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WRITABLE TRACKING CELLS

Backeround of the Invention

Field of the Invention

The present invention relates generally to non-volatile semiconductor
memory devices and, more particularly, to the use of tracking cells for the reading of

multi-state memories.

Background Information

In a semiconductor memory cell, data is stored by programming the cell
to have a desired threshold voltage. The data stored in the cell is read by determining the
threshold voltage of the cell and translating this voltage to a logic level. For a two state,
binary memory cell, this translation can be done by use of a reference or breakpoint
voltage to provide a read point: cells with a threshold voltage above this read point
correspond to one state, while those with a threshold voltage below this read point
correspond to the other state. When a memory cell is a multi-state cell, a number of such
read points need to be introduced to distinguish between the states.

As the number of states stored in a memory cell increases, more states
must be contained within a range of threshold values. Consequently, the portion of this
range corresponding to a giveﬁ state become ever narrower and the read points become
ever closer. Once the memory cells have been programmed, their threshold values may
change from the level to which they were programmed for a number of reasons. This can
be due to the less than perfect charge retention in non-volatile memories, where a cell's
threshold may go up or down depending on applied bias voltages, fields generated by the
stored charge itself, and charge trapped in dielectrics. It can also be due to changes in
operating conditions between when the cell is programmed and when it is read. If the
read points used to determine the data content of the cells do not follow these changes in
the cell, the read points will no longer accurately discriminate between the different
threshold voltages. This is the case when a fixed, global set of reference voltages, such

as from a band-gap circuit, is used to produce the read points. Such a circuit will not
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respond, or respond differently, to the conditions which lead the threshold voltages of the
memory cells to change. When this change becomes large enough, the read points will
no longer accurately discriminate between the threshold voltages found on the cells and
the data programmed can no longer be accurately read.

One method to improve the accuracy of the correspondence between the
read points and threshold voltage of the cells programmed to a particular data state at the
time these cells are read is the use of writable reference or tracking cells. These are a set
of memory cells, but which are not written with data and instead are written to
predetermined reference values. The read points are then extracted from these cells,
which, as they will behave similarly to the data cells, will provide a more accurate
correspondence between a data level and the current threshold voltage of a cell originally
programmed to that level. The use of reference cells in multi-state memories are
described in U.S. patent 5,172,338 and further developed in U.S. patent application serial
no. 08/910,947, filed on August 7, 1997, both of which are assigned to SanDisk
Corporation and both of which are hereby incorporated herein by this reference.

As the number of states per cell continues to increase, further
improvements in the accuracy of the reading process will be needed. Therefore,
improvements in tracking cell techniques are needed which not only increase their
accuracy and speed of use, but also decrease the amount of overhead they require, both

in terms of the actual tracking cells and also in terms of the related circuitry.

Summary of the Present Invention

The present invention presents several techniques for using writable

tracking cells. Multiple tracking cells are provided for each write block of the memory.

These cells are re-programmed each time the user cells of the associated write block are

written, preferably at the same time, using the same fixed, global reference levels to set

the tracking and user cell programmed thresholds. The threshold voltages of the tracking

cells are read every time the user cells are read, and these thresholds are used to
determine the stored logic levels of the user cells.

In one set of embodiments, populations of one or more tracking cells are

associated with different logic levels of a multi-state memory. These tracking cell

populations may be provided for only a subset of the logic levels. The read points for

translating the threshold voltages are derived for all of the logic levels based upon this
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subset. In one embodiment, two populations each consisting of multiple tracking cells
are associated with two logic levels of the multi-bit cell. Based on the threshold values
of this pair of populations, a linear logic level vs. threshold level relation is able to
translate the threshold values of the user cells into any of the logic levels. In this way,
the logic level of a data cell may be determined based upon a population of tracking cells
associated with a non-adjacent logic level. By using more tracking cell populations, more
complex}relations between the cell threshold values and logic levels can be obtained.

The reading of data cells through use of tracking cells can have digital or
analog implementations. In digital implementations, the threshold voltages of the
tracking cells are read with a greater resolution than the number of bits stored in the data
cells. The controller or other circuitry then converts these higher resolution values to
translate the user cell threshold values into the lower logic levels, either by reading cells
at the lower resolution level or by translating the user cell values read at the higher
resolution into the logic levels. In an analog implementation, the user cells are read
directly using the analog threshold values of the tracking cell populations without their
first being translated to digital values. An exemplary analog embodiment provides each
write sector with a dedicated analog sense amp for each tracking cell, an averaging circuit
for each population of tracking cells, and a chain of resistive elements to provide all of
the needed read points from the averaged values.

A set of alternate embodiments provide for using different voltages and/or
timing for the writing of tracking cells to provide less uncertainty in the tracking cells’

final written thresholds. Since there are typically many fewer tracking cells than user

storage cells, system write speed is most often limited by the user cells, not the reference

cells. Therefore, it may be possible to use different voltages and/or timings which write
the reference cells more slowly on average while still writing the slowest reference cell
as quickly as the slowest user cell. This can reduce reference cell threshold uncertainty
without significantly effecting the overall system write speed.

Additional objects, advantages, and features of the present invention will
become apparent from the following description of its preferred embodiments, which

description should be taken in conjunction with the accompanying drawings.
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Brief Description of the Drawings

Figure 1 shows a relation between tracking cell thresholds and those of
the user cells.

Figure 2 is a block diagram of an analog arrangement of differential
sensing used directly to compare individual tracking cell thresholds to user cell
thresholds. A

Figure 3 shows an alternate relation between tracking cell thresholds and
those of the user cells.

Figure 4 is a schematic representation of an arrangement of differential
sensing using multiple tracking cells.

Figure 5 shows a range of control gate voltages spanning the entire range
of the expected cell threshold values.

Figure 6 is a block diagram of an arrange for using the levels of Figure 5
to determine the cell thresholds.

Figure 7 shows such a system in which a linear relation is assumed
between thresholds and logic levels.

Figure 8 shows tracking cells programmed to three different logic levels
to allow extraction of a non-linear relationship between threshold and logic level.

Figure 9 shows four logic levels used to allow extraction of an even more
complex non-linear relationship between threshold and logic level.

Figure 10 shows multiple tracking cells associated with a given logic
level.

Figure 11 is a block diagram of an embodiment where the user cells are
read directly with analog voltage levels derived from the tracking cells.

Figure 12 is a detail of Figure 11 showing an embodiment of the circuit
AVE, 1110 and its tracking cells in more detail.

Figure 13 shows an embodiment of an analog sense amp connected to its
tracking cell.

Figure 14 is a particular embodiment of the read point circuit of Figure
11. ‘

Figure 15 is a detail of one of the resistors R; in Figure 14 showing where

it is tapped to provide the various values used.
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Description of the Preferred Embodiment

The storage capacity of non-volatile semiconductor memories has

increased both by the reduction in size of the individual components of the circuits and
by increasing the amount of data storable in an individual memory cell. For example,

devices such as those described in U.S. patents 5,712,189 and 6,103,573 and U.S. patent
applications serial no. 09/505,555, filed on February 17, 2000, and one entitled “Non-
Volatile Memory Cell Array Having Discontinuous Drain and Source Diffusions
Contacted by Continuous Bit Line Conductors and Methods of Forming” by Jack H.
Yuan and Jacob Haskell, field on September 22, 2000, which are all assigned to SanDisk
Corporation and which are all hereby incorporated herein by this reference, can store
upwards of four logical bits per physical floating gate storage transistor. This storage
will require each floating gate to be able to have encoded within it one of the sixteen or
more possible memory states. Each one of these memory states corresponds to a unique
value, or, more accurately, a narrow range of values, of stored charge on the floating gate
which is sufficiently separated from its neighboring states’ charge étorage values to
clearly differentiate it from those neighboring states as well as the other states.

The determination of a cell’s stored charge level can be performed by
current sensing, where the magnitude of its conduction using fixed bias conditions is
sensed, or through threshold voltage conditions, where the onset of such conduction is
sensed using varied steering gate bias conditions, to give two of the more standard
arrangements. Current sensing approaches are more fully developed in U.S. patent
5,172,338 and U.S. patent application serial no. 08/910,947, which were both
incorporated by reference above, and may be employed with the various embodiments
described below. However, the majority of the following exposition uses the threshold
voltage, Vi, sensing approach as this improves the sensing resolution, keeps the current,
and consequently the power, associated with massively parallel read operations low, and
minimizes vulnerability to high bit line resistance.

The actual sensing can be performed in several ways, for example by
comparing a cell’s threshold voltage to each of the reference values in order. For multi-
state cells, it can be more efficient to exploit a cell-by-cell, data conditional binary search,
which, for example, is capable of determining, in parallel, each sensed cell’s Vi, to a one
in sixteen resolution through a sequential, four-pass sensing operation. The amount of

resolution required for sensing is discussed below with respect to the various
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embodiments presented. As usual, the amount of resolution used is often a tradeoff
between higher resolution, resulting in more potential “bits” beyound the minimum
required 4-bit resolution of the exemplary embodiments, but at the cost of more area, to
sense and store these extra bits, as well as more time consumed, both due to the
additional sensing passes in the binary search of these extra bits and due to transferring
this extra information.

To extract the data stored in the memory cells, this data must be both
written and stored with sufficient fidelity. At the time of programming, the range of
values associated with each storage state within the data unit being written, such as a
sector, should be confined to a consistently tight range, and the separation between the
center of each of these ranges and their associated nearest neighbors, that is, the states
with a Vi adjacent just above and below, within the unit being written can also be
maintained within a constantly controlled target range. Once the data is written, the
stored charge levels within the population of cells will, to first order, maintain their levels
over time, with drift from these values in a common mode being a second order effect
and dispersion being even less significant.

When reading a data unit, the storage state of each of the cells within that
unit should be resolved by the sensing circuitry with a sufficiently high precision and
resolution to adequately resolve the range of each storage band and the separation
between each of the adjacent bands. It should be noted that this does not require that the
user data associated with each of these states is known, merely that the states contained
therein are read back with sufficient fidelity. Those cells which can not be read, or,
alternately, be programmed or store data, with sufficient fidelity can be treated with error
correction code (ECC) or other equivalent error management, such as is described in U.S.
patent 5,418,752, which is hereby incorporated herein by this reference.

Under these arrangements, the minimal requirements of sensing are that
it only needs to resolve each cell’s storage with sufficient fidelity. In this way it is able
to recreate the level relationship each cell has with all the other cells within the
concurrently written storage unit or sector. It is not essential that the absolute data that
these values represent be established at this time, as long as there can be extracted from
this information a key or translator to provide such a mapping or discrimination filter
between the resolved storage levels and the corresponding states. In the absence of such

a key, this imposes the additional requirement of absolute referencing to recreate with
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sufficient precision the exact operating conditions present at the time the data was
originally written in order to allow an accurate translation of the levels to data. Any
inaccuracy in such translation must be guard-banded, increasing the margin requirements
of the states and consequent memory window. Since a memory window of usable
threshold voltages is of limited size, due to reliability and dynamic range considerations,
this would limit the number of levels encodable and, consequently, the number of
physical bits stored in a physical memory cell.

Even given such an absolute reference capability, in the case where, when
read at some time in the future, there is a common mode shift in the read back levels
relative to the levels established at the time of the original write, as could occur at high
write cycle endurance levels which are vulnerable to “relaxation” due to cell detrapping,
such absolute referencing does not help---the translation between levels read back and
data is no longer the same. Given this, plus the very difficulty in guaranteeing such
absolute referencing capability in volume production, over years of data storage and
operation, wide ranges of operating temperatures, and the various target supply levels and
associated ranges that end products may be expected to satisfy, it is often preferred not
to depend on such “absolute” referencing, but rather to depend on “relative” capabilities
inherent in the storage medium.

This can be accomplished by burying the translation key within the
medium, often within the data sector unit itself. In the embodiments below, an additional
number of physical cells, overhead reference or “tracking” cells, can be introduced within
each sector to support this function, such as described in U.S. patent 5,172,338 and U.S.
patent application serial no. 08/910,947, which were both incorporated by reference
above. For most embodiments, these cells are, in all respects, the same as the user data
cells, except they contain known data or storage levels established by the controller,
firmware, or some combination of these at the time of data write. They can be attached
to the user data in a way analogous (as far as location and programming, although not in
function) to ECC bits, as described in U.S. patent 5,418,752, which was also incorporated
by reference above. Each data sector then contains both the user data cells, but can also
contain the tracking cells, the error correction code cells, header, and so on which are not
directly used for storing data. In embodiments with both tracking cells and ECC cells,

both can used to increase reliability of the memory in a complementary manner, with the
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ECC cells used to correct the data values and the tracking cells used to read both the user
data and ECC cells.

In most of the embodiments described, the tracking cells are treated the
same way as user data cells, benefiting from rotation and any other wear leveling
strategies, so that most accurately reflect the history of their associated user data
designated cells. The rotation of user data can be tied to the rotation, or toggling, of
tracking cells as described below, or else treated independently. Since the tracking cells’
rotation information can be extracted by comparing their threshold levels, the rotation of
user cells can then be determined from the tracking cell rotation. As the tracking cell
rotation can be treated as a function of the user cell rotation, by correlating this
information, the memory can save on overhead since extra cells need not be allocated to
store user cell rotation information. The description below gives several variations on
the use of writable tracking cells which can be used, either individually or in conjunction,
to improve upon the methods of U.S. patent 5,172,338 and U.S. patent application serial
no. 08/910,947.

By reprogramming the tracking cells each time the associated user cells
are programmed, the tracking cells develop the same history and therefore the same
charge retention characteristics as the user cells. For example, if user cells’ thresholds
drop on the average by 10mV after 10 years, the tracking cells' thresholds will on average
drop by the same 10mV. By reading the tracking cells at the same time as the user cells
and using the tracking cells to determine the expected threshold voltages for each logic
level, this charge loss does not degrade the effective margin of the user cells.

Also, it is well know that non-volatile memory cells’ charge retention
characteristics change as a function of the number of program/erase cycles performed.
By having tracking cells erased and reprogrammed roughly the same number of times
as the user cells, this cycling dependence on charge retention is also accounted for and
does not reduce the effective cell threshold margin.

The threshold of tracking cells may be read using either analog or digital
techniques. One example of an analog technique includes programming the tracking cells
to thresholds between those of the user cells in one of N=2" states, as illustrated
schematically in Figure 1. (Both Figure 1 and Figures 3, below, are idealizations where
all of the cells are in one of a number of individual values instead of the more realistic

ranges of values.) In this case differential sensing may be used directly to compare
8



WO 02/27729 PCT/US01/30123

10

15

20

25

30

-

individual tracking cell thresholds to user cell thresholds with the same control gate
voltage, Vg, applied. Figure 2 shows a block diagram of such an analog arrangement,
with Vg applied to both the user cell 22 and a tracking cell 21 that distinguishes between
level 1 and i+1, the output of both cells being fed to differential amplifier 23 to determine
if Vi 6f the user cell 22 is above or below that of tracking cell 21. By comparing the user
cells to the tracking cells programmed to various levels, the logic state of the user cells
is determined. These comparisons may be a linear seargh, comparing each cell to each
tracking cell, or a binary search, reducing the number of comparisons required.
Another method using analog sensing of the tracking cells to be
programmed to the same thresholds as those of the user cells, as illustrated schematically
in Figure 3. In this case, during the read operation multiple tracking cells are used to
determine the appropriate control gate voltages for reading the user cells, as shown in
Figure 4 and developed more fully in U.S. patent application serial no. 08/910,947. Here
the tracking cells 41 and 42 have different programmed thresholds, corresponding,
respectively, to states 1 and 1+1. Their respective sense amplifiers, SA 43 and SA 44 feed
back to the cell control gates in a manner such that the output of the sense amplifier is the
threshold of the tracking cell. Multiple sense amplifier outputs are then input to a circuit,
V AVERAGE 45, which determines the appropriate intermediate control gate level for
reading the user cells, here represented by the single cell 46. Sense amp SA 47 then
determines whether the threshold voltage of the user cell 46 is above or below this
intermediate value, as indicated by the output 0/1. In Figure 4, the appropriate control
gate voltage for user cell 46 is an intermediate value between the threshold voltages of
the two tracking cells 41 and 42. By combining appropriately programmed tracking cells,
threshold Véiues representing values between each of the programmed states may be

derived and used for determining the logic levél of the user cells.

Digital Techniques

Other methods for using tracking cells involve reading multiple digital
values for the tracking and user cell thresholds, then using digital processing techniques
to determine the user cells’ logic level are described in U.S. patent application serial no.
08/910,947, which was included by reference above, will now be more fully developed.

One such method starts by programming tracking cells to the same thresholds as those

of the user cells, as in Figure 3. A read operation then consists of applying a series of
9
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fixed control gate voltages, Vg, to the tracking cells and simultaneously to the user cells.

As shown schematically in Figure 5, these control gate voltages span the entire range of
the expected cell threshold values. By applying a series of control gate voltages Vg such
as indicated in Figure 6, digital values representing the cell’s thresholds are determined.
For example, if 16 different control gate voltages are available, a log,(16)=4 bit digital
value may be determined. If a 7 bit value is desired, than 2’=128 different control gate
voltages are required. As above, these control gate voltages may be applied in a linear
sequence or in a binary search fashion. The number of bits, m, used to read and store the
threshold value must be at least as large as the number of logical bits of information
stored in each user memory cell, n.

(Alternately, rather than varying the control gate voltage, the sense amp trip
current may be altered to determine some or all of the digital bits representing the cell
threshold. Current based reading techniques are discussed, for example, in U.S. patent
5,172,338, which was incorporated by reference above. However, when the number of
multi-states storable on a given floating gate becomes large, the voltage based techniques
are often preferred for the reasons stated above.)

In Figures 4a and 4b of U.S. patent application serial no. 08/910,947, the
case of 4-level and 8-level, respectively corresponding to n=2 and n=3, are shown in
some detail. These figures correspond to a more fully developed version of Figure 5,
where the states are shown to correspond to a distribution of threshold values and margin
values are included. In particular, the 4-state cell with 7-bit resolution, corresponding to
n=2 and m=7, is developed. The n=4, N=16 state cell of the exemplary embodiment here
will also be discussed in terms of an m=7 resolution.

Once these digital values are determined, they are used to determine the
stored logic levels of the user cells. One method consists of calculating the digital mid-
points between the threshold values of the tracking cells programmed to adjacent
threshold states. For example, one tracking cell programmed to logic level i may have
a digital threshold value stored as 0001110. Another tracking cell programmed to logic
level i+1 may have a digital threshold value stored as 0001010. The digital midpoint
between these two values is 0001100. Therefore all the user cells with threshold values
read as greater than 0001100 are determined to have a logic level of i+1 or higher. All
the user cells with threshold values less than 0001100 are determined to have a logic level

10
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of i or lower. By repeating this process with multiple sets of tracking cells, the specific
logic level of each user cell may be determined.

An alternative method for determining the digital breakpoints between
logic levels consists of programming tracking cells to non-adjacent logic levels. As long
as the memory system knows in advance which logic levels are represented by the various
tracking cells, the digital threshold breakpoints between logic levelsAmay be determined
without having to program tracking cells to every logic level. In this method, some
assumption is made about the shape of the curve of the threshold vs. logic level. For
example, Figure 7 shows such a system in which, here, a linear relation is assumed
between the thresholds and the logic levels. In this case, linear interpolation is used to
determine the threshold breakpoints between the logic levels.

Figure 7 shows a threshold-logic level relation derived from just two
points, 70 and 71, corresponding to a single pair of tracking cells, or more generally a pair
of tracking cell populations. For simplicity, these two cells are taken to be associated
with the lowest logic level, 0, and the highest logic level, N. (Equivalently, both here and
in the rest of the discussion, the states could be ordered in reverse fashion, with “0”
corresponding to the highest Vi, and so on.) The logic level corresponding to the tracking
cells or tracking cell populations is established by the controller, firmware, or some
combination of these at the time of data write. The corresponding Vi and Vi is
established by reading these cells, the Vi, vs. logic level curve determined to provide the
threshold voltages of the states, and the logic level differentiating break points, BP; 11,
along with any marginning values are extracted. For embodiments differentiating
between the “0”, or ground, logic state and a lower, post-erasure “erased” state, an
additional breakpoint BP, . would be included below V.

Using fewer tracking cells or populations of tracking cells than the
number of states reduces the number of required tracking cells as well as the
corresponding amount of overhead needed for these cells. In the exemplary 4-bit
embodiment, the use of tracking cells associated with only two states results in a factor
of 8 reduction in the number of tracking cells compared to using cells associated with
each of the 2*=16 states.

Although Figure 7 used the highest and lowest logic states, these are
generally not the preferred choice. One reason for not using these states is that they are

relatively far, in terms of threshold values, from the intermediate logic states and .
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therefore do not reflect these values as accurately. If the tracking cells instead correspond
to a pair intermediate logic levels, at, say, roughly a quarter and three quarters of the way
between the highest and lowest level, the average distance between the pair of logic
levels corresponding to the tracking cells and the other logic levels is reduced. This will
consequently result in better margins for the read process.

Another reason for not using the highest and lowest logic states is these
do not correspond as well to a “typical” data cell. One of the motivations for using
writable tracking cells is that the tracking will have a fairly typical history when
compared with the user cells. To more accurately reflect the history of their associated
user data designated cells, as well as provide a more accurate Vy, vs. logic level relation,
the use of logic states nearer the middle logic levels is generally more accurate. For
example, if N=16, the states associated with, say, logic levels 4 and 12 would be more
representative. So that the same cell, or population, is not constantly rewritten to either
state 4 or 12, the states can be rotated, as described in U.S. patent application serial no.
08/910,947 and developed more fully in U.S. patent no. 5,270,979, which is hereby also
included herein by this reference. Thus, although the tracking cells are not rotated
through all the possible logic state, by being rotated between being programmed to a
relatively high and a relatively low Vy, state, they will approximate the history of a typical
user cell.

In most embodiments, these cells are re-programmed each time the user
cells of the associated write block are written, preferably at the same time, using the same

fixed, global reference levels to set the tracking and user cell programmed thresholds.

- These verify reference can be produced, for example, by band-gap voltage reference

generators or other standard techniques. These can be used to generate all of the needed
reference voltages, or else a fewer number with the other needed levels supplied by the
same algorithm that produces the read break points from the tracking cells, as is described
in more detail below with respect to analog embodiments. The threshold voltages of the
tracking cells are also preferably read every time the user cells are read, and these
thresholds are used to determine the stored logic levels of the user cells.

Figure 7 assumes a linear relation between logic levels and their
correspond threshold values. The actual shape of the Vi, vs. logic state curve will depend
both upon how the cells are programmed and how they maintain this programming level

over time and in varying read conditions. Typically, cells are programmed in a
12
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program/verify cycle which uses a series of program verify levels which are uniformly
spaced, resulting in a linear relation at the time and conditions that programming is
completed. Non-linearities may result when the verify levels differ from their nominal
values. Alternately, a non-linear relation could intentionally be introduced to exploit, for
example, a known voltage dependent aging property of the cells or to compress the
number of states stored in more stable portions of the available threshold window. Such
intentional non-linearities can be compensated for by the Vy, vs. logic state curve, and can
be computed in the controller or more directly as described below with respect to analog
embodiments. ‘

To lowest order, if the cells are programmed to a particular Vy, vs. logic
state curve, they will retain this curve. To higher order, with time and varying read
conditions, cells with different threshold values will deviate by differing amounts. These
effects can be compensated for by using a more complex curve. In Figure 8, tracking
cells are programmed to three different logic levels, here taken as the states 2, N/2, and
(N-2). This allows extraction of a non-linear relationship between threshold and logic
level. In Figure 9, 4 logic levels are used to allow extraction of an even more complex
non-linear relationship between threshold and logic level. In general, when more than
two logic levels are used, the curve can either be constructed to be piece-wise linear, or
else a curve of higher order. If taken to be piece-wise linear, it would be assumed linear
between each pair of points, with the any needed extrapolation beyound the lowest and
highest level tracking cells either just being a linear continuation or else based on some
assumed behavior of cells near the “0” and “N” states. If K populations of tracking cells
are used, each associated with a different logic level, a curve of up to order of (K-1) (or
higher if assumptions are made on the boundary behavior) can be extracted. Alternately,
a curve of order less than (K-1) could be formed using least squares, cubic splines, or
other standard techniques.

So far, the embodiments presented have, usually implicitly, assumed that
each population of tracking cells associated a particular logic level consists of a single
cell. In other embodiments, multiple tracking cells are used in each population, with each

of the populations programmed to one of two or more logic states. The advantages of
using multiple tracking cells associated with a given logic level are discussed in U.S.
patent application serial no. 08/910,947 included reference above. This method allows

for the inevitable non-ideal threshold levels of the tracking cells as shown in Figure 10,
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where two populations of 16 cells each are used. Mathematical regression methods may
then be used to determine a best fit of the threshold vs. logic level curve.

In the example of Figure 10, the two populations of tracking cells
associated with logic levels 4 and 12. (The spread in threshold values is exaggerated over
that found in actual practice so that they do not appear coincidental on the scale used.)

The threshold values in each population can then be averaged in a number of ways, for
example a mean, weighted mean or mean with outlying values neglected, or a root mean
square or mean based on other powers. From the average of each population, the linear
relation can then be extracted. Alterﬁately, rather than averaging the individual
populations first, a least squares or other regression could be performed using all of the
tracking cells, this being a distinct process if populations associated with more than two
levels are used. Of these variations, the use of a simple arithmetic mean formed from
each of the two populations (with possible outliers such as the over-programmed tracking
cell indicated by 101 in Figure 10 cut off) is typically the simplest and fastest
implementation, with the computation involved in higher order curves requiring more
processing.

In the event a “bad” tracking cell which fails to program properly, this can
either be mapped to an alternate cell in the same way as is done with the user data cells,
or, more simply since it contains no user data, just switched out of the population. For
example, if upon initial testing, a tracking cell fails to have a threshold around a test state,
the defecting cell can be switched out by the supplier. Additionally, if the cell fails to
verify properly during a program or erase operation, it can be switched out at that time.

Furthermore, even among the “good” tracking cells, some may be ignored: For example,
there may be a tracking cell, again such as that indicated by 101 in Figure 10, which
cannot be identified as “bad”, but whose threshold will be substantially different from
other tracking cell due to, say, overshoot in programming. During the processing of
tracking cells, this “good” tracking cell with a “bad” value can also be removed by
ignoring any tracking cells in the calculation of breakpoints whose threshold voltage is
a certain distance away from the average threshold voltage of all the tracking cells
programmed to the same level. This distance could be a bound based on either a relative
difference or absolute difference in the threshold value of the cell. .

For any of these methods, whether the populations of tracking cells

consist of one or many points, these populations may be associated with only a subset of
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the total number of logic states. In particular, the example of Figure 10 has only two
populations for the 16 possible logic states to which a user cell can be programmed. The
result is that the generic breakpoint for distinguishing between a pair of logic states is not
determined by the threshold voltages of the logic states between which it differentiates.
For example, the breakpoint BPs ¢ is determined by populations associated with neither
of logic states 5 and 6.

The actual threshold voltages of the tracking cells can be used to translate
the threshold values of the user cells back into data values in a number of ways, both
analog and digitally based. In one set of embodiments, the full m bits of the threshold
information for the tracking and for the user cells is off-loaded to the processing circuit,
which does the m to n bit translation. This processing circuit could be the controller
which, depending on the embodiment, is contained on another chip from the actual
memory cells, or contained on the same chip. In addition to its other functions, such
managing the memory and transferring data from the host system, the controller could
then compute the linear or higher order Vy, vs. logic state translation curve. Variations
on this process for a 4 state user cells using m=7 bit resolution are presented in U.S.
patent application serial no. 08/910,947, as noted above. For the present 4-bit user cell
example, both the tracking and user cells could be read to 7-bit accuracy, the breakpoints
determined, and the threshold values of the user cells converter to data values.
Alternately, only the tracking cells could be read to 7-bit accuracy, their values converted
to 4-bit breakpoint voltages, and the user cells read directly with these 4-bit breakpoint
voltages to determine their data content.

As reading is a faster process that programming, reading at 7-bit accuracy
while programming to 4-bit accuracy, based on the fixed global verify values, does not
result in near the loss of speed that using 7-bit accuracy for both processes would
produce. Particularly when the read process uses a binary search, the cost of 7-bit
accuracy just for read is much less than losses that would come from a full 7-bit
implementation.

Given the above options, there a number of various embodiments using
writable tracking cells in different ways and in different numbers. Given that the key
objective is to establish the proper, or at least optimal, translation between measured
states and stored data, the function of the tracking cells is to pin down this optimum

translation.
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If the sensing circuitry maintains its linearity, or at least its consistency if
not linear, then the translation transform becomes essentially a straight line fit with a
slope and intercept established by two sets of tracking cells, each set at some optimum
state to minimize the error of such fitting. Despite the capability to tightly confine a
population of cells within any given state, since there is invariably some spread in any
group, including the tracking cell groups, this suggests that there be a sufficient number
of such cells to establish, statistically, the center of each population. In this way, guard-
bands against errors associated with establishing the translation can be increased by as
much as one-half of the spread. For example, if memory states are separated by two such
full spreads (that is, a full spread is maintained as separation between the outer edges of
each neighbors states’ distributions), then a reference established from the center, or
extremely near the center, will give the maximum margin to differentiate between that
state and its nearest neighbor. If too few tracking cells are used in a population, then
there is the chance of setting this reference value from close to the extreme of a
population, robbing sensing margin equivalent to 25% of the state to state separation.
The optimum nuinber of cells is a trade off between overhead area, and consequently
cost, versus precision; but even a relatively small population, ranging from 10 to 30 cells
should be sufficient in many applications. The cost of such overhead per sector is
relatively small. For example, in a write sector containing about 1024 user data cells,
which at 4 bits or 2Byte per cell gives 512Bytes, the 16 cells in each of two tracking cell
groups of Figure 10 amounts to only around a 3% overhead area cost.

If, however, some non-negligible amount of varying distortion is inherent
within the sensing operation, such that there are non-linearities in the transformation that
are different between the time of write and later reads, tracking cells associated with more
than two states may be needed. In the extreme case, this would require each state to be
represented. In order to keep the corresponding overhead increase under control, this
would suggest reducing the number of cells per population associated with a state. In
most applications, this extreme case is unlikely. It may be, however, that using 3 or 4
different state populations, such as is shown in Figures 8 and 9, provides a reasonable
compromise between the two limits.

As already noted, the processing associated with establishing the
translation can take place in several different places. In the one option, this can occur

within the controller, in which case the digitized threshold values of the tracking cells
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need to be shifted out from the memory to the controller with the full resolution available
at the outset of the read to establish the translation. The remainder of the data can then
be shifted out at this same resolution and have the controller process this data using the
translation to extract the 4-bit data per cell, which, for a given I/O bus width and clock
frequency, reduces the information transfer rate and increases power consumption.

Alternately, the translation terms can be shifted back to the memory, for example filling
up an on-chip fast look-up table RAM and used to process the remaining data on the
memory chip. The translation can be done at the same time as shifting out the data,
thereby shifting out only the 4-bit data of interest and minimizing loss of read speed and
reducing the power associated with this data shifting. Another option is to perform the
translation on the memory chip itself, by placing the controller on the same chip, and/or
by establishing what associated voltage best satisfies the population of tracking cells
associated with each predetermined state in a first pass sensing session, and from these
values adjusting the full set of voltages used to read the 16 levels from the user cells in
a second sensing session. Placing the controller on the same chip as the memory cells
results in a savings in both time and power as it avoids the transfer of data on an

input/output bus.

Analog Techniques

Figure 11 is a block diagram of an embodiment where the user cells are
read directly with analog voltage levels derived from the tracking cells. Although many
of these details will also apply to the digital implementations above, in the analog
embodiments the threshold voltages of the tracking cells are not converted to digital-
values, but used in their analog form to set the read voltages directly for translating the
threshold voltages of the user cells into data. Each data sector within the memory is
preferable provided with such a circuit.

In Figure 11, a first set of L tracking cells, TCy; 1111 to TCy 1 1112, are
connected to an averaging circuit AVE, 1110. A second averaging circuit AVEg 1120
is connected to a second population of tracking cells, here taken to also have L elements.
Based on the threshold values of these tracking cells, the two averaging circuits
determine the two voltages Vayea and Vyep associated with two of the logic levels from
which the various read points are determined. In the more general case where

populations associated with more than two logic levels are used, there would be one such
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averaging circuit per population. The V,.s are then supplied to the circuit 1130 for
establishing the read points used to translate the user cell’s threshold voltages
into data.

Besides the Vs, circuit 1130 may receive several other inputs. Since the
states A and B to which the two populations correspond is rotated to provide a more
uniform history, circuit 1130 determines which population corresponds to which level.
For example, in an embodiment corresponding to Figure 10, one of these corresponds
to logic level 4 and the other logic level 12. To determine which is which, circuit 1130
can either just directly compare these voltages, or else this information can be supplied
by the controller, firmware, or wherever this information has been stored as a control
signal, here labelled ROT. More generally, this could also contain information about
changes in how these populations are associated. Since, as described below with respect
to Figure 14, the same circuitry 1130 is also preferably used for program verify and other
reading operations besides data extraction, global fixed program verify voltages, Vpyni
and Vpy,, cotresponding to each of the logic levels associated with the two populations
are also supplied. A control signal, here called PGM, is then used to decide whether the
Vaves or the Vpys are used to set the read points.

( The read points are then supplied to READ/VERIFY circuit 1140. This
can consist of only supplying the particular read points used for the operation then in
process, for instance the breakpoints for data extraction, or else a larger number of sets
of the voltages described with respect to Figure 14 can simultaneously be supplied.
These read values are then used for the various read operations performed on the user
data cells. Here, a single cell 1150 is shown to indicate the whole read sector with which
the circuit of Figure 11 is associated. The circuitry of READ/VERIFY circuit 1140 then
uses the read points to extract the data from the cell, for example by applying the various
breakpoints to the control gate and monitoring the result with a sense amp as in the
simplified arrangement of Figure 6. (The programming circuitry for the tracking and user
data cells is suppressed here to keep these figures simplified to the elements being
discussed, but is shown, for example, in U.S. patents 5,172,338 or 5,418,752, or U.S.
patent application serial no. 08/910,947, all included by reference above.)

Figure 12 shows an embodiment of the circuit AVE, 1110 and its
tracking cells in more detail for the case of L=16. The other averaging circuit are

similarly constructed. Each of the tracking cells TC;;-TCy,16 are constructed and
18



WO 02/27729 PCT/US01/30123

10

15

20

25

30

programmed similarly to the user memory cells. These are each connected to a respective
analog sense amp, each fed by the same reference current Ier. For instance, tracking cell
TC,;,;1 1111 is connected to analog sense amp SA1 1211. Using the reference current e
as an input, the sense amp outputs the threshold voltage of Vi, ; of tracking cell TC; ;.
After passing across resistor 1241, this voltage is then combined with the other threshold
voltages Vi 2-Vini, 16 to produce the average value of the tracking cells associated with
the logic level A, Vaea. The output of each sense amp also passes through a transistor
such as 1231 for analog SA 1. This is a provision for switching out any “bad” tracking
cells. If, for example, the tracking cell is found to not program properly during initial
testing, the chip provider can use transistor 1231 to remove the tracking cell from the
population. Alternately, if a tracking cell fails to verify when written or erased at some
later date, it can be switched out at that time. Although the embodiment of Figure 12
provides a dedicated sense amp for each tracking cell, alternate embodiments could allow
tracking cells to share sense amps if the appropriate switching circuitry were provided.
Of course, in the case that a tracking cell population consists of a single cell, only the
single threshold voltage is supplied and the averaging is not needed.

One embodiment of an analog sense amp connected to its tracking cell is
shown in Figure 13. A reference voltage Vs, from band-gap voltage reference generator
or other source is applied to the control gate of transistor 1301 to provide the reference
current L to the sense amp 1211, producing a current to the source of treicking cell TC
1111. A pair of p-cascode devices, 1311 and 1312, followed by a second pair of cascode
transistor, 1321 and 1322, with respective cascode biases are interposed between the
tracking cell and transistor 1301. A node N1 is between the two set of cascode devices
and is connected to the control gate of a transistor 1330. Between the transistor 1330 and
a transistor 1340 connected ground and controlled by a bias current, a second node N2
is connected to the control gate of the tracking cell 1111. In this arrangement, the
transistor 1330 will act like a source follower and set the voltage at N2 to the same level
as the threshold voltage of the tracking cell, Vin1,1. The pair of cascode devices on either
side of node N1 are used to boost the gain of the feedback loop.

Figure 14 is a particular embodiment of the read point circuit 1130 of
Figure 11. The voltages Vyyes and Vayep, or more generally all of the averaged voltages
from the tracking cell populations, are received at a switching circuit such as 1402.

Since, as described above, it is often preferable to rotate the tracking cell populations
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between the logic states with which they are associated, the Vayes need to be connected
according to which state they currently associated. For the case of two values, a simple
circuit such as 1402 will connect Vayea t0 Vayerr and Vyep t0 Vayero if the control signal
ROTAB is de-asserted, and rotate these two connections if ROTAB is asserted. This
correspondence between tracking cell populations and the logic levels is determined in
a rotation determination circuit, shown here as block 1401. The inputs are the various
VaveS, One or more signals containing the correspondence from the controller or wherever
this information is stéred, or a combination. _

In the case where the tracking cell populations are always associated with
the same set of logic levels, block 1401 could determine the correspondence simply by
comparing the values of the V,.s with one another. For example, in Figure 14 by
asserting or de-asserting ROTAB based on whether Vyea>Vaves . Alternately, ROTAB
could come directly from ROT. The additional control signals, CS;, allow for changing
the set of states with which the tracking cells are associated. In the simplified
embodiment without rotation, circuit 1402 would be absent and the averaged values
would be applied directly to the corresponding node or op-amp.

Once the Va.s are properly connected, they are then used to set the
voltages of their corresponding logic levels in a chain of resistor elements. Rather than
apply Vaverr and Vayero directly to their corresponding node, they are connected to a
corresponding op-amp, respectively 1421 and 1422, which act as buffers. Ignoring for
a moment transistors 1431-1436, consider the second input of these op-amps as
connected directly to respective nodes Y and X. In Figure 14, the pair of tracking cell
populations are associated with logic levels 3 and 13 when connected to nodes X and Y.

Each logic state i then corresponds to the node above resistor R;. If the resistors Ro-Rj;s
are all equal, a linear relation such as is shown in Figure 10 will result. Any variations
in the resistance values, whether intentional or due to process variations, will produce a
non-linear relation unless compensated for elsewhere.

To allow for the set of tracking cell populations to correspond to different
tracking cell populations, a set of transistors, such as 1431-1433 and 1434-1436, can be
included. By userf a set of control signals, here shown schematically as CS,-CS,, the
higher logic level associated with a population of tracking cells can be taken logic level

12, 13 (at the node Y), or 14. Circuit 1401 would then supply the signal to turn on the
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appropriate transistor, the others being off. The lower level is set in a similar manner
using transistors 1434-1436 and signals CS4-CSy.

In order that the same Vi, vs. logic level relation used to read the cells is
also used to program the cells, the same read point circuit can be used for program verify
(and any other read operations) as is used for data extraction. When the input to op-amps
1421 and 1422 are connected to Vayenr and Vavero, the node above each resistor R; is at
the voltage Vaye;, taken to the average threshold value of the logic state i for translating
Vi of a user data cell to a logic level at the time of data extraction. If, instead, the input
of these op-amps were connected to the program verify voltages, shown here as Vpyy,; and
Vrvio, these nodes correspond to levels of the logic level when they are verified into a
programmed state at the end of a write cycle. In the embodiments where the tracking cell
are programmed the same as the user cells in their associate logic state, the same resistor
chain is used to program both the user and tracking cells in a sector. For example, at the
end of programming, if one of the tracking cell populations is associated with logic state
3, both the cells of this population and user cells programmed to this logic level will
correspond to the node X.

To allow for this multiple use of the resistor chain, a switch is provided
to connect either the Vs or the Vpys to the appropriate op-amp. This is just shown
schematically in Figure 14 as the pair of switches Sy 1411 and Sy, 1412, which can be
implemented by any of the standard arrangements and would operate together, with Sy

and S; respectively connected t0 Vayer and Vaero for data translation reading and
respectively connected to Vpyy; and Vpyy, for program verify reading. Switches Sy 1411
and S, 1412 would then be operated in response to an appropriate control signal, such as
the program signal PGM indicated in Figure 11, which would connect the resistor chain
with the verify voltages when asserted and with the V,y.s when de-asserted. Vpyy; and
Vpyi, would be the global, fixed voltage reference values used for read verify during
programming, generated by band-gap voltage reference generators on the chip or other
standard techniques . ‘

By using the circuit 1130 for both putting the data on and taking data off
the memory cells, non-linearities introduced into the Vy, vs. logic level relations during
programming are automatically compensated for when translating the threshold values
back into logic states. This occurs whether the non-linearity is intentional or not. For

example, device mismatches due to process variation can produce a non-uniform spacing
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of threshold ranges; however, as the same mismatches occur when translating back the
user cells to logic level, this effect is largely undone. Alternately, a design choice may
be made to pack states more densely into, say, the lower portion of the threshold window.
This can be accomplished by taking the values of the resistors on the bottom of end of
the chain to a smaller values than those at the top. The non-linearity is then automatically
introduced during programming and removed during reading without the sort of loss in
performance a computational implementation would introduce. Similarly, to reduce the
effects of other device mismatches on read/write and tracking/user cell asymmetries, the
same device is used on the drains of both reference cells and data cells for their respective
analog sense amps and read sense amps, with the same current mirrors used for the
reference currents.

So far, the discussion of Figure 14 has only discussed the center of the Vi,
distributions, centered on the voltage at the nodes between the resistors R;, and not
discussed the actual intermediate breakpoints used to distinguish between states and how
these are generated. Figure 15 is a detail of Figure 14 showing one of the resistors R; and
where it is tapped to provide the various values used.

Each resistor R; is broken up into a sub-chain of resistors, here taken to
be eight resistors R;o-R; 7, to provide the breakpoint read points and other intermediate
values used in reading processes. Here the breakpoint BP; ;1) is set midway between
what is taken as the average values taken for the threshold voltages of the states i and (i-
1), Vayei and Vayei-1y. Other read points are pulled off in the same way. A low marginning
value for the state 7 and a high marginning value for the state (i-1), Vi and Vi)
respectively, are shown as lying on the node just above and below that of BP;(.1). How
close the margining values are taken to the corresponding V. value will determine how
tightly the distribution is clustered about this value when written. The number of nodes
is determined by the amount of resolution desired and the number of distinct sorts of read
points desired, such as the various read points described in U.S. patent number 5,532,962,
which is hereby included herein by this reference. Again, depending upon the desired
operating characteristics, the resistors R;o-R; 7 of the sub-chain can be taken with non-

equal values if a non-uniform spacing of the node values is wanted.
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Alternate Programming of Tracking Cells

All of the embodiments described so far have largely assumed that the
tracking cell are programmed in the same manner as the user data cells. These reference
cells are then written with the same algorithm as the user cells, using pro gramming pulses
of the same intensity, with the same duration, and verified at the same level. Although
this produces similar histories and distributions for both the tracking cells and the user
cells, in some applications an embodiment that programs the tracking cells differently
may be used.

Writable reference cells have uncertainty in their written threshold values.
When using this threshold to determine the logic level to which a user cell has been
written, this uncertainty is a significant probabilistic error term. For example, consider
the scenario where the written threshold uncertainty for storage cells may be 105mV. If
the reference cells have the same 105mV uncertainty, then the voltage difference between
a storage cell and a reference cell may be as high as 105mV. If the voltage separation
between levels is 200mYV, then there will be storage cells that will have thresholds closer
in value to that of a reference cell for an adjacent logic level than to that of the reference
cell for the appropriate logic level. This will cause a read error on such storage cells.

The written threshold uncertainty may be reduced by taking more time to
write all reference cells and user cells. For example, shorter write pulses may be used.

This results in a smaller threshold change for each write pulse, and therefore a finer
resolution (less uncertainty) in the final threshold. However, this scheme implies that the
cell is being checked against the target threshold more often, meaning more time is being
taken for the read operations. This reduces the overall write speed, which may not be an
acceptable tradeoff for some applications such as streaming video storage.

Instead of writing the tracking cells using the same voltages and timing
as is used for the storage cells, resulting in the same threshold uncertainty for the tracking
cell populations as for the storage cells, these two types of cells can be written differently.
If threshold variation of reference cells is reduced, this reduces the read error term
introduced by reference cell threshold uncertainty. Both the average and the maximum
differences between the reference and user cell thresholds may be reduced. This may be
done without significantly effecting overall write speed.

In one example, a lower control gate and/or drain voltage is used for

reference cells than for user storage cells. Lower voltages reduce the programming speed
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for most non-volatile memory cell writing operations. If the same timing is used as for
user storage cells, then the average reference cell undergoes less threshold change than
the average user cell for the same amount of write time. Typically the write algorithm
consists of multiple write pulses, with intervening comparisons of the cell threshold to
a final target value. Therefor writing cells more slowly with less threshold change per
write pulse results in less uncertainty in the final threshold.

However, even if the average reference cell is written more slowly than
the average user cell, the slowest writing reference cell can usually complete writing to
the target level as quickly as the slowest user cell. Consider the case where there are
1000 user cells and 20 reference cells per write block, and the cells’ write speeds are
normally distributed. With a 1000 user cells, the slowest cell writes o Q(1/1000)=3.16
slower than the average cell, where Q= Gaussian cumulative distribution function and ¢
is its standard deviation. For the 20 user cells, the slowest cell writes o Q(1/20)=1.5¢
slower than the average cell. Hence for a for typical distribution, the slowest user cell
writes 3.16/1.56 = 2.07 times slower than the slowest tracking cell. Therefore, the
reference cells may be written about twice as slowly as the user cells, and consequently
to about two times better resolution, without impacting the overall required write time
for the total cell population. In the above example, the reference cell threshold
uncertainty could be reduced from 105mV to 105/2.07=51mV. The largest difference
between user cell and reference cell thresholds is thereby reduced from 105mV to
(105+51)/2=78mV, a 26% improvement.

In another example, the same voltages may used for programming the
user cells and reference cells, but different write timing may be used for the reference
cells. Specifically, if shorter write pulses may be used for the reference cells, then they
may be written to a better resolution. Consider again the scenario described above:
1000 user cells and 20 reference cells. Furthermore, consider a write/verify cycle where
the verify time is 20% that of the write time. Given that we want the total write plus
verify time to the same for the slowest user cell and slowest reference cell, we have the
following equations:

Total time to (writet+verify) for user cells=(Tp+0.2Tp)N , 4
whereTyy is the user cell write pulse width and N is the number of write pulses required
for the slowest user cell. Similarly,

Total time (write+verify) for tracking cells=(Tprer0-2TpedM ,  (2)
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whereTyrer 1s the reference cell write pulse width and M is the number of write pulses
required for the slowest reference cell. Also

write time required for slowest user cell=T,N, 3)
and

write time required for slowest reference cell=TpeM . 4
The previous calculations show that the slowest user cell requires 2.07 times the write
time of the slowest reference cell. Therefore

T N=2.07TreM . | 5)
Solving (1), (2), and (5) for Tyrer gives
Tou=7.TTpret -

This states that the reference cell write pulse can be 7.7 times shorter than the user cell
write pulse, and still complete writing of the slowest reference cell in the same time as
the slowest user cell.

Therefore, the reference cells may be written to 7.7 times better
resolution. In the case where user cell threshold uncertainty is 105mV, this gives
reference cell uncertainty of less than 14mV. This reduces the largest difference between
user cell threshold and reference cell threshold to (105+14)/2<60mV. This can
significantly reduce the error rate in using the reference cells to determine the correct
logic level stored in the user cells. Conversely, this could allow logic levels to be placed
more closely together, reducing the required threshold range, or possibly even allowing
more levels to be stored per cell.

These calculations are probabilistic calculations and.it may occur that a
particular cell in a tracking cell population fails to verify in this time. As with the other
embodiments above, where the tracking cells are programmed with the same algorithm
as the user cells, the defective reference cell can either be mapped to a new cell or simply
removed from the population as it contains no user data.

Using different timing for the tracking cells than for user cells results in
control logic that is more complex, typically twice that of using the same timing for all
cells. Writing the tracking cells will also require more AC power, since the shorter pulses
required result in more signal switching. Also, potentially more noise may be generated
by simultaneous writing of user cells and reading of tracking cells (and the also the other

way around), creating an error term in reading the cell thresholds. These disadvantages

25



WO 02/27729 PCT/US01/30123

may be more than offset, however, by the improved distribution of tracking cell

thresholds.

Various details of the implementation and method are merely illustrative
of the invention. It will be understood that various changes in such details may be within

5  the scope of the invention, which is to be limited only by the appended claims.
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WHAT IS CLAIMED IS:

1. A multi-state memory comprising:

a plurality of multi-state memory cells, each for storing one of a plurality
of N multi-states;

at least one plurality of M populations of tracking cells, wherein each of
said populations is associated with one of said multi-states, and wherein M is less than
N; and

a read circuit for reading said multi-state memory cells using read points
for each of said plurality of multi-states based upon the threshold voltages associated with

the programmed state of said populations of tracking cells.

2. The multi-state memory of claim 1, wherein said memory cells are
organized into a plurality of sectors, wherein each of said sectors has an associated

plurality of M populations of tracking cells and a corresponding set of read points.

3. The multi-state memory of claim 2 further comprising a plurality

of cells storing error correction code associated with each of said sectors.

4. The multi-state memory of claim 2, further comprising:
a programming circuit for writing data values to said memory cells and

for programming said tracking cells.

5. The multi-state memory of claim 4, wherein said programming
circuit includes a verify circuit using a set of fixed reference values for program verify
for writing data values to said memory cells and the same set of fixed reference values

for program verify for programming said tracking cells.
6. . The multi-state memory of claim 5, wherein a tracking cell which

fails to be verified by the verify circuit when programming said tracking cells is removed

from said populations of tracking cells.
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7. The multi-state memory of claim 5, wherein said programming
circuit writes said memory cells and programs said tracking cells within a sector

concurrently.

8. The multi-state memory of claim 1, wherein said read circuit
comprises:
tracking cell read circuitry for reading threshold voltages associated with
the programmed state of said tracking cells;
| a memory controller for establishing the read points for each of said
plurality of multi-states based upon said threshold voltages read from said populations

of tracking cells.

9. The multi-state memory of claim 8, wherein said memory
controller further manages the multi-state memory and transfers data between the

memory and a host system to which it is connected.

10.  The multi-state memory of claim 8, wherein said memory
controller forms part of the same integrated circuit as said memory cells and said

populations of cells tracking cells.

11.  The multi-state memory of claim 8, wherein said memory
controller forms part of an integrated circuit separate from said memory cells and said

populations of cells tracking cells.

12.  The multi-state memory of claim 11, wherein said read circuit
further comprises:

a fast look-up table for storing said the read points established by said
memory controller, wherein the fast look-up table forms part of the same integrated
circuit as said memory cells and said populations of cells tracking cells, and wherein the

multi-state memory cells are read using the fast look-up table.

13.  The multi-state memory of claim 1, wherein each of said

populations of tracking cells comprises a plurality of tracking cells.
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14.  The multi-state memory of claim 13, wherein M is equal to two.

15. A multi-state memory comprising:

a plurality of multi-state memory cells, each for storing one of a plurality
N of multi-states;

a plurality M of populations of tracking cells, wherein each of said
populations is associated with one of said multi-states; and

a read circuit for reading said multi-state memory cells using read points
for distinguishing between adjacent states of said plurality of multi-states based upon
threshold voltages read from said populations of tracking cells, wherein at least one of
said read points is based upon threshold voltages from a population of tracking cells not
associated with the adjacent states between which said at least one read point

distinguishes.

16.  The multi-state memory of claim 15, wherein said memory cells
are organized into a plurality of sectors, wherein each of said sectors has an associated

plurality of M populations of tracking cells and a corresponding set of read points.

17.  The multi-state memory of claim 16 further comprising a plurality

of cells storing error correction code associated with each of said sectors.

18.  The multi-state memory of claim 16, further comprising:
a programming circuit for writing data values to said memory cells and

for programming said tracking cells.

19.  The multi-state memory of claim 18, wherein said programming
circuit includes a verify circuit using a set of fixed reference values for program verify
for writing data values to said memory cells and the same set of fixed reference values

for program verify for programming said tracking cells.
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20.  The multi-state memory of claim 19, wherein a tracking cell which
fails to be verified by the verify circuit when programming said tracking cells is removed

from said populations of tracking cells.

21.  The multi-state memory of claim 19, wherein said programming
circuit writes said memory cells and programs said tracking cells within a sector

concurrently.

22.  The multi-state memory of claim 15, wherein said read circuit
comprises:

tracking cell read circuitry for reading threshold voltages associated with
the programmed state of said tracking cells;

a memory controller for establishing said read points for each of said
plurality of multi-states based upon said threshold voltages read from said populations

of tracking cells.

23.  The multi-state memory of claim 22, wherein said memory
controller further manages the multi-state memory and transfers data between the

memory and a host system to which it is connected.

24.  The multi-state memory of claim 22, wherein said memory
controller forms part of the same integrated circuit as said memory cells and said

populations of cells tracking cells.

25.  The multi-state memory of claim 22, wherein said memory
controller forms part of an integrated circuit separate from said memory cells and said

populations of cells tracking cells.

26. The multi-state memory of claim 25, wherein said read circuit
further comprises:
a fast look-up table for storing said the read points established by said

memory controller, wherein the fast look-up table forms part of the same integrated
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circuit as said memory cells and said populations of cells tracking cells, and wherein the

multi-state memory cells are read using the fast look-up table.

27.  The multi-state memory of claim 15, wherein each of said

populations of tracking cells comprises a plurality of tracking cells.
28.  The multi-state memory of claim 27, wherein M is equal to two.

29. A multi-state memory comprising:

a plurality of multi-state memory cells, each for storing one of a plurality
N of multi-states;

a plurality M of tracking cell populations, wherein each of said
populations is associated with one of said multi-states; and

a translation circuit for reading said multi-state memory cells using read
points for each of said plurality of multi-states using the analog value of the programmed

state of said tracking cell populations.

30.  The multi-state memory of claim 29, wherein each of said

plurality M of tracking cell populations is comprised of a plurality of tracking cells.

31.  The multi-state memory of claim 30, wherein said memory cells
are organized into a plurality of sectors, wherein each of said sectors has an associated

plurality of M of tracking cell populations and a corresponding set of read points.

32.  The multi-state memory of claim 31 further comprising a plurality

of cells storing error correction code associated with each of said sectors.

33.  The multi-state memory of claim 31, further comprising:
a programming circuit for writing data values to said memory cells and

for programming said tracking cells.

34.  The multi-state memory of claim 33, wherein said programming

circuit includes a verify circuit using a set of fixed reference values for program veﬁfy
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for writing data values to said memory cells and the same set of fixed reference values

for program verify for programming said tracking cells.

35.  The multi-state memory of claim 34, wherein a tracking cell which
fails to be verified by the verify circuit when programming said tracking cells is removed

from said populations of tracking cells.

36.  The multi-state memory of claim 34, wherein said programming
circuit writes said memory cells and programs said tracking cells within a sector

concurrently.

37.  The multi-state memory of claim 30, wherein said translation
circuit comprises:

a read point circuit for establishing at least (N-1) read points using an
analog value from each of said M tracking cell populations; and

a read/verify circuit connected to receive said at least (N-1) read points
and read said multi-state memory cells by comparing said read points to the threshold

voltages of said multi-state memory cells.

38.  The multi-state memory of claim 37, wherein said comparing is

a binary search.

39.  The multi-state memory of claim 37, further comprising:

a plurality M of averaging circuits, each connectable to the tracking cells
of one of said plurality of tracking cell populations to form an average of the analog
threshold values of the tracking cells of said one of said plurality of tracking cell
populations and supply said analog value from each of said M tracking cell populations

to said read point circuit.
40.  The multi-state memory of claim 39, wherein M is equal to 2.

41.  The multi-state memory of claim 39, wherein said average is an

arithmetic mean,
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42.  The multi-state memory of claim 37, further comprising:

a programming circuit for writing data values to said memory cells and
for programming said tracking cells; and

a reference value circuit connected to supply M voltage levels to said
read point circuit, wherein said M voltage levels are independent of the threshold
voltages of said tracking cells, and wherein said read point circuit is connected to supply
program verify levels to said read /verify circuit for use in writing data values to said

memory cells and for programming said tracking cells.

43.  The multi-state memory of claim 38, wherein program verify

levels include a marginning level.

44.  The multi-state memory of claim 29, further comprising:
a rotation circuit for altering the multi-state with which each of said

populations is associated.

45. A non-volatile memory comprising:

a plurality of memory cells, each for storing one of N states;

a plurality of tracking cells, wherein each of said tracking cells is
associated with one of said N states;

a read circuit for reading said memory cells using read points for each of
said N states based upon the threshold voltages associated with the programmed state of
said tracking cells; and

programming circuitry for programming said memory cells and said
tracking cells, wherein at least one of said tracking cells is programmed by a different

algorithm than a memory cell programmed to the associated one of said N states.
46.  The non-volatile memory of claim 45, wherein said at least of said

tracking cells is programmed by using pulses of a shorter duration than are used for a

memory cell programmed to the associated one of said N states.
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47.  The non-volatile memory of claim 45, wherein said at least of said
tracking cells is programmed by using a control gate voltage have a lower magnitude than

is used for a memory cell programmed to the associated one of said N states.

48. The non-volatile memory of claim 45, wherein said at least of said
tracking cells is programmed by using a drain voltage have a lower magnitude than is

used for a memory cell programmed to the associated one of said N states.

49, The non-volatile memory of claim 45, wherein said tracking cells

are programmed concurrently with said memory cells.

50. The non-volatile memory of claim 45, wherein said memory cells

are multi-state memory cells, N being greater than two.

51.  The non-volatile memory of claim 50, wherein said tracking cells
form a plurality M of tracking cell populations, each comprised of a plurality of tracking
cells, wherein each of said populations is associated with one of said multi-states.

52.  The non-volatile memory of claim 51, wherein M is less than N.

53.  The non-volatile memory of claim 52, wherein M is two.

54.  The non-volatile memory of claim 45, wherein said programming
circuit includes a verify circuit using a set of fixed reference values for program verify

for programming said memory cells and the same set of fixed reference values for

program verify for programming said tracking cells.
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55.  The multi-state memory of claim 54, wherein a tracking cell which
fails to be verified by the verify circuit when programming said tracking cells is removed

from said plurality of tracking cells.

56. A method of operating a multi-state memory comprising:

reading the threshold voltages of one or more multi-state memory cells,
each for storing one of a plurality N of multi-states;

reading the threshold voltages of a plurality M of populations of tracking
cells, wherein each of said populations is associated with one of said multi-states, and
wherein M is less than N; and

converting the threshold voltages of said memory cells to logical values

of said plurality of multi-states using the threshold voltages of said tracking cells.

57.  The method of claim 56, wherein said converting comprises:

determining from the threshold voltages of said tracking cells a relation
between the threshold voltages of said memory cells and the logical value of said
plurality of multi-states; and

translating the threshold voltages of said memory cells to logical values

of said plurality of multi-states using said relation.

58.  The method of claim 57, wherein said converting further
comprises:

storing said relation in a fast look-up table for use in said translating,
wherein said fast look-up table comprises part a single integrated circuit with said

memory cells.

59.  The method of claim 58, further comprising:
shifting said logical values from said integrated circuit, wherein said

translating is performed concurrently with the shifting.

60.  The method of claim 57, wherein said relation is a curve of degree
(M-1).
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61.  The method of claim 57, wherein said relation is piece-wise linear.

62.  The method of claim 57, wherein each of said plurality of

populations contains a plurality of tracking cells.

63.  The method of claim 62, wherein said determining a relation
COMPIISEs:

establishing an average threshold value associated with each of said
populations of tracking cells; and

determining said relation from said average threshold values.

64.  The method of claim 63, wherein each of the average threshold
values are established only form those tracking cells in the associated population whose

threshold values differ from the average threshold value by less than a specified bound.
65. The method of claim 63, wherein said relation is linear.
66.  The method of claim 65, wherein M is equal to two.

67.  The method of claim 57, wherein said determining includes
establishing a correspondence to determine for each of said populations of tracking cells

the multi-state with which it is associated.

68. The method of claim 67, wherein said translating includes
establishing the rotation of said logical value between the threshold voltages of said

memory cells based upon said correspondence.

69.  The method of claim 56, further comprising:

programming said memory cells prior to said reading the threshold
voltages of one or more multi-state memory cells; and

programming said tracking cells prior to said reading the threshold

voltages of said tracking cells, wherein each of said populations of tracking cells is
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programmed using the same program verify level as a memory cell programmed to the

multi-state with which it is associated.

70.  The method of claim 69, further comprising:
removing from said populations of tracking cells a tracking cell which

fails to be verified when programming said tracking cells.

71.  The method of claim 69, wherein the multi-state with which each

of said populations of tracking cells is associated is predetermined.

72.  The method of claim 56, further comprising:

reading the threshold voltages of one or more cells storing error correction
code;

converting the threshold voltages of said one or more cells storing error
correction code to a correction code using the threshold voltages of said tracking cells;
and

operating on the logical values of said plurality of multi-states using the

correction code to obtain corrected values of said logical values.

73. A method of operating a multi-state memory comprising:

reading the threshold voltages of one or more multi-state memory cells,
each for storing one of a plurality N of multi-states;

reading the threshold voltages of a plurality M of populations of tracking
cells, wherein each of said populations is associated with one of said multi-states;

establishing read points for distinguishing between adjacent states of said
plurality of multi-states based upon the threshold voltages of said populations of tracking
cells, wherein at least one of said read points is based upon the threshold voltages from
a population of tracking cells not associated with the adjacent states between which said
at least one read point distinguishes; and

converting the threshold voltages of said memory cells to logical values

of said plurality of multi-states using said read points.
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74.  The method of claim 73, wherein said establishing read points
comprises:

determining from the threshold voltages of said tracking cells a relation
between the threshold voltages of said memory cells and the logical value of said
plurality of multi-states; and

translating said relation into said read points.

75.  The method of claim 74, wherein said converting further
comprises:

storing said relation in a fast~ look-up table for use in said translating,
wherein said fast look-up table comprises part a single integrated circuit with said

memory cells.

76.  The method of claim 75, further comprising:
shifting said logical values from said integrated circuit, wherein said

translating is performed concurrently with the shifting.

77.  The method of claim 74, wherein said relation is a curve of degree
(M-1).

78.  The method of claim 74, wherein said relation is piece-wise linear.

79.  The method of claim 74, wherein each of said plurality of

populations contains a plurality of tracking cells.

80.  The method of claim 79, wherein said determining a relation
comprises:

establishing an average threshold value associated with each of said
populations of tracking cells; and

determining said relation from said average threshold values.
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81.  The method of claim 80, wherein each of the average threshold
values are established only form those tracking cells in the associated population whose

threshold values differ from the average threshold value by less than a specified bound.

82.  The method of claim 80, wherein said relation is linear.

83.  The method of claim 82, wherein M is equal to two.

84.  The method of claim 74, wherein said determining includes
establishing a correspondence to determine for each of said populations of tracking cells

the multi-state with which it is associated.

85.  The method of claim 84, wherein said translating includes
establishing the rotation of said logical value between the threshold voltages of said

memory cells based upon said correspondence.

86.  The method of claim 73, further comprising:

programming said memory cells prior to said reading the threshold
voltages of one or more multi-state memory cells; and

programming said tracking cells prior to said reading the threshold
voltages of said tracking cells, wherein each of said populations of tracking cells is
programmed using the same program verify level as a memory cell programmed to the

multi-state with which it is associated.

87.  The method of claim 86, further comprising:
removing from said populations of tracking cells a tracking cell which

fails to be verified when programming said tracking cells.

88. The method of claim 86, wherein the multi-state with which each

of said populations of tracking cells is associated is predetermined.

89.  The method of claim 73, further comprising:
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reading the threshold voltages of one or more cells storing error correction
code; »

converting the threshold voltages of said one or more cells storing error
correction code to a correction code using the threshold voltages of said tracking cells;
and

operating on the logical values of said plurality of multi-states using the

correction code to obtain corrected values of said logical values.

90. A method of operating a multi-state memory comprising:

providing one or more multi-state memory cells, each for storing one of
a plurality N of multi-states;

providing a plurality M of tracking cell populations, wherein each of said
populations is associated with one of said multi-states; and

establishing (N-1) read points using the analog value of the programmed
state of said tracking cell populations; and

converting the threshold voltages of said memory cells to logical values

of said plurality of multi-states using said read points.

91.  The method of claim 90, wherein each of the tracking cell

populations is comprised of a plurality of tracking cells,.

92.  The method of claim 91, wherein said establishing read points
comprises:

determining from the threshold voltages of said tracking cells a relation
between the threshold voltages of said memory cells and the logical value of said
plurality of multi-states; and

translating said relation into said read points.

93. The method of claim 92, wherein said relation is a curve of degree

(M-1).
94.  Themethod of claim 92, wherein said relation is piece-wise linear.

40



WO 02/27729 PCT/US01/30123

10

15

25

30

95. The method of claim 91, wherein said determining a relation
comprises:

establishing an average threshold value associated with each of said
populations of tracking cells; and

determining said relation from said average threshold values.
96. The method of claim 95, wherein said relation is linear.
97. The method of claim 96, wherein M is equal to two.

98.  The method of claim 91, further comprising:

programming said memory cells prior to said reading the threshold -
voltages of one or more multi-state memory cells; and

programming said tracking cells prior to said reading the threshold
voltages of said tracking cells, wherein each of said populations of tracking cells is
programmed using the same program verify level as a memory cell programmed to the

multi-state with which it is associated.

99.  The method of claim 98, further comprising:
removing from said populations of tracking cells a tracking cell which

fails to be verified when programming said tracking cells.

100. The method of claim 98, wherein the multi-state with which each

of said populations of tracking cells is associated is predetermined.

101.  The method of claim 90, further comprising:

plurality of cells storing error correction code;

converting the threshold voltages of said one or more cells storing error
correction code to a correction code using said read points; and

operating on the logical values of said plurality of multi-states using the

correction code to obtain corrected values of said logical values.
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102. The method of claim 90, wherein said establishing (N-1) read
points includes determining a correspondence to determine for each of said populations

of tracking cells the multi-state with which it is associated.

103. The method of claim 102, wherein said converting includes
establishing the rotation of said logical value between the threshold voltages of said

memory cells based upon said correspondence.

104. A method of operating a non-volatile memory comprising:

programming one or more memory cells, each for storing one of N states;

programming a plurality of tracking cells, wherein each of said tracking
cells is associated with one of said N states, wherein at least one of said tracking cells
is programmed by a different algorithm than a memory-cell programmed to the associated
one of said N states; and

converting the threshold voltages of said memory cells to logical values

of said N states using the threshold voltages of said tracking cells.

105. The method of claim 104, wherein each of said plurality of
tracking cells is programmed using the same program verify level as a memory cell

programmed to the state with which it is associated.

106. The method of claim 105, further comprising:
removing from said populations of tracking cells a tracking cell which

fails to be verified when programming said tracking cells.

107. The method of claim 104, wherein said programming a plurality
of tracking cells uses pulses of a shorter duration than are used for said programming one

or more memory cells.

108. The method of claim 104, wherein said programming a plurality
of tracking cells uses a control gate voltage having a lower magnitude than is used for

said programming one or more memory cells.
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109. The method of claim 104, wherein said programming a plurality
of tracking cells uses a drain voltage having a lower magnitude than is used for said

programming one or more memory cells.

110. The method of claim 104, wherein said programming a plurality
of tracking cells and said programming one or more memory cells are performed

concurrently.

111. The method of claim 104, wherein said converting comprises:

determining from the threshold voltages of said tracking cells a relation
between the threshold voltages of said memory cells and the logical value of said N
states; and

translating the threshold voltages of said memory cells to logical values

of said N states using said relation.

112.  The method of claim 111, wherein said memory cells are multi-

state memory cells, N being greater than two.

113. The method of claim 112, wherein said tracking cells form a
plurality M of tracking cell populations, each comprised of a plurality of tracking cells,

wherein each of said populations is associated with one of said multi-states.

114. The method of claim 113, wherein M is less than N.

115. The method of claim 114, wherein M is two.

116.  An integrated circuit comprising:

a plurality of multi-state memory cells, each for storing one of a plurality
N of data states;

a plurality of M reference voltage circuits, wherein each reference voltage
circuit is associated with one of said N data states, and each comprising:

a population of tracking cells; and
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a dedicated sense amp for each of said tracking cells connected to
provide an analog voltage associated with the programmed state of the tracking
to which it is connected;

a read point circuit connected to said reference voltage circuits to receive
said analog values and providing at least (N-1) voltage levels derived from said average
values; and

reading circuitry connected to receive said at least (N-1) voltage levels
and connectable to said memory cells and providing the data state of a memory cell to

which it is connected based on said at least (N-1) voltage levels.

117. The integrated circuit of claim 116, wherein each of said

populations comprise a plurality of tracking cells, and wherein each of the plurality of M
reference voltage circuits further comprises:

an averaging circuit connectable to each of said sense amps to

receive the corresponding analog voltages and providing an averaged value of

said analog voltages, and wherein the analog values received by the read point

circuit are said averaged values.

118. The integrated circuit of claim 117, wherein each of said sense
amps comprise:

a first transistor connected between a voltage source and a first node and
having a control gate connected to a reference voltage;

a second transistor connected between said voltage source and a second
node and having a control gate connected to said first node;

a third transistor connected between said second node and ground; and

an output for providing said analog voltage connected to said second
node, wherein the tracking cell connected to the sense amp is connected between said

first node and ground and has a control gate connected to said second node.

119. The integrated circuit of claim 118, the sense amp further
comprising:
at least one cascode device connected between said first transistor and

said first node; and
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at least one cascode device connected between said first node and said

tracking cell connected to the sense amp.

120. The integrated circuit of claim 117, wherein each reference
voltage circuit further comprises:

a plurality of switches, one for each of said plurality of tracking cells,
each connected between the corresponding one of said dedicated sense amps and said

averaging circuit to disconnect said corresponding sense amp form said averaging circuit.

121. The integrated circuit of claim 117, wherein read point circuit
COoMprises:
a chain of resistive elements connected between a first and second voltage

level, having at least (N-1) nodes between said resistive elements corresponding to said

* at least (N-1) voltage levels and M nodes to which said averaged values are connectable.

122.  The integrated circuit of claim 121, wherein each of said averaged

values are connectable to said chain of resistive elements through a buffering element.

123. The integrated circuit of claim 121, further comprising:
a rotation circuit for permuting which of said M nodes is connected to

which of said averaged values.
124.  The integrated circuit of claim 121, wherein M is equal to two.

125. The integrated circuit of claim 124, further comprising:

programming circuitry connected to said memory cells and said tracking
cells;

a verify reference voltage generating circuit connected to provide a pair
of verify voltages connectable to said pair of nodes to which said averaged values are
connectable, wherein in response to control signal during a programming process said
averaged values are disconnected from said pair of nodes and said verify voltages are
connected, thereby providing at least (N-1) program verify voltages to said reading
circuitry.
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126. The integrated circuit of claim 125, wherein said programming
circuitry programs said memory cells concurrently with said tracking cells using said at

least (N-1) program verify voltages.

127. The multi-state memory of claim 126, wherein a tracking cell
which fails to be verified when programming said tracking cells is removed from said

populations of tracking cells.

128. A said sense amp for providing the analog voltage level of a non-
volatile memory cell connected between said sense amp and ground, comprising:

a first transistor connected between a voltage source and a first node and
having a control gate connected to a reference voltage;

a second transistor connected between said voltage source and a second
node and having a control gate connected to said first node;

a third transistor connected between said second node and ground; and

an output for providing said analog voltage connected to said second
node, wherein said memory cell is connected between said first node and ground and

has a control gate connected to said second node.

129. The sense amp of claim 128, further comprising:

at least one cascode device connected between said first transistor and
said first node; and

at least one cascode device connected between said first node and said

tracking cell connected to the sense amp.
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