an ECC decoder.
Another example in which resolution bits are employed to improve upon the operation

of a soft input decoder is detailed in WO 2008/042593 A1l.

[0018] It is therefore desirable to partition the threshold window of a memory
cell in an optimal manner to yield additional soft bits that are efficient in correcting

errors and efficient to handle.
SUMMARY OF THE INVENTION

[0019] The invention suggests specific methods for optimized ways in which
soft bits (SB) are read from a flash device. The number of read sensing is not

necessarily in the form of 2"-1, where L is the number of bits stored by each memory
cell, and the placement of the threshold levels associated with the soft bits across the

threshold window is made in a non uniform manner.

NON-VOLATILE MEMORY AND METHODS WITH READING SOFT BITS IN
NON UNIFORM SCHEMES WHICH EMPLOYS A SET OF READ
THRESHOLDS IN WHICH HARD BITS ARE NOT NESTED WITHIN SOFT BITS

[0020] According to a first aspect of the invention, in a memory having a
threshold window and is programmable with respect to a first set of reference
thresholds for partitioning the threshold window into a first set of threshold voltage
bands, a scheme of reading the memory includes providing a second set of reference
thresholds that are distributed non-uniformly across the threshold window for
partitioning the threshold window into a second set of threshold voltage bands, so that
a region of the threshold window where a higher number of errors occurs has a higher
density of reference thresholds, and the first set of reference thresholds is not a subset
of the second set of reference thresholds. The scheme of reading the memory further
includes determining the programmed threshold of the memory relative to one of the

second set of threshold voltage bands.

[0021] This scheme amounts to the hard bits logically associated with defining
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the partitioning of the threshold window during programming are not nested within
the soft bits associated with a more refined and non-uniform partitioning of the
threshold window during reading. The first set of reference thresholds defining a first
partition of the threshold window during programming is not a subset of a second set
of reference thresholds defining a second partition of threshold window during
reading. The second set may include none or only some of the reference thresholds of

the first set.

[0022] This is accomplished by specific manner of setting the second set of
reference thresholds for reading in order to include a number of features. A first
feature is non-uniform SB (soft bit) read where the reference thresholds are non-
uniformly distributed. This allow for catering to at least two different regions of Cell
Error Rate (CER) among the threshold window. In each region a different resolution
of the Soft Bits (SB) is required, ¢.g. the number of read sensing required in order to
successfully decode bits stored in cells attributed to word lines (WL's) in the high
CER region is larger than the number of read sensing required in order to successfully

decode bits stored in cells attributed to WL's in the lower CER region.

[0023] Thus, upon using non-uniform readings of SB (Soft Bits) for each
number of read points (Vth) selected from the second set, the actual read thresholds
can be optimized independently. Furthermore, the inventive scheme relaxes the
requirement for the hard bits to be nested so as to maximize the optimal placement of

all the read thresholds across the threshold window of the memory.

NON-VOLATILE MEMORY AND METHODS WITH ASYMMETRIC SOFT
READ POINTS AROUND HARD READ POINTS

[0024] According to another aspect of the invention, a memory having a
threshold window is read relative to L-1 read points (reference thresholds), where ‘L’
is the total number of different states programmed to the device and is related to the
number of bits x programmed to each cell by 2* >= L (e.g., L=4 for a 2 bits per cell,
L=8 for a 3 bits per cell device). A set of read thresholds associated with hard bits ‘x’
and soft bits y’ is defined across the threshold window is associated with a set of
reference thresholds L+M-1 such that 2" >= L+M. The set of reference thresholds

L+M-1 is arranged into similar subsets of read thresholds that are related to each other
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subset by an integral offset.

[0025] The set of read reference thresholds associated with the bits (HB+SB)
or 'x+y' bits gives rise in general to a total of 'L+M-1' sensing operations. There no
longer exists a clear separation between hard and soft bits. The set of reference
thresholds are designed for grouping into similar subsets, so that a read cycle of
reading relative to a subset yields one bit of the x+y bits. This manifests as the
reference thresholds in the set associated with soft bits not symmetrically located

around that of the hard bits.

[0026] In a preferred embodiment the distance between the different read
point or thresholds (Vth) within the set of L-1 thresholds is preferably kept the same
for cach set of L-1 sense cycles while the shift or offset of the thresholds between

different sense cycles is an integer multiplication of a basic unit shift defined as AR.

[0027] In other embodiments, the distance between each subsequent read

threshold level in a sense cycle does not have to be the same.

[0028] The advantage is that the x+y bits can be obtained bit-by-bit in each
read cycle, thereby using one latch per cell. Furthermore, each read cycle of a subset
conforms to a similar format and algorithm, thereby allowing the use of a simple,

standardized read circuit.

SOFT-BIT READS WHILE READING HARD BITS WITH DLA
COMPENSATION FOR COUPLING

[0029] Accordingly to another aspect of the invention, the soft bits are
generated by a combination of a first modulation of voltage on a current word line
WLn and a second modulation of voltage on an adjacent word line WLn+1. For
example, a first set of read points Vi, Vo, ..., Vi for hard bits is set up by modulating
WLn while WLn+1 is set to a first predetermined voltage such as Vread. A second
set of read points for soft bits is set up as offsets to the first set by also modulating

WLn+1 to different Vread values.

[0030] This aspect of the invention is particularly synergistically with a

known read technique referred to as DLA (“Direct Look-ahead) read. The scheme
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modulates Vread on WLn+1 in order to read hard bits of memory cells on a current
word line, WLn. For the case of 4 states and two bits per cell (e.g. D2) when the read
operation employs DLA then each sense operation on WLn is performed 4 times. The
read at each of the 3 read reference points Vth1, Vth2 and Vth3 on WLn are repeated
4 times, each time with a different Vread on WLn+1. Only one of these sense
operations is separately selected for each cell in WLn according to the state

programmed to WLn+1 in order to determine the state of the cell in WLn.

[0031] The advantage of the invention is the increase of read speed and
reduced energy consumption when better matching the required correction capability
of the controller to the data located in the flash device. Another positive outcome is
that this advantage is provided W/O increasing the digital circuits required in the flash
device with higher cost unlike the digital circuits in the controller for which cost is
reduced when digital technology shrinks according with the advance in the

lithography generation.

[0032] Additional features and advantages of the present invention will be
understood from the following description of its preferred embodiments, which

description should be taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0033] FIG. 1 illustrates schematically the main hardware components of a memory

system suitable for implementing the present invention.

[0034] FIGs. 2(A)-2(D) illustrate threshold voltage distributions of an example MLC

memory that is capable of storing two bits per cell.

[0035] FIG. 3 illustrates the use of non-integral reference voltages in addition to the
integral reference voltages for the 2-bit memory with threshold voltage distributions

as in FIG. 2(A).

[0036] FIGs. 4(A)-4(D) illustrate an example of reading the 2-bit MLC memory with
threshold voltage distributions as in FIG. 2(A) using 15 read points in a “nested SB

read scheme”.

[0037] FIG. S illustrates an example of using 7 read points optimized for a Gaussian
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model for the CVD of all 4 states in which the CER = 3%,

[0038] FIG. 6 illustrates another embodiment in which the read bits are fed into a

Cross Coupling Canceller prior to feeding to an ECC for further processing.

[0039] FIGs. 7(A)-7(E) illustrate a first embodiment of the read levels and threshold
voltage distributions for a 2-bit memory where the read levels of the soft bits are not

symmetrically located relative to the read levels of the hard bits.

[0040] FIGs. 8(A)-8(D) illustrate another example of the read levels and threshold
voltage distributions of a 2-bit memory employing only 9 read points to generate 2

HB and 1.5 SB.

[0041] FIGs. 9(A)-9(D) illustrates an example of the read levels and threshold

voltage distributions of a 2-bit memory with 15 read points.

[0042] FIGs. 10(A)-10(D) illustrate an example of the read levels and threshold
voltage distributions of a 2-bit memory using 12 read points in which the read points
are set by a combination of voltage modulations of both WLn and WLn+1, and the

neighboring state on WLn+1 is at state ‘E’.

[0043] FIGs. 11(A)-11(D) illustrate an example of the read levels and threshold
voltage distributions of a 2-bit memory using 12 read points in which the read points
are sct by a combination of voltage modulations of both WLn and WLn+1, and the

neighboring state on WLn+1 is at state ‘A’.

[0044] FIGs. 12(A)-12(D) illustrate an example of the read levels and threshold
voltage distributions of a 2-bit memory using 12 read points in which the read points
are sct by a combination of voltage modulations of both WLn and WLn+1, and the

neighboring state on WLn+1 is at state ‘B’.

[0045] FIGs. 13(A)-13(D) illustrate an example of a 2-bit memory using 12 read
points in which the read points are set by a combination of voltage modulations of

both WLn and WLn+1, and the neighboring state on WLn+1 is at state ‘C’.

[0046] FIGs. 14(A)-14(F) illustrate an alternative example of the read levels and

threshold voltage distributions of a 2-bit memory using 12 read points in which the
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read points are set by a combination of voltage modulations of both WLn and

WLn+1, and the neighboring state on WLn+1 is at state ‘E’.

[0047] FIGs. 15(A)-15(F) illustrate an alternative example of the read levels and
threshold voltage distributions of a 2-bit memory using 12 read points in which the
read points are set by a combination of voltage modulations of both WLn and

WLn+1, and the neighboring state on WLn+1 is at state ‘A’.

[0048] FIGs. 16(A)-16(F) illustrate an alternative example of the read levels and
threshold voltage distributions of a 2-bit memory using 12 read points in which the
read points are set by a combination of voltage modulations of both WLn and

WLn+1, and the neighboring state on WLn+1 is at state ‘B’.

[0049] FIGs. 17(A)-17(F) illustrate an alternative example of the read levels and
threshold voltage distributions of a 2-bit memory using 12 read points in which the
read points are set by a combination of voltage modulations of both WLn and

WLn+1, and the neighboring state on WLn+1 is at state ‘C’.
DESCRIPTION OF THE PREFERRED EMBODIMENTS

Memory System

[0050] FIG. 1 illustrates schematically the main hardware components of a
memory system suitable for implementing the present invention. The memory system
90 typically operates with a host 80 through a host interface. The memory system is
typically in the form of a memory card or an embedded memory system. The
memory system 90 includes a memory 200 cooperating with a memory controller

100. The memory 200 comprises of one or more array 210 of non-volatile memory
cells distributed over one or more integrated circuit chip. Each memory array 210 has
the memory cells 201 arranged in rows and columns accessible by word lines and bit
lines via a row decoder 220 and a column decoder 230 respectively. A group of sense
amplifiers 240 allows a corresponding group of memory cells to be sensed via their
bit lines in parallel. A corresponding group of data latches 250 cooperate with the
group of sense amplifiers 240 to temporarily store data read from the memory or stage
data to be written to the memory. In parallel operation, a page of data is latches at a

time. An /O circuit typically allows serial data to be shifted into or shifted out from
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the group of data latches 250.

[0051] An on-chip controller 270, typically embodying a state machine, serves
to control basic operations of the memory array and the peripheral circuits. Basic

programming and reading and erase operations are controlled by the state machine.

[0052] The memory controller 100 includes an interface 110, a processor 120,
an optional coprocessor 121, ROM 122 (read-only-memory), RAM 130 (random
access memory) and optionally programmable nonvolatile memory 124. The
interface 110 has one component 112 interfacing the controller to a host and another
component 114 interfacing to the memory 200. Firmware 123 is stored in the
memory provided by ROM 122 and optionally programmable nonvolatile memory
124. The firmware provides codes for the processor 120 to implement the functions
of the controller 100. Also, the various features of the invention are preferably
implemented in the firmware 123, or in combination with the state machine of the on-
chip controller 270. Error correction codes may be processed by the processor 120 or
the optional coprocessor 121 acting as ECC encoder and decoder. In an alternative

embodiment, a simpler embodiment of the controller 100 is implemented within the

host.
Example of MLC Memory
[0053] FIGs. 2(A)-2(D) illustrate an example MLC memory that is capable of

storing two bits per cell. A memory cell in the memory can be programmed to any
one of a range of threshold voltages in a threshold voltage window that spans from
Vmiv to Vmax. The threshold voltage of a cell increases with increasing

programming. In this 2-bit example, the threshold window is partitioned into four
voltage bands by three reference or demarcation voltages Vi, V; and V. The four

bands are from Vy to Vi, from V; to V,, from V,to Vi, and from Vi to Vyax.

[0054] FIG. 2(A) illustrates schematically a histogram of cell voltage
distribution (CVD), which is a distribution of read threshold voltages for a collection
of flash cells. The read threshold voltages of the cells are distributed statistically

around the centers of their respective voltage bands.

[0055] When data is actually stored (programmed) in the memory according
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to such a partition scheme, the three demarcation voltages Vi, V, and V3 are the so-
called “hard” reference thresholds or “integral” reference thresholds. These reference
thresholds partition the threshold windows into four voltage bands which are coded by

two hard bits: “upper bit, lower bit” or “HB2, HB1”".

[0056] For historical reasons, writing data to a flash cell is called
"programming" the flash cell. This is done by applying voltage pulses to the cell, to
inject electrons from the cell's silicon substrate through the cell's oxide layer into the
cell's floating gate, until the threshold voltage of the cell is higher than a "verify"
voltage level associated with representation of the desired bit pattern. (The verify
voltage level is called a "verify" voltage level because programming the cell includes
verifying that the cell's threshold voltage exceeds this level. In many
implementations, the verify voltage level is at a positive offset from an integral
reference threshold in order to place the read threshold voltage at lower voltage
compared with the programmed verify voltage so as to make room for cells relaxation

phenomena such that after programming cell’s read threshold voltage is decreased.

[0057] A threshold voltage between Vyn and V is considered the “erased” or
“E” state and is represented by the bit pattern "11". A threshold voltage between V,
and V;is considered a first programmed state “A” and is represented by the bit pattern
"01". A threshold voltage between V;and Vi is considered a second programmed
state “B” and is represented by the bit pattern "00". A threshold voltage between Vs
and Vyax s considered a third programmed state “C” and is represented by the bit
pattern "10". In general, the voltage window of an m-bit-per-cell memory is divided
into 2™ voltage bands by 2™-1 demarcations. Other coding schemes are also possible.
For example in the m=2 example of a 2-bit memory with threshold voltage
distributions as in FIG. 2(A), another scheme can be derived if the bit pattern “01”

and “10” interchanged.

[0058] In MLC memories where each memory cells stores m bits of data and a
group of memory cells are read in parallel with p sense amplifiers. Reading a cell is
to determine the programmed threshold of the cell relative to which of the 2" — 1

voltage bands. There are two ways of reading the group of memory cells.

[0059] A first way is a “full-sequence read”. By comparing up to all 2"-1
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reference voltages in the threshold window the voltage band containing a cell’s
threshold is determined. Once the band containing the programmed threshold of a

cell is located, and given a bit coding scheme, all m bits for the cell can be obtained.

[0060] FIG. 2(B) illustrates a full-sequence read of the 2-bit memory with
threshold voltage distributions as in FIG. 2(A). The programmed threshold of a cell
being read is compared to up to all the read voltage levels, Vi, V, and V3 in order to
locate which voltage band it is in. When a group of memory cells are read in parallel,
two logical pages are obtained. A lower logical page will be constituted from the
HB1 of each cell of the page, and an upper logical page will be constituted from the
HB2 of cach cell of the page.

[0061] In general for an m-bit memory, when a group of cells are read in
parallel , m binary pages are obtained in a full-sequence read operation. However, a
full-sequence read places demand on data latches, as they must have sufficient

capacity to buffer all m bits.

[0062] A second way is a “progressive” read. Often it is preferably to have a
programming and coding scheme in which the flash memory is programmed with one
bit of the bit pattern at a time. For example, a lower page of HBI is first

programmed. This is followed later with an upper page of HB2.

[0063] To read back, the bit pattern is to be read by a “progressive bit read”
method. The bit pattern is read bit-by-bit over multiple read passes, with each pass
comparing to only some of the 2™-1 reference voltages. Reading a cell that stores a
bit pattern of m bits requires m such passes. At each read pass, one bit is read from

cach of the cells of the group.

[0064] Essentially, the read thresholds in the form of the reference thresholds
are arranged as a hierarchical binary tree, partitioning the threshold window in
multiple stages of interval chopping. At each read pass, the programmed threshold of
the cell is determined relative to a subset of the read thresholds for one stage of the
hierarchical binary tree. At each read pass, only one of the m bits of each cell of the
group is read out. In m read passes, all m stages of the hierarchical binary tree are
visited and all m bits of each cell of the group are read out. Thus, the m binary pages

are read out page-by-page. This is preferably since the data latches only need to store
- 14 -
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one bit instead of m bits. The page-by-page mode is also preferably from a
programming point of view since as soon as a page’s worth of data has been received
by the memory from a host, it can be written immediately to the memory. Note
however that in order to program just one page at a time for some ‘m’ bits per cell
storage a corresponding mapping has to be designed in order to allow such operation.

Obviously not all mapping schemes allow such page by page programming method.

[0065] FIG. 2(C) illustrates a first read pass of the 2-bit memory with
threshold voltage distributions as in FIG. 2(A) in which the lower logical page with
HBI is read. Essentially, the reference threshold V; serves to partition the threshold
window in two half bands. Each cell's programmed threshold voltage is compared to

V,. If it falls in a band to its left, then HB1=1, and HB1=0 if in the band to its right.

[0066] FIG. 2(D) illustrates a second read pass of the 2-bit memory with
threshold voltage distributions as in FIG. 2(A) in which the upper logical page with
HB2 is read. Essentially, each of the two half bands in the first pass is further
partitioned into two other bands. Depending on the value of HB1, each cell's
programmed threshold voltage is compared to either V; or V;. If HB1=1, and if the
programmed threshold is less than Vi, then HB2=1; otherwise, HB2=0. On the other
hand, if HB1=0, and if the programmed threshold is less than V3, then HB2=0;
otherwise HB2=1. Another option for progressive read in this case is to ignore the
first read at V, when HB2 is read. With this method, each cell is read directly at V;
and V. If the cells read threshold is placed below V; then HB2=1, if it is below V;
but above V; then HB2=0, if the read threshold is above V3 then HB2=1 as well. The
advantage of the second method is that a latch holding HB1 is not required when HB2
is read, and furthermore it is not required at all to sense the array at V; in order to read

HB2.

Considerations for Non-Integral Reference Thresholds and Soft Bits

[0067] As described earlier, the memory is programmed with respect to
integral reference thresholds which demarcate the various voltage bands that partition
the threshold window. If the memory is configured to have memory cells each storing

m bits of data, the threshold window is partitioned into 2* bands demarcated by 2* -1
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integral reference voltages. In principle, the x bits (hard bits) can be determined if the

programmed threshold is compared to the 2* -1 integral reference thresholds.

[0068] Previous scheme has described the case when the number of read
sensing is not necessarily in the form of 2*-1 while the placement of the read levels is

performed in a non uniform manner.

[0069] FIG. 3 illustrates the use of non-integral reference voltages in addition
to the integral reference voltages for the 2-bit memory with threshold voltage
distributions as in FIG. 2(A). For example in FIG. 2(A), for x=2, three uniformly
placed read levels Vi, V; and V3 across the threshold window are sufficient to yield
the two HBs on an MLC type flash device. In FIG. 3, In addition to the 3 integral
reference voltages V-V used as read thresholds, there are 18 non-integral reference
voltages for read thresholds V4-V;; contributing to a total set of 21 read thresholds
(Vi-Va).

[0070] While the 3 integral reference voltages yield 2 hard bits (HB), the
additional 19 non-integral read thresholds are not located on the voltage window
uniformly and yield at least two soft bits (“SB”’). More particularly the threshold
voltages are concentrated around the overlap regions of the CVD (cell voltage
distribution) representing adjacent states. It can be shown that by applying this
concentration, the capacity metric of the flash channel is maximized and hence the
reliability measures read from the flash device improves the error correction
capability of a soft input decoder able to takes advantage of these reliability measures.
In a straightforward manner when we have 21 demarcation points and thus 22 voltage
bands it would require in total 5 bits to represent them, therefore assuming out of
these 5 bits 2 provide the hard information (HB1 and HB2) we are left with 3 soft bits
such that together they all represent the corresponding voltage band. It will be shown
later on that with the new method this application is presenting only two more bits can
be extracted instead of 3. The advantage is that less information is transferred from
the flash memory (200) to memory controller (100) thus speeding up the read

operation.

[0071] The scenario when read thresholds V4~V are not aligned uniformly

within the cell’s voltage window is denoted as non-uniform SB read. Upon using
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non-uniform readings of SB (Soft Bits) for each number of read points (Vth) the

actual read thresholds can be optimized independently.

[0072] The present schemes suggest specific optimized ways in which specific

sets of read thresholds are configured and are read from a flash device.

MEMORY EMPLOYING A SET OF READ THRESHOLDS IN WHICH HARD
BITS ARE NOT NESTED WITHIN SOFT BITS

[0073] According to a first aspect of the invention, in a memory having a
threshold window and is programmable with respect to a first set of reference
thresholds for partitioning the threshold window into a first set of threshold voltage
bands, a scheme of reading the memory includes providing a second set of reference
thresholds that are distributed non-uniformly across the threshold window for
partitioning the threshold window into a second set of threshold voltage bands, so that
a region of the threshold window where a higher number of errors occurs has a higher
density of reference thresholds, and the first set of reference thresholds is not a subset
of the second set of reference thresholds. The scheme of reading the memory further
includes determining the programmed threshold of the memory relative to one of the

second set of threshold voltage bands.

[0074] This scheme amounts to the hard bits logically associated with defining
the partitioning of the threshold window during programming are not nested within
the soft bits associated with a more refined and non-uniform partitioning of the
threshold window during reading. The first set of reference thresholds defining a first
partition of the threshold window during programming is not a subset of a second set
of reference thresholds defining a second partition of threshold window during
reading. The second set may include none or only some of the reference thresholds of

the first set.

[0075] To this end the scheme proposes a specific manner for setting the read
thresholds in order to include a number of features. A first feature is non-uniform SB
(soft bit) read. This allow for at least two different regions of Cell Error Rate (CER)

among the threshold window. In each region a different resolution of the Soft Bits
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(SB) is required, e.g. the number of read sensing required in order to successfully
decode bits stored in cells attributed to word lines (WL's) in the high CER region is
larger than the number of read sensing required in order to successfully decode bits

stored in cells attributed to WL's in the lower CER region.

[0076] This manifests as a higher concentration of reference thresholds in the
higher CER region. For example in FIG. 3, the read thresholds (V4-V3;) are not
aligned uniformly within the cell's voltage window. They are clustered around each

transition between bands where the CER is higher.

[0077] Thus, upon using non-uniform readings of SB (Soft Bits) for each
number of read points (Vth) the actual read thresholds can be optimized

independently.

[0078] For example in a normal read of an MLC device (2 bits per cell) such
as that illustrated in FIG. 2(A), a set of 3 optimal thresholds Vi, V,, Vs are selected
accordingly. These 3 threshold voltages distinguish between 4 states and thus help to
decide upon which state was programmed in each cell. Once a correct distinction is
made the two bits represented by the programmed state is correctly reconstructed and
these two bits are referred to as hard bits (HB). In case the wrong state is chosen due
to reasons given earlier, then an erroneous set of two bits is reconstructed, resulting

with errors in the read operating.

[0079] Commonly an ECC decoder is applied to the stream of read bits set to
correct such errors. An ECC decoder includes an ECC transformation layer which
computes an LLR (Log-Likelihood Ratio) for each HB from its corresponding
HB+SB information read from the cell in which the HB is stored, then these LLR’s
are processed by an ECC core decoder to decode the HB’s. In order to reduce the
number of redundancy bits/cells employed by said ECC it is desired to minimize the
number of erroncous bits/cells the decoder is designed to handle and to provide the
ECC decoder with optimal reading thresholds such that it's correction capability is

maximized given a finite redundancy bits/cells allocated in the flash for it's operation.

[0080] One such well known metric for maximizing the capacity of the flash
device is the mutual information I(X;Y) between the programmed state (X) and read

threshold voltages (Y). A common manner to measure and compute the mutual
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information is by measuring the CVD for each state separately (a.k.a. state by state
CVD) and then computing the state transition matrix P(Y|X) such that X denotes the
vector of programmed states and Y denotes the vector of read voltage regions
represented by a set of bits. Using P(Y|X) the mutual information is given by
Equation (1.1):

IX:Y) =D [P(X, Y), PO+ PY)] (L)

[0081] Here D(z) is the Kullback-Leibler distance, as detailed in C.E.
Shannon, "A mathematical theory of communications”, Bell Syst.Tech. J., vol. 2,

pp.379- 423,623-656, 1948.

[0082] In the above example when only hard bits (HB) are read from the flash
then 3 sense operations are performed and 2 bits are received by the controller. It
turns out that Equation (1.1) is close to it's maximized value when the 3 read
thresholds in the above example are selected such that the BER/CER is minimized,
e.g. thresholds V; is placed between states ‘ER’ and ‘A’ to minimize the CER i.c.
minimize the number of cell programmed to ‘ER’ state and read as ‘A’ state plus the
number of cells programmed to state ‘A’ and read as ‘ER’ state. In a similar manner

V, is placed between states ‘A’ and ‘B’ while V3 is placed between states ‘B’ and ‘C’.

Progressive Read and Nested Bits

[0083] One useful property of such a scheme is that the sensing operation can
be done in stages. This property is expedient when the CER exhibited by the flash
cells is not known to the decoder at decoding time in such extent that even the region
(low/mid/high) is not known. Therefore, in order to avoid unnecessary read sensing
and transfer of information from the flash device to the controller, the decision what
sensing operations and which data is to be sent to the controller is done in stages with
intermediate feedback from the ECC. This strategy was already disclosed in "Error

Correction decoding by trial and error", Simon Litsyn, Eran S. & Idan A.,

[0084] FIGs. 4(A)-4(D) illustrate an example of reading the 2-bit MLC
memory with threshold voltage distributions as in FIG. 2(A) using 15 read points in a
“nested SB read scheme”. FIG. 4(A) illustrates the 2-bit distribution of programmed

thresholds for a population of memory cells similar to FIG. 2(A). Keeping the
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distance between two consecutive read points a constant is denoted by uniform SB
reading. The 15 read points provide a total of 16 voltage regions that can be

represented by 4 bits. The 15 read points are performed in 3 sense cycles.

[0085] FIG. 4(B) illustrates the first sense cycle which employs read points
AR, BR and CR (corresponding to the integral reference points V;, V, and V3 in FIG.
2(A)) to yield hard bits, HB1 and HB2.

[0086] FIG. 4(C) illustrates the second sense cycle which employs read points
ER1, AR1, BR1 and CR1 to yield soft bit, SBI.

[0087] FIG. 4(D) illustrates the third sense cycle which employs read points
ER21, ER22, AR21, AR22, BR21, BR22, CR21 and CR22 to yield soft bit, SB2.

[0088] Thus, initially only 3 sense points are performed to get the 2 HB
(denoted as AR, BR and CR). As described in connection with FIG. 2(C) and FIG.
2(D), preferably, these 2 HB are obtained in two progressive read passes and
transferred to the memory controller after each bit is read. These 2 bits (from each
cell) are then fed to an ECC decoder in the memory controller to start decoding. In the
case of the decoding indicating occurrence of errors (i.c., the decoder fails or
terminates in a pre-set time frame without convergence) then the next soft bit, SB1 is
obtained. This is accomplished by the second read pass with the 4 read points ER1,
AR1, BRI, and CR1. Then the ECC can be activated with the original two HB + the
extra SB1.

[0089] In a similar manner if the decoding fails or terminates W/O
convergence then the next soft bit, SB2 is obtained. This is accomplished by the third
read pass with another 8 read points ER12, ER22, AR12, AR22, BR12, BR22, CR12,
CR22. The ECC decoder is now activated again with the previous HB+SB1 and the

new extra SB2.

[0090] Such a scheme is denoted a "nested SB read scheme”, meaning that
any HB and SB read are progressive and nested in the set of HB+SB employed when
more HB or SB are read later on. Note that even within the HB this scheme is nested.
As noted earlier, this scheme is desirable because sensing operations can be parsed to

the bit-by-bit level, thereby allowing the use of less data latches and more optimal
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pipelining operations.

[0091] However, the present invention observes that when SB are required
over HB (in order to allow the decoder to cope with higher CER) and at the same time
the read points or thresholds (Vth) are optimized to maximize Equation (1.1) then in
some cases the nesting property can no longer be maintained. These cases depend on
the number of sensing thresholds required in order to extract with enough information

to an ECC decoder to succeed.

[0092] FIG. 5 illustrates an example of using 7 read points optimized for a
Gaussian model for the CVD of all 4 states in which the CER = 3%. The 7 read
points partition the threshold window into 8 non uniform voltage bands which can be
coded by 3 bits. It can be observed that when exporting 3 bits in this scheme the HB

are no longer nested in these 3 bits provided for each region.

[0093] Assuming for example that for a specific cell, the 3 bits coming out
from the circuit of this design scheme is ‘100’ (‘top, middle, bottom’, see Set-2 in
FIG. 5). It is not clear if the upper page bit is 0 or 1 for the 2-bit cell (see HB1 and
HB?2 in FIG. 4.). The upper page of FIG 4 corresponds in some way to the middle bit
of FIG 5. The read scheme returns ‘0°, however in terms of what state was

programmed the probability for state "ER' and state 'A’" are the same.

[0094] Also in FIG. 5, except for read point V4 coinciding with BR, none of
the other 6 read points overlap with AR or CR shown in FIG. 4(B). This means that
the integral read points corresponding to hard bits do not necessary coincide with any

of the read points in a non-nested read scheme.

[0095] In one embodiment, the memory system has a background process that
keeps track of the reliability of blocks in the device. One example is tracking the
reliability of a block by its hot count, which is a measure of the amount of wear the
block has suffered through a counted number of erase cycling. The hot count provides
a measure of CER for the block. In flash devices which include such a process the
reliability of blocks is considered to be known at time of read. Such a process may
categorize the reliability of blocks into a few groups of different CER. In reading a
block, the required correction capability is know a priori and this translated to the

required number of SB for reading. The result is that the amount of error correction is
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known at least to some extent at the time of read. This knowledge allows the

controller to select the appropriate SB scheme.

[0096] In another embodiment in which the cell reliability is known even if
such background process dos not exist is when a sequential read is performed and on
the 1st WL a trial and error scheme is activated while for all other WL's in the same
block the decision acquired from the trial and error process on the 1st WL is
employed. In this particular case, for subsequent WL's (after the 1st read WL) the

controller knows what is the required number of SB to use.

[0097] Thus, when the amount of required SB is known at time of read then
there is no longer a need for a nested SB scheme. The use of non-nested SB (or
different sets of read sensing according to the flash reliability) allow for the case of

non-uniform SB readings which maximize error correction performance.

[0098] With non-uniform SB read, and for each CER scenario an appropriate
set of read points or thresholds is applied. Thus, there is no longer confinement to
some specific number of sensing operations according to the amount of SB read. For
example for the 2-bit cell, for SB1 any number of read points between 5 and 7 can be
chosen according to the CER in the device. Evidently, as the number of read sensing
operation increases so does the correction capability of the decoder, assuming that for
cach such number of read sense operations a separate optimization is performed for

their locations.

[0099] Again, for the 2-bit cell, and the case of two SB any number of read
thresholds between 8 and 15 can be chosen. In this way, as the accuracy of the CER
estimation increases, also the accuracy of the estimation of the amount of required
sensing operations increases and thus the appropriate read scheme to be used can be
estimated more accurately. The advantage is that read speed and consumed energy is
better adapted according to the condition of the data being read along the life time of

the flash device.

[00100] More specifically for the case of 1 soft bit any number of read
thresholds from 4 (defining 5 voltage regions) up to 7 read points (representing 8
voltage regions) can be employed. Denote for example these thresholds as such Vi,

V3, ..., Vj that 3<j<8. When optimizing these thresholds to maximize the cell capacity
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(alternatively maximize correction capability) it may very well be the case (as seen in
FIG. 5) that there is at least one Vi such that k € {1,2,..,j} for any value of j for which
Vi#Vthy, Vi#EVth; and Vi#Vths, Here Vth;, Vth, and Vth; represent the optimal read
thresholds to obtain just the hard bits information. Define this case as 'non nested
thresholds'. Now when SB-1 is computed then the total number of reads is at least ‘j-
2’ (for the case of 2-bit memory) and usually it is °j’, i.e., all read sense operations
have to be repeated when the SB is obtained. The case of nested thresholds (depicted
in FIG. 4) for j=7, after the first 3 read operations generating two HB (hard bits) only
4 additional reads are required in order to generate the extra SB1. So using the lower
limit for j=7 after counting 3 sense locations we need in total at least 5 so the

minimum is 2 (7-2-3) but in the example case of FIG-4(C) we use 4.

[00101] In the non-nested case a new set of 3 bits are generated from the new 7
reads (or ‘j’ reads in general) in which there is no longer a clear distinction between
HB and SB for all values of the 3 bit vector. Each set of 3 bits defines a voltage band
which is in turn converted to a set of reliability measures fed into a soft input ECC
decoder (the 3 bits representing each cell in the example) that is set to decode the

original information stored in the flash device.

[00102] FIG. 6 illustrates another embodiment in which the read bits are fed
into a Cross Coupling Canceller prior to feeding it to an ECC for further processing.
For example, 3 bits (in 2-bit MLC and SB1) are fed into a CCC (Cross Coupling
Canceller) 310. The output of the CCC is then fed to an ECC decoder 320 for further
processing to obtain the corrected programmed bits. CCC is described in “Post-facto
correction for cross coupling in a flash memory”, US 7,551,237, the entire disclosure

of which is incorporated herein by reference.

NON-VOLATILE MEMORY AND METHODS WITH ASYMMETRIC SOFT
READ POINTS AROUND HARD READ POINTS

[00103] According to another aspect of the invention, a memory having a
threshold window is read relative to L-1 read points (reference thresholds), where ‘L’
is the total number of different states programmed to the device and is related to the

number of bits ‘x” programmed to each cell by 2* >=L (e.g., L=4 for a 2 bits per cell,
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L=8 for a 3 bits per cell device). A sct of read thresholds associated with hard bits ‘x’
and soft bits ‘y’ is defined across the threshold window is associated with a set of
reference thresholds L+M-1 such that 2 >= L+M. The set of reference thresholds
L+M-1 is arranged into similar subsets of read thresholds that are related to each other

subset by an integral offset.

[00104] The set of read reference thresholds associated with the bits (HB+SB)
or 'x+y' bits gives rise in general to a total of 'L+M-1' sensing operations. There no
longer exists a clear separation between hard and soft bits. The set of reference
thresholds are designed for grouping into similar subsets, so that a read cycle of
reading relative to a subset yields one bit of the x+y bits. This manifests as the
reference thresholds in the set associated with soft bits not symmetrically located

around that of the hard bits.

[00105] In a preferred embodiment the distance between the different read
point thresholds (Vth) within the set of L-1 reference thresholds is preferably kept the
same for each set of L-1 sense cycles while the shift or offset of the thresholds
between different sense cycles is an integer multiplication of a basic unit shift defined

as AR.

[00106] In other embodiments, the distance between each subsequent read

threshold level within a sense cycle does not have to be the same.

[00107] The advantage is that the ‘x+y’ bits can be obtained bit-by-bit in each
read cycle, thereby using one latch per cell. Furthermore, each read cycle of a subset
conforms to a similar format and algorithm, thereby allowing the use of a simple,
standardized read circuit. The method for implementing the generation of the set of
read thresholds associated with the hard and soft bits (HB+SB) or 'x+y' bits
respectively that correspond in general to a total of L+M-1 sensing operations where

2*=L, and 2¥V=L+M.

[00108] The challenge is to maintain simplicity of design and minimum
number of data latches. Thus, a specific family of circuit design methods is disclosed
to handle different number of required read sensing operations. This circuit is highly

efficient and simple to implement requiring minimal number of latches.
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[00109] As mentioned carlier in connection with FIG. 1, a latch in the flash is a
memory element allocated for each sense amplifier. Thus when there are for example
100,000 sense amplifiers, one latch is equivalent to 100,000 memory elements. Since
these latches exists inside the flash memory device, required for it's operation (reading
and writing data to the flash), it is desired to keep the number of latches at a minimum

in order to reduce the impact on memory chip size.

[00110] The main advantage of using a latch is that in a short period of time an
operation can be defined on the entire latch in parallel. Alternatively, the parallelism
factor in processing all cells on one WL (word line) is maximized. With the above

example, 100,000 memory elements are locking a value in parallel.

[00111] The basic idea is to provide the bits of one page at the same time, thus
taking full employment of the available latches. Once a bit in the vector of ‘x’ (bits
per cell) is known for all the cells on the same WL, the data (of all cells on the WL)

stored in the latch is sent to the controller and frees up the latch.

[00112] FIGs. 7(A)-7(E) illustrate a first embodiment the read levels and
threshold voltage distributions of for a 2-bit memory where the read levels of the soft
bits are not symmetrically located relative to the hard bits. It will be seen that the
operations to obtain the 4 bits (2HB + 2SB) involves 4 repeated operations of reading

3 read points plus inverted XOR.

[00113] FIG. 7(A) illustrates the 2-bit distribution of programmed thresholds
for a population of memory cells similar to FIG. 4(A). It will be seen that the
reference thresholds for the HB do not coincide with that of FIG. 4(A). In this case
there are two quasi HB with 3 read points and two non-uniforms SB reading, one with
3 read points and the other with 2 sets of 3 read points. In this example, only one latch
is sufficient. This characteristic is achieved when the read circuit supports the inverted
XOR operation to be done on the latch plus the sensed data while the result is in

placed to the same latch.

[00114] FIG. 7(B) illustrate that the first 3 reads are performed (with read
points AR',BR',CR") to determine the first two quasi hard bits. These first two bits are
actually quasi HB since they are not located at the same levels as AR, BR and CR

shown in FIG. 4(A).
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[00115] The first quasi bit (denoted as HB1) is provided by a first read at BR'.
If the cell is conducting then the bit is set to ‘1’ (the threshold voltage of the cell is
lower than BR') otherwise the bit is set to ‘0’ (the threshold voltage of the cell is
higher than BR'). This sensed bit is stored in a latch. Then the contents of the latch
holding this bit for all the cells in the WL is sent to the controller in order to free up
the latch.

[00116] The second quasi bit (denoted as HB2) is provided by a second read
and is performed at either read point AR' or read point CR’ depending on the value of
HBI (see FIG. 2(2.2)). For example, HB1=1 means the cell’s threshold is located at
the left half of the threshold windows and therefore further resolution of it will be in
relation to AR’. Similarly, if HB1=0, the CR’ will be relevant. Since a group of
memory cells is read in parallel, some cells will likely has a HB1 value that require
reading at AR’ while others require reading at CR’. From an operational point of
view, both AR’ and CR’ will have to be visited. Thus, one may as well perform a
second read on the entire group of cells relative to the read point AR’ followed by a
third read relative the read point CR’. A set of logic operations on the results from the
second and third reads is then employed to parse out reading relative to respectively
AR’/CR’ for those cells whose threshold is on the left/right half of the threshold

window.

[00117] Another way to ready the second quasi bit independently from the first
quasi bit is by reading AR’ then reading at CR’ while NXOR these two outcomes.
This is accomplished by the set logic operations where the result from the read at CR’
is negated (or inverted) and then XOR’ed with the result from the read at AR’. Note it
is sufficient to use only one latch in order to implement such operation since the
output of the CR’ sense operation can be negated and XOR’ed with the single latch
holding the result of the sense operation at AR’ while the result for the XOR
operation is in placed in the same latch. Since the NXOR operation is exchangeable to
it’s inputs alternatively the result from the CR’ sense an be XOR’ed with the inverted
data placed in the latch holding the sense at AR’ e.g. NOT(AR’) XOR CR’ = AR’
XOR NOT(CR’) =NOT (AR’ XOR CR’).

[00118] For example, for the read point at AR’, if the cell’s threshold voltage is
less than AR’, the cell is conducting then the bit is set to ‘1°, otherwise it is higher
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than AR’ and the bit is set to ‘0’. This bit from sensing with AR’ is temporarily
stored in the latch while a third read at read point CR' is taking place. Again if the
cell’s threshold is less than CR’, the cell is conducting then the bit is set to ‘1°,
otherwise the bit is set to ‘0’ (the threshold voltage of the cell is higher than CR'").
This time however the bit from sensing with CR’ is not transferred directly to the
latch but instead it is negated and then XOR'ed with the bit from AR’ already stored
in the latch. After the XOR operation, the result is stored in the same latch for each
cell, overwriting the bit for AR’. This result represents HB2 or actually quasi HB2.

[00119] This last 'in-flash' processing of the bit from the array to the latch
operation is denoted as NOT/XOR (or inverted XOR as it is depicted in FIG. 7(E)).
Essentially, the bit for those cells which have a charge lower than CR' threshold
voltage will be ‘1’ and after the negation, it will be ‘0’. Thus it doesn't change the
‘0”'s already appearing in the latch (for that group of cells) when the in place XOR is
performed as 0 XOR 0 = 0 For cells with threshold voltage higher than CR' the
negation operation flips the bit received from the flash array from ‘0’ to “1” and hence
for all cells for which the threshold voltage is above CR' the ‘1’ obtained after
negation is XOR'ed with the ‘0’ already placed in the latch to provide with the correct
quasi upper page bit (or HB2).

[00120] Thus, for the group of cells being read in parallel, HB1 from each of
the cells will form the “quasi lower page”, and HB2 will form the “quasi upper page”.
Similarly, as will be described below, SB1 will form a quasi SB1 page and SB2 will
form a quasi SB2 page. Optimization of the read points are made on a given number
of bits as a whole. In this example, only after providing all 4 bits to the controller the
controller can use them. A subset of these 4 bits do not provide the optimal sampling
in terms of the sub-set and only as a group they provide the necessary reliability for

the data read from the 2-bit memory.

[00121] FIG. 7(C) illustrates the read to obtain the first soft bit, SB1. This step
is to provide the quasi SB1. Here another set of L-1 read sensing is done where the
read points are 2AR shifted from AR’, BR’ and CR’. Thus, the first read threshold is
located on AR+2AR such that subsequent readings are performed at BR+2AR and
CR'2AR respectively. With these 3 read operations the same procedure is repeated as

done with the quasi upper page (or HB2), this time with 3 sense operations rather than
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two. This means the latch is first stored with a bit resulted from sensing at AR+2AR.
Then after the BR'+2AR sensing the received bit from the sense amplifier is 'in place’
NOT/XORed with the bit from AR’ in the latch. Then again after the CR+2AR sense
operation, the received bit from the sense amplifier is 'in place' NOT/XORed with the
bit already placed in the latch. In this manner, again, only one latch is required to

store the quasi SB1.

[00122] Note that before the last sense operation, cells with threshold voltage in
between BR+2AR and CR'+2AR holds the value ‘1°. The bit received from the flash

3

array for cells in this region is ‘1°, and after negation, it is set to ‘0’ and hence the
XOR doesn't change this bit for that group of cells. For cells with threshold voltage
above CR't2AR after the second sense operation the latch holds ‘17 also. However in
the last sense operation (at CR'+2AR) the bit received from the flash array turns to ‘0’
after negation it is ‘1’ and the XOR operation transforms the ‘1’ in the latch to ‘0’ (1

XOR 1=0).

[00123] FIG. 7(C) illustrates the quasi SB1’s coding across various voltage
bands of the threshold window. Once quasi SB1 is ready, it can be transferred to the
memory controller to free up the latch. Similar to the read operations for obtaining

HB1 and HB2,

[00124] FIG. 7(D) illustrates the reads to obtain the second soft bit, SB2. This
is to provide the quasi SB2 in two sets of 3 reads. In this method two consecutive
readings are repeated in the same manner quasi SB1 is generated, once with the
threshold set at AR'-AR, BR'-AR, CR'-AR and then with thresholds set at AR*AR,
BR'+AR, CR'+AR. Denote the resulting pages from these two sets as SB21 and SB22
respectively. It will be seen an additional latch is required. SB21 can be stored in one
latch while SB22 is stored in another latch. FIG. 7(E) illustrates that SB2 is created
as follows: SB2= SB21 XOR NOT(SB22). Meaning activating the same interface
circuit for NOT/XOR between the two existing latches.

[00125] Thus, it can be seen in the above example of a 2-bit memory example
with 12 read points giving rise to 4 bits, the scheme is able to provide an optimal
placement of the 12 read points for efficient error correction. At the same time, it has

the advantage of employing only one simple circuit/algorithm designed for the
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multiple sense cycles including the NOT/XOR interface. The circuit is parameterized
by only one parameter, AR, that can be adjusted as required. The scheme is
unconventional in that the hard bits are now quasi hard bits, based on read reference
thresholds slightly offset from the conventional ones used to define the partition of the
threshold window during programming. Even more unconventional is that the soft bits
have read points (reference thresholds) that are asymmetrically clustered around that
of the quasi hard bits. The same scheme can also operate with only one latch instead
of two if SB2 is generated using consecutive 6 sense operations in the following order
AR'-AR, AR'+AR, BR'-AR, BR'+AR, CR'-AR and CR'tAR. Here as in the previous
case t each sense the result is NOT/XOR gated in placed to a single latch. However, in
this case the sign of AR is changed for each consecutive sense thus the required circuit
for such an implementation more complex, on the other hand an entire latch is

removed which helps decreasing the cost of the flash control circuitry.

[00126] FIGs. 8(A)-8(D) illustrate another example of the read levels and
threshold voltage distributions of a 2-bit memory employing only 9 read points to
generate 2 HB and “1.5 SB”. While 4 bits are actually being obtained and transferred
to the memory controller, it is referred to as 1.5 SB in the sense that the sensing is
performed over a partition of 10 voltage bands demarcated by the 9 read points. In
this example, while the HB are nested with the SB, however SB1 is not nested into
SB2. The set of 3 sense operations with programmable parameter AR and fixed
distance between the read threshold levels in each set (of 3 read points) (or
alternatively fixed AR and constant AR parameter which is used with positive and

negative offset or not used at all) is maintained as before.

[00127] In this example an alternating (-AR , +AR) values for the shift are
employed, i.¢., the sense thresholds are set to be AR'-AR, AR+AR, BR'-AR, BR'+AR,
CR'-AR, CR'+AR, however the NOT/XOR sequence is left unchanged. Thus, one
latch will suffice with 6 sequential reads and NOT/XOR ‘in place’ storing.

[00128] FIG. 8(A) illustrates the 2-bit distribution of programmed thresholds
for a population of memory cells similar to FIG. 4(A).

[00129] FIG. 8(B) illustrates the read points for the hard bits which coincide
with that of FIG. 4(A). In this example, the read points AR, BR and CR are the same
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as those that define the partitioning of the threshold window during programming.
Unlike the quasi hard bits, they are the original hard bits. As in FIG. 4(B), the HB1
and HB2 are obtained by the 3 reads relative to AR, BR and CR. Since the HB read
levels are the same as for read without soft bits, they can be re-used when still stored

in the memory controller.

[00130] FIG. 8(C) and FIG. 8(D) illustrate the read points for the soft bit, SB1
and SB2 respectively. The read points for SB1 are similar to those for the HB but
shifted by -AR, viz: AR-AR, BR-AR, and CR-AR. SB1 can be obtained after reading
at these three read points. One latch is required per cell for SB1. When the page with
SB1 is ready, it can be shifted out to the memory controller, thereby freeing up the
latch. Similarly, the read points for SB2 are similar to those for the HB but shifted by
+AR, viz: AR+AR, BR+AR, and CR+AR. The resulting SB2 can be stored in one
latch. When the page with SB2 is ready, it can be shifted out to the memory
controller, thereby freeing up the latch.

[00131] Compared to the example shown in FIGs. 7(D)-7(E), only one latch
instead of two latches are required per sense amplifier. Note that in the Example
shown in FIG. 8, for processing the SB, the second latch of the example in FIGs.
7(D)-7(E), designed to store SB22, can be omitted, and replaced by 6 sequential
reads. In this embodiment an alternating (-AR , +AR) values for the shift are
employed, i.c. the sense thresholds are set to be AR'-AR, AR'+AR, BR'-AR, BR'+AR,
CR'-AR, CR'*AR, however the NOT/XOR sequence is left unchanged. Nevertheless
the ECC (same decoder and code) correction capability with the SB scheme presented
in FIG.7 is higher compared to the one presented in FIG.8 even though they both
resulting with the ECC receiving 4 bits per each read cell assuming that AR is
optimized separately in these two cases to maximize the mutual information. The
reason is that with FIG.7 scheme more information is sent to the controller compared
to FIG.8 since in FIG.7 there is a distinction between a total of 13 voltage bands while

in the scheme presented in FIG.8 there are only 10.

Dummy Read Points to Simplify the Read Circuits

[00132] FIGs. 9(A)-9(D) illustrates an example of the read levels and threshold
voltage distributions of a 2-bit memory with 15 read points. In this case there are two
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quasi HB and two asymmetric SB. In will be seen there are 4 read cycles. The first
has 3 read points, the second, third and fourth each has 4 read points. By adding a
dummy read in the first read cycle, all four read cycles would have 4 read points and

could be uniformly served by a common read circuit/algorithm.

[00133] FIG. 9(A) illustrates the 2-bit distribution of programmed thresholds
for a population of memory cells similar to FIG. 4(A).

[00134] FIG. 9(B) shows two quasi HB defined by read points at AR', BR', CR’
similar to before. The quasi SB1 requires 4 sense operations with threshold voltages
AR'-2AR, BR'-2AR, BRt2AR, CR+2AR while the quasi SB2 is generated using 8
sequential sense operations AR'-3AR, AR'-AR, AR'+AR, BR'-AR, BR'+AR, CR'-AR,
CR'+AR, CR+3AR. Thus, this scheme prescribes reading at 3 read points to get HB1
and HB2, reading at another 4 read points to get SB1 and a further reading at another
4+4 read points to get SB2.

[00135] As mentioned earlier, in order to make the NOT/XOR operation more
systematic, thereby enabling the use of a circuit of simpler design inside the flash
memory, it is preferably to implement reading at 4 read points even for the HB. This
will allow all bits to be obtained by repeating the same operation of reading of 4 read
points that includes the NOT/XOR operation. In a preferred embodiment, the
additional read for the HB is implemented by a dummy read for the HB (marked as a
dashed arrow in FIG. 9(B). This additional read point is at the low end of the
threshold window so that it will always produce ‘1’ on the entire latch. In this way,
the NOT/XOR can be activated on all 3 of the non-dummy read point for the HB

sense operations.

[00136] Another application of the "dummy read" is in the case of uniform SB
readings. It is well known that in order to provide with SB readings for the erase state
(for example ER1 and ER21 in FIG.4(D)) negative sensing is required. Unfortunately
negative sensing is limited to how low can the flash array sensing mechanism go in
the threshold window and hence in that case the sequence of sense operations can
simply disregard them, i.c. avoid these sense operations in order to save on sensing
time. This scheme can be employed as long as the ECC decoder in the controller is

aware of this sensing scheme and thus take it under consideration when the reliability
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measures are generated and fed to the soft input ECC decoder accordingly. It was
already found that ignoring edge sensing in the erase state (such as ER1 and ER21 in
the above FI1G.4(D)) as well as ignoring edge sense operations in the higher state (for
example CR1 and CR22) have a negligible impact on a soft input EEC decoder
correction capabilities. Fortunately when optimized non-uniform SB are considered
there is usually no need to ignore any sense operation due to the fact that all sensing
are concentrated around the overlap region between states (for example between the
‘ER’ state and ‘A’ state in FIG. 9(A)) and hence deep negative sensing is not required
altogether.

[00137] In conclusion, the basic building blocks common to all of these
schemes are +/-0AR shifts (with integer value o) on some reference read thresholds.
For example, for the 2-bit memory, the reference read thresholds are AR, BR, CR, or
AR’, BR’, CR’) that define the HB or quasi HB. The read thresholds for the soft bits
are then defined by integral shifts around these reference read voltage thresholds. To
obtain an optimal set of read points, the set of reference read thresholds for the HB do
not necessarily coincide with the set that defines the memory partition with respect to
programming. Furthermore, the read points for the soft bits are typically located

asymmetrically around the read points for the hard bits.

SOFT-BIT READS WHILE READING HARD BITS WITH DLA
COMPENSATION FOR COUPLING

[00138] Typically, a group of memory cells on a current word line, WLn, is
read in parallel. To read at a given read point (read threshold level), the threshold
voltage level is applied to the word line WLn. For memory with a NAND
architecture, an adjacent word line WLn+1 is set to Vread so as to turn on the
adjacent, daisy-chained memory cell into a pass-through state. Thus, WLn+1 is kept

at a constant Vread while WLn steps through different read points.

[00139] In embodiments described earlier, the hard and soft bits are generated

by modulation of the Vth on WLn while the Vread of WLn+1 is left unchanged.

[00140] Accordingly to another aspect of the invention, the soft bits are

-32 -



WO 2012/087805 PCT/US2011/065443

generated by a combination of a first modulation of voltage on a current word line
WLn and a second modulation of voltage on an adjacent word line WLn+1. For
example, a first set of read points Vi, Vo, ..., Vi for hard bits is set up by modulating
WLn while WLn+1 is set to a first predetermined voltage such as Vread. A second
set of read points for soft bits is set up as offsets to the first set by also modulating

WLn+1 to different Vread values.

[00141] This aspect of the invention is particularly synergistically with a
known read technique referred to as DLA (“Direct Look-ahead) read. The scheme
modulates Vread on WLn+1 in order to read hard bits of memory cells on a current
word line, WLn. For the case of 4 states and two bits per cell (e.g. D2) when the read
operation employs DLA then each sense operation on WLn is performed 4 times. For
example, the read at each of the 3 read reference points Vth1, Vth2 and Vth3 on WLn
are repeated 4 times, each time with a different Vread on WLn+1. Only one of these
sense operations is separately selected for each cell in WLn according to the state

programmed to WLn+1 in order to determine the state of the cell in WLn.

[00142] For example, if the memory cells on adjacent word line WLn+1 are
individually programmed to any one of states ‘E’, ‘A’, ‘B’ and ‘C’, then the cells have
varying degrees of perturbation on corresponding neighboring cells on WLn. The ‘E’
state has no charge on the cell’s floating gate, the ‘A’ state has more charge and the
‘C’ state has the most charge, with increasing coupling level to the floating gates of
the corresponding neighboring cells on the current word line, WLn. The higher the
coupling level the higher will the apparent threshold of the cell in WLn be shifted
when it is being sensed. The DLA technique applies an offset bias to Vread on
WLn+1 during sensing of cells on WLn in order to create a counter coupling to cancel
the effects of the coupling level of the neighboring cells located on WLn+1. Thus,
while sensing WLn, applying on WLn+1 the bias voltages VreadE, VreadA, VreadB
and VreadC respectively will cancel corresponding coupling levels from states ‘E’,

‘A’, ‘B’ and ‘C’ on the adjacent WLn+1.

[00143] United States Patent No. 7,436,733 discloses DLA techniques for
compensating for read errors due to perturbations from charges on floating gates of
cells at neighboring word lines. The techniques address read errors arising from the

perturbation due to a neighboring cell that has no charge when the current cell is
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programmed verified and subsequently becomes programmed with more charge. The
additional neighboring charge has the effect of making the current cell to have a
higher threshold than when it was programmed verified. This results in its threshold
level being read as higher than when it was programmed verified. DLA read first
reads the programmed states of the adjacent cells on WLn and effectively adjusts the
read thresholds when reading the cells on WLn. This is accomplished by reading a
neighboring word line WLn+1 and biasing Vread, the voltage on WLn+1 accordingly
to compensate for the read on the current word line WLn. Essentially, a highly
programmed neighboring state will shift the apparent threshold of the current cell up.
When reading the current cell, a higher bias of Vread on WLn+1 will help to shift the
apparent threshold back to where it should be.

[00144] The selected sensing is made according to the state programmed to
WLn+1 which is read prior to the read operation of WLn. Due to the large variations
on the CC (Cross Coupling) between WLn and WLn+1 this approach turns out to
mitigate the coupling between adjacent WL's. Essentially, it works by taking into
account the perturbation due to adjacent cell at read time so as to reconstruct the field
condition seen by the control gate of the cell during its programming. However, all
those sense operations which do not correspond to the Vread applied to WLn+1

during programming are thrown away during the DLA read operation.

[00145] The current aspect of the invention makes use of those otherwise
wasted sense operations in order to generate alternative SB instead of throwing away
the information these sense operation carry with them. This manner of generating SB

is referred to as "using DLA outputs as Soft Bits".

[00146] This inventive aspect will be illustrated with a 2-bit memory using 12
read points to generate 4 bits for each cell of the group in WLn read in parallel.
However, this technique is equally applicable to any number of BPC (Bits per Cell)
and any number of SB up to and including BPC. This means that for the 2-bit memory
we can get on top of the 2 quasi hard bits another 2 soft bits. For a 3-bit memory, we

can generate on top of the 3 quasi hard bits per cell another 3 SB etc.

[00147] FIGs. 10(A)-10(D) illustrate an example of the read levels and

threshold voltage distributions of a 2-bit memory using 12 read points in which the
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read points are set by a combination of voltage modulations of both WLn and
WLn+1. FIG. 10(A) illustrates the CVD's of cells in WLn for which the neighboring
cell in the same BL in WLn+1 is programmed to the "E' (Erase) state. This is the case
where there are no WLn+1 perturbation. The HB and SB are generated by a set of 12
read points, viz: S1, S2,...,S12, according to a possible set of reads performed
sequentially. The set of 12 read points can be generated from a group of 3 reference
points Vth;, Vth; and Vths to be applied to WLn. These values are further shifted

depends on the value of Vread on WLn+1.

[00148] FIG. 10(B) illustrates the first three reads on S1, S2 and S3 being
performed with Vth;, Vth, and Vth; on WLn respectively while the voltage Vread on
WLn+1 is set to a predetermined value corresponding to the programmed state ‘A’ on
WLn+1. This Vread value will be denoted as Vread[A]. Upon completion of the
third read, two quasi HB (hard bits) are generated in a similar manner to the "normal
read" procedure. These two bits are denoted as quasi HB. They use only modulation

on WLn without any change to the Vread applied to WLn+1.

[00149] Furthermore the CVD's of the 4 states in WLn depend on the
modulation on WLn+1. This last dependency can be observed on the following FIG.
11 to FIG. 13. The position of the CVD's with respect to the same 3 sense operation
for the case of cells which their neighboring cell on the same BL in WLn+1 is
programmed to state ‘A’, ‘B’ and ‘C’ is depicted in FIG. 11(B), FIG. 12(B) and
FIG. 13(B) respectively. It will be seen that the apparent threshold distribution is
progressively shifted to a lower threshold value with increasingly programmed states
on WLn+1. E.g. as the state in WLn+1 is higher it seems as if the threshold of WLn

appears to be lower on the same CVD distribution.

[00150] FIG. 10(C) to FIG. 13(C) illustrate reading at S4-S6 respectively for
neighboring state on WLn+1 being ‘ER’, ‘A’, ‘B’ and ‘C’. The reading at S4, S5 and
S6 is respectively produced with Vth;, Vth, and Vth; on WLn while Vread on WLn+1
is set to a predetermined value corresponding to the programmed state ‘C’ on WLn+1.
Denote this last Vread value as Vread[C]. The latch L1 is fed with ‘1’ for all cells
conducting on this 4th sense operation. The reading at S5 is produced with S5 on
WLn while Vread on WLn+1 is set to Vread[C]. The latch L2 is fed with “1° for all
cells conducting on this 5™ sense operation. The final result in the latch is fed with
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NOT/XOR between two values ‘L1’ and ‘L2’. Note that alternatively to using L1 and
L2 a single latch can be used while first it is fed in the same way L1 is fed, and then
after sensing S5 the result from the sense amplifier is directly XOR’ed with NOT on
the single latch already set.

[00151] The reading at S6 is produced with S6 on WLn while Vread on
WLn+1 is set to Vread[C]. The latch is updated in the same manner as after the S5
sense operation ¢.g., using the NOT/XOR operation. At this point, the flash memory
can provide with the first quasi SB denoted as ‘B3’ using only one latch and the
NOT/XOR logic mentioned above. The B3 data can be sent to the controller (memory

processor / decoder) and then the latch is cleared.

[00152] FIG. 10(D) to FIG. 13(D) illustrate reading at S7-S12 respectively for
neighboring state on WLn+1 being ‘ER’, ‘A’, ‘B’ and ‘C’. The reading at S7, S9 and
S11 is respectively produced with Vth;, Vth, and Vth; on WLn while Vread on
WLn+1 is set to a predetermined value corresponding to the programmed state ‘ER’
on WLn+1. The reading at S8, S10 and S12 is respectively produced with Vth;, Vth,
and Vth; on WLn while Vread on WLn+1 is set to a predetermined value

corresponding to the programmed state ‘B’ on WLn+1.

[00153] Thus, the 7" sense operation at S7 is produced with Vth; on WLn
while Vread on WLn+1 is set to a predetermined value corresponding to the
programmed state "ER' on WLn+1. Denote this last Vread value as Vread[E]. As
before the latch is fed with “1” for all cells conducting after this sense. The 8th sense
operation at S8 is produced with Vth; on WLn while Vread on WLn+1 is set to a
predetermined value corresponding to the programmed state ‘B’ on WLn+1. Denote
this last Vread value as Vread[B]. The latch is updated in the same manner as after the

5th sense operation e.g., using the NOT/XOR routine.

[00154] The 9" sense operation at S9 is produced with Vth, on WLn while
Vread on WLn+1 is set to Vread[E]. The latch is updated in the same manner as after
5th sense e.g. using the NOT/XOR routine. The 10" sense operation at S10 is
produced with Vth; on WLn while Vread on WLn+1 is set to Vread[B]. The latch is

updated in the same manner as after 5th sense e.g. using the NOT/XOR routine.

[00155] The 11" sense operation at S11 is produced with Vths on WLn while
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Vread on WLn+1 is set to Vread[E]. The latch is updated in the same manner as after
5" sense e.g. using the NOT/XOR routine. The 12" sense operation at S12 is
produced with Vths on WLn while Vread on WLn+1 is set to Vread[B]. The latch is
updated in the same manner as after 5™ sense e.g. using the NOT/XOR routine. At
this point, the last of the 4 bits, denoted as B4 can be sent outside the flash to the
controller for decoding. In some implementation of sensing circuits for flash devices
there is an advantage not to change both Vread on WLn+1 and on WLn. In these case
the same result can be achieved when first setting the Vread on WLn+1 to Vread[E]
then updating a single latch with S7,S9 and S11. After which changing the Vread on
WLn+1 to Vread[B] and filling a second latch according to S8,S10 and S12. Then
apply the NOT XOR operation on the pair of latches e.g. the first and second latches
placing the result in one of them (or on a third latch) while only the result is
transferred to the controller. In this case, another latch is required but the sensing

circuit is made simpler. More details for this scheme are provided below with respect

to FIG.14 — FIG.17.

[00156] Note that the order of the above sense operation is not the only way to
generate a set of 4 bits in grey coding. The above choice for grey coding is depicted in

Table 1.

Bl |1 1 1 1 1 1 0 0 0 0 0 0 0

B2 |1 1 0 0 0 0 0 0 0 0 1 1 1

B3 |1 1 1 1 0 0 0 0 1 1 1 1 0

B4 |1 0 0 1 1 0 0 1 1 0 0 1 1

Table 1: SB as DLA output coding

[00157] The advantages of the embodiment described above are in its
simplicity and requirement for only one latch in the flash device. Furthermore, the
fact that grey coding is employed increases the reliability (minimizing the number of
bit errors) in cases of transitions from one state to another during read. Another
advantage with this embodiment is that modulation is also made easier since the first

3 sense operations is modulated to Vth;,Vth,,Vth; on WLn while Vread for WLn+1 is
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kept unchanged at Vread[A]. Then another 3 sense operations are being made with
the same Vth;,Vth,,Vth; on WLn while this time WLn+1 is kept at Vread[C]. The last
set of 6 sense operations are made with repeating twice each Vth, i.e. Vth;, Vth,
Vth,, Vth,, Vth;, Vth; on WLn while on WLn+1 alternating Vread between Vread[E]
and Vread[B].

[00158] In order to make this approach even simpler, it will be desirable to
modulate Vth on WLn only without having to change modulation on WLn+1 in
between, for ecach set of sense operation designated to fill up one latch until it is

cleared and sent for further digital processing.

[00159] FIGs. 14 to 17 illustrate another embodiment which uses an additional
latch in processing the soft bits so as to avoid changing modulation on WLn+1 while
reading at each of Vth;, Vth, and Vth; at WLn. The method is similar to that
described in connection with FIG. 7, but uses DLA output e.g., it modulates Vread on

WLn+1 instead of only modulating WLn Vth values.

[00160] FIGs. 14(A)-(C) to FIGs. 17(A)-(C) are the same as FIGs. 10(A)-(C)
to FIGs. 13(A)-(C). The difference is in FIGs. 14(D)-(E) to FIGs. 17(D)-(E) as
compared to FIG. 10(D) to FIG. 13(D). The last cycle of 6 sense operations in FIG.
10(D) to FIG. 13(D) is divided into two sub-cycles in FIG. 14(D)-(F)to FIG. 17(D)-

(F).

[00161] FIGs. 14(D)-17(D) illustrate a first sub-cycle of read for the quasi
SB2. While WLn is modulating at Vth;, Vth, and Vths, Vread of WLn+1 is kept at
Vread[E].

[00162] FIG. 14(E)-17(E) illustrate a second sub-cycle of read for the quasi
SB2. While WLn is modulating at Vth;, Vth, and Vth;, Vread on WLn+1 is

maintained at Vread[B].

[00163] FIG. 14(F)-17(F) illustrate illustrate that a quasi SB2 is created as
follows: quasi SB2 = (quasi SB2 Part-1) XOR NOT (quasi SB2 Part-2).

[00164] In this way a unified sensing scheme is repeated for all cycles with 3

sense operations per cycle at Vth;,Vth, and Vth; while for each of the 4 cycles
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different Vread is applied to WLn+1. These 4 Vread values are applied in the
following order Vread[A], Vread[C], Vread[E], Vread[B]. This scheme further
simplifies the implementation without increasing the total number of latches and

hence is the preferred embodiment for the example of 2-bit flash memory.

[00165] It is clear this method of using DLA outputs to generate SB belongs to
the family of non-nested SB generation. The obvious reason is that upon taking just
the first two bits or the first 3 bits out of the 4 bits does not provide the best read HB
as in the DLA case. Only the entire set of 4 bits (in the above example) provides
better estimation than the normal DLA read operation operative for a soft input

decoder while keeping the same number of sense operations (12 in this case).

[00166] These readings (which in normal DLA read operation of the flash
device are thrown away) are used advantageously to increase the correction
capabilities of a soft input ECC decoder and hence result with system wise increasing
the reliability of read operations. The following is a simple example of one of the

many ways to take advantage of this information.

[00167] On top of the 4 bits provided by the above example scheme, the
decoder also receives the information on the estimated programmed state for each cell
on WLn+1. The decoder can at this point use 6 bits for each cell in WLn. The method
relies on empirical measurements of the flash device made either during design or
during production. The measurements and LLR settings can also be updated during

the lifetime of the device as a background process.

[00168] Separately for each neighboring state in WLn+1 all cells in WLn are
taken. For example, all cells in WLn with neighbor cell in the same BL and in WLn+1
programmed to "ER' are grouped together. This generates 4 groups of cells, denoted

as Eg, Ag, Bg, Cg.

[00169] If for example there are 64K cells in a WL each group holds
approximately 16K cells. ‘Eg’ refers to the group of cells in WLn with neighboring
cell in WLn+1 programmed to state ‘ER’. ‘Ag’ refers to the group of cells in WLn
with neighboring cell in WLn+1 programmed to state ‘A’. ‘Bg’ refers to the group of
cells in WLn with neighboring cell in WLn+1 programmed to state ‘B’. ‘Cg’ refers to

the group of cells in WLn with neighboring cell in WLn+1 programmed to state ‘C’.
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[00170] Now for each such group the cells are further divided into 4 groups
according to the state programmed to WLn. For example, Eg group is divided into
Ege, Ega, Egb, and Egc. At this point the 4 bit value of each cell in each group is used
to build a state transition matrix of 4 rows and 13 columns which holds the probability
of each cell programmed to state represented in row ‘j° (from 0 to 3) to be read in

column ‘k’ (from 0 to 12).

[00171] For example assume there are 4K cells (4,000 cells) in 'Ega’ group then
at location j=1 (corresponding to WLn being programmed to state A) and column k=3
corresponding to the ‘m;” cells being read as ‘1011 (see the 4th column in the above

Table 1) the entry in the transition matrix at row 1 and column 3 is set to m;/4K.

[00172] Another example to clarify the creation of another entry in this
transition matrix would be to count the number of cells in group 'Egc' which are
programmed as ‘C’ state to WLn (e.g. j=3) and then using the above read operation.
The 4 bits received are ‘0011’ corresponding to column k=8 (starting at 0) in the
above Table 1. If this count is m; and the number of cells in group 'Egc' is also 4K

then the entry in the transition matrix at row 3 and column 8 is set to m,/4K.

[00173] Denote that a separate transition matrix of size 4x13 is generated for
cach of the 4 groups Eg, Ag, Bg, and Cg. This state transition matrix is now employed
to generate 2 reliability values for each of the 13 columns. One option to represent

this reliability value is in the form of LLR. (Log Likelihood Ratio).

[00174] This means to compute the value LLR=log,(Pry/Pr;). Here Pry refers to
the sum of probabilities for the corresponding bit in the cell of WLn to be ‘0’ while
Pr; refers to the sum of probabilities for the same bit to be ‘1’ given the 4 bits read

from the cell according to the above "use DLA outputs as SB" procedure.
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[00175] For example if in the 4x13 transition matrix column °j° holds
probabilities Qo,Q1,Q2, Q3 and the mapping of the target cell in WLn to bits is the
standard grey mapping as in Table 2:

[MSBit LSBit] | Probabilities in column ‘k’ of state transition matrix
11 Qo
10 Qi
00 Q2
01 Qs
Table 2: Example Column
[00176] Then the LLR of MSBit and LSBits are log,([Q,TQ3]/[Q17Qq]) and

log2([Q2+Q11/[Q31Qq]) respectively. Note that Qo, Qi, Qz, Qs are empirically
measured using the method discussed in the last 3 paragraphs (in the example for j=1,
e.g., Qi=my/4K in column 3, j=3, e.g., Q3=m;/4K in column 8, ...). Upon completing
this off-line computation, a table is provided with 13 entries, and two LLR's in each
entry. Such table is separately generated for each of the above 4x13 transition

matrixes, resulting in total of 4 tables of 13x2 values.

[00177] Since the values in the 13 columns are in grey coding a table of 16
entries is required out of which only 13 entries are employed. Using the above Table 2
example and defining B1 to be the MSBit and B4 to be the LSBit those entries are:
15, 14,10,11,9,8,0,1,3,2,6, 7, 5.

[00178] Using said 4 tables of 16x2 values each, in the decoding process is

done as follows:

[00179] First WLn+1 is read generating two bits for each cell in the normal old
fashion manner applying Vth;, Vth, and Vths on the control gate of WLn+1. Denote

these bits as ‘D1Dy’. Denote as ‘D’ an integer from 0 to 3 these two bits represent.

[00180] Now 4 bits are read from each cell on WLn as explained above, i.c.,

modulating both Vy, of WLn and Vread of WLn+1. Denote these bits as ‘B:B,BBy'
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for each cell in WLn. Denote as ‘B’ an integer between 0 and 15 (with only 13 valid

options) these 4 bits represent (according to Table 1).

[00181] Use ‘D’ to point to one of the 4 LLR tables. Use ‘B’ to choose the two
LLR's located in table ‘D’ at address ‘B’. Extract these two LLR's representing the
reliability of the bits in the cell of WLn and feed them to a soft input decoder which is
defined on a large number of cells in WLn to reconstruct the bits programmed to
those cells in WLn. As the code could be constructed on each of the upper and lower
pages separately then in another embodiment just of these two LLR values is
employed on a specific page decoding operation while the other LLR is used when the
second page is decoded. Obviously that would mean that on each computation of the

two LLR’s one is thrown away.

[00182] The advantage of the invention is the increase of read speed and
reduced energy consumption when better matching the required correction capability
of the controller to the data located in the flash device. Another positive outcome is
that this advantage is provided W/O increasing the digital circuits required in the flash
device with higher cost unlike the digital circuits in the controller for which cost is
reduced when digital technology shrinks according with the advance in the

lithography generation.

[00183] The foregoing detailed description of the invention has been presented
for purposes of illustration and description. Even though a 2-bit memory is used to
illustrate the principles, the invention is equally applicable to memory capable of
storing 3, 4 or other bits of data. It is not intended to be exhaustive or to limit the
invention to the precise form disclosed. Many modifications and variations are
possible in light of the above teaching. The described embodiments were chosen in
order to best explain the principles of the invention and its practical application, to
thereby enable others skilled in the art to best utilize the invention in various
embodiments and with various modifications as are suited to the particular use
contemplated. It is intended that the scope of the invention be defined by the claims

appended hereto.

-4



WO 2012/087805 PCT/US2011/065443

IT IS CLAIMED:

1. A method of reading a cell of a non-volatile memory, the cell having a
threshold window demarcated by a first set of (L-1) reference thresholds into a first
set of L bands, with L being an integer > 1, and the cell having being programmed
with a threshold among one of the L bands, said method comprising;:

setting a first portion of a second set of reference thresholds, the first portion
having L-1 reference thresholds that corresponds but not necessarily identical to the
first set;

setting a second portion of additional M reference thresholds for the second
set, the additional M reference thresholds being distributed non-uniformly in the
threshold window with a higher density clustering asymmetrically around each of the
second set of L-1 demarcation thresholds;

the first and second portions of the second set of L+M-1 reference thresholds
demarcating the threshold window into L+M bands; and

reading the cell by locating a band containing the programmed threshold

among the L+M bands of the second set.

2. The method as in claim 1, further comprising:

designating a different x-bit code word for each of the L bands of the first
portion of the second set, where 2**x >=L;

designating a different (x+y)-bit code word for each of the (L+M) bands of the
second set, where 2**(x+y) >= L+M; and

reading out each bit of the (x+y)-bit code word for the band containing the

programmed threshold among the L+M bands of the second set.

3. The method as in claim 2, wherein:

the bits of the (x+y)-bit code word are read bit-by-bit by successively binary
chopping on the threshold window into successive bands using the second set of
reference thresholds and determining the programmed threshold among each of the

successive bands.

4. The method as in claim 2, further comprising:
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processing the read-out (x+y)-bit code word with an error correcting code

(ECC) decoder to obtain an error-corrected x-bit code word for the cell.

5. The method as in claim 4, wherein:
said setting of reference thresholds of the second set is distributed across the
threshold window non-uniformly to optimize the ECC decoder processing of the

(x+y)-bit code word.

6. The method as in claim 4, further comprising:

predetermining an expected cell error rate (CER) for the cell; and

employing sufficiently large values of M and y for the ECC decoder to correct
the predetermined CER.

7. The method as in claim 4, further comprising:

determining sufficient values for M and y by trial and error, by progressively
increasing M and y until the ECC decoder is able to obtain the error-corrected x-bit
code word for the cell; and

employing the determined sufficient values of M and y for subsequent reading

of the cell.

8. The method as in claim 1, wherein:

the cell is connected to a first word line and is also affected by a voltage on an
adjacent word line; and

said setting of reference thresholds of the second set is by permuting a first set
of voltages on the first word line and a second set of voltages on the adjacent word

line.

9. The method as in claim 1, wherein:

the second set of reference thresholds are divided into multiple groups each
having substantially similar number of reference thresholds; and

reading the cell bit-by-bit by sensing the cell relative to each of the multiple

groups of reference thresholds.

10. The method as in claim 9, further comprising;:
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providing an additional dummy read at a dummy reference threshold of no
consequence so as to make the number reference thresholds in a group identical to the

other groups.

11. The method as in claim 1, wherein:
the cell is one of a group of memory cells of the non-volatile memory that are

operated on in parallel.

12. A non-volatile memory, comprising:

a cell having a threshold window demarcated by a first set of (L-1) reference
thresholds into a first set of L bands, with L being an integer > 1, said cell having
being programmed with a threshold among one of the L bands;

a first portion of a second set of reference thresholds, the first portion having
L-1 reference thresholds that corresponds but not necessarily identical to the first set;

a second portion of additional M reference thresholds for the second set, the
additional M reference thresholds being distributed non-uniformly in the threshold
window with a higher density clustering asymmetrically around each of the second set
of L-1 demarcation thresholds;

said first and second portions of the second set of L+M-1 reference thresholds
demarcating the threshold window into L+M bands; and

a read circuit for reading the cell by locating a band containing the

programmed threshold among the L+M bands of the second set.

13. The non-volatile memory as in claim 12, further comprising:

a different x-bit code word for each of the L bands of the first portion of the
second set, where 2**x >=L;

a different (x+y)-bit code word for each of the (L+M) bands of the second set,
where 2*%*(x+y) >= L+M; and

wherein said read circuit for reading out each bit of the (x+y)-bit code word.

14. The non-volatile memory as in claim 13, wherein:
the bits of the (x+y)-bit code word are read bit-by-bit by successively binary

chopping on the threshold window into successive bands using the second set of
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reference thresholds to determine the programmed threshold among each of the

successive bands.

15. The non-volatile memory as in claim 13, further comprising:

an error correcting code (ECC) decoder;

said ECC decoder processing the read-out (x+y)-bit code word with an error
correcting code (ECC) decoder to obtain an error-corrected x-bit code word for the

cell.

16. The non-volatile memory as in claim 15, wherein:
said reference thresholds of the second set are distributed non-uniformly
across the threshold window to optimize the ECC decoder processing of the (x+y)-bit

code word.

17. The non-volatile memory as in claim 15, further comprising;:

a predetermined expected cell error rate (CER) for the cell; and

wherein said different (x+y)-bit code word for each of the (L+M) bands of the
second set having sufficiently large values for M and y for the ECC decoder to correct

the predetermined CER.

18. The non-volatile memory as in claim 15, wherein:

said different (x+y)-bit code word for each of the (L+M) bands of the second
set having sufficiently large values for M and y are determined by trial and error,
progressively with increasing M and y at each trail until the ECC decoder is able to
obtain the error-corrected x-bit code word for the cell; and

said reading circuit is responsive to the determined sufficiently large values of

M and y for subsequent reading of the cell.

19. The non-volatile memory as in claim 12, further comprising;:

a first word line connected to the cell;

an adjacent word line having a voltage that affects the cell; and

wherein said setting of reference thresholds of the second set is formed by
permuting a first set of voltages on the first word line and a second set of voltages on

the adjacent word line.
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20. The non-volatile memory as in claim 12, wherein:

the second set of reference thresholds consists of multiple groups each having
substantially similar number of reference thresholds; and

said read circuit reading the cell bit-by-bit by sensing the cell relative to each

of the multiple groups of reference thresholds.

21. The non-volatile memory as in claim 20, further comprising:

an additional dummy reference threshold included in a group in said second
set, thereby making the number of reference thresholds in each group identical; and

wherein said read circuit reading relative to the group including or not

including the dummy reference threshold yields the same result.
22. The non-volatile memory as in claim 12, wherein:

the cell is one of a group of memory cells of the non-volatile memory that are

operated on in parallel.
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