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MEMORY ELEMENT AND METHOD FOR DETERMINING THE DATA
STATE OF A MEMORY ELEMENT

5 TECHNICAL FIELD
The present invention is related to electronic memory and, i
particufar, to a memory element used in electronic memory and mecthods for

determining the data state of the memory element.

10 BACKGROUND
Recently, nanoscale memristive devices have been fabricated and
incorporated into electronic memories, including crossbar memories.  Menristors
exhibit non-lincar, bi-stable, hysteretic conductance characteristics that can be
explofted for storing binary values, or bits, within electronic memories and
15 potentially for storing ternary, quaternary, or larger-base encodings of values in
clectronic memories based on elementary information-storing unils having three,
four, or more differentiable physical states. Such memuories provide extremely high
data-storage density, non-volatile data storage, and desirable levels of encrgy
efficiency. However, as with asy electronic device or subsystem that employs
20 nanoscale components, memristor-based memorics are also associated with physical
imperfeetions, due to the difficelty in manufacturing nanoscale components,
electronically accessing nanoscale components, and loug-term drift and instabilities
in. physical characteristics of nanoscale components that can, in twrn, lead to the
ncourrence of errors in storing and retrieving data from electronic memaories based on
nanoscale memristive memory elements. Researchers and developers of memristor-
hased memories, as well as manufacturers, vendors, and, ultimately, users of
electronic devices that incotporate mesmwisior-based memories continue o seck
memristive-memory-clement-based memories with increased reliability.  Methods
and systems that increase reliability in memristive-memory-glement-based memories
30 may, in addition, be applied to additional types of electronic memories and even

additional problem domains.
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BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 iHustrates a new type of electronic memory that has been
recently developed.
Figure 2 shows a plot of voltage versus current for a memristive
5 memory clement.

Figure 3 shows the lower-voliage portion of the graph shown in Figure

frd

Figure 4 illystrates, using the illustration conventions employed 1o
Figure 3, drift of the physical characteristics of a memristive memory element.
16 Figures SA-C iHustrate a dala-state-determination operation that
represents one embodiment of the present invention.
Figures 6A-C illustrate three different possible orderings of the
magnitudes of the determined conductances Gy, Gy, and Gy, discussed above with
reference to Figures SA-C, obtained during a data-state-determination operation that

represents one embodiment of the present invention.

R
s

Figure 7 provides a control-flow diagram that illustrates one
embodiment of the data-state~determination method that represents one embodiment

of the present invention,

20 DETAILED DESCRIPTION OF THE INVENTION
Embodimenis of the present invention include any of various
electronic devices and subsystems that inchude memory elements and that employ &
data-siate-determination method embodiment of the present invention, implemented

in logic circuits and/or computer instractions executed by a microprocessor withis the

2
wn

elecironic devices and sabsystems for determining the data state of memory elements.
i one embodiment of the present invention, the initially usknown data state of a
memory clement is determined by first measuring the current passing through the
memory element when an intercogation voltage is applied to the memery element,
and then setting the data state of the memory element to each of the two binary data
30 states 0™ and *17 to determine the current that passes thorough the memory element,
when the memory element is in the two binary data states 07 and "1, Using the

three measured currents, the initially unknown data state of the memory clement is
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computed and returned as the data state of the memory element.  ln certain
embodiments of the present invention, a reliability metric R is also computed and
returned, as g result of a data-state-determination operation.  io yet additional
embodiments of the present invention, the returned, determined data state may be one
of the twe binary data states “07" and “{” or a third, erasure data state.

Figare | illustrates a new type of electronic memory that has been
recently developed. The device shown in Figure 1 is a two-dimensional array of
memory elements, each element of which, such as element 102, can store 4 single bit
of information. The two-dimensional array comprises rows of memory elements,
each connected to a row signal line, such as the row of memory clements 104-109 in
Figure 1. and columns of memory clements, each column of memory elements
iterconnected through a column signatl line, such as memory elements 104 and 110-
{14 in Figure . The column signal fines emanate from a column demultiplexer 120
and the row signal lines emanate from a row denultiplexer 1220 A given miemory
clement can be accessed by controlling the voltage states of the columa signal line
and row signal Hne to which the memory element is connected. In modern resistor-
hased or memristor-based memory arrays, the memary elements may reside in one of
at least two different states 130 and 132 distinguishable by the electrical resistance of
the memory element. For example, as shown in Figare 1, wheh a memory element is
in a relatively high-resistance, low-conductance state 130, the memory element is
considersd to store a bit value "0, and when the memory element is in a relatively
fow-resistance, high-conductance state 132, the memory element is considered to
store the bit vatue *1." Of course, the opposite convention can be used in aliernative
devices.

Figure 2 shows a plot of voltage versus current for a memristive
memory element. A memristive memory element is characterized by two different
physical states: (1) a relatively high-conductance state, represented by carve 202 in
Figure 2; and (2) a relatively low-vonductance state, represented by curve 204 in
Figure 2. Note that, in both Figares 2 and 3, current is plotted with respect to a
vertical axis 206 and voltage is plotted with respect to horizontal axis 208, As can
clearly be seen in Figure 2, the current-versus-voltage curves 202 and 204 are

senerally nonfinear, When a positive voltage Foy 210 s applied to the memristive

PCT/US2010/044004
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memory elemant, the physical state of the memristive clement abruptly changes, as
represented by vertical arrow 212 jo Figure 2, from the relatively low-conductance
state, represented by curve 204, to the relatively high-conductance state, represented
by carve 202. When a negative voltage Vosy 214 is applied to the memristive
5  memory clement, the state of the memristive element abruptly changes, represented
by vertical arrow 216 in Figure 2, from the relatively high-conductance state,
represented by curve 202, to the relatively low-conductance state, represented by
curve 204,

A memristive memory slement can serve as a storage element for a
10 single binary value, or bit. In one convention, the high-conductance state represents
the bit value "1" and the low-conductance state represents the bit value "0." OF
course, an opposite convention can also be used. Generally, an interrogation voltage
of relatively small magnitude, such as a positive voltage greater than § but lesy than
Fon o a negative voliage greater than Foyye and less than 4, 15 used to deternune the
15 physical state of the memwistive memory element, referred to below as the “data
state” of the memristive memory element, by measuring the current that passes
through the memristive memory element when the interrogation voltage, Prean, i$
applied to the memristive memory element.  The voltage Von is applied to the
memristive memaory element in order 1o write the bit value "1 info the memory
20 clement, subsequently referred 0 as Fiyritea, and the voltage Fopr is applied to the
memristive memory element in order 1o write the value "0" into the memristive
memmory element, subsequently referred to as Furneo. Again, depending on which
hit-value convention is used, either one of Punmes oF Parrne 18 generally positive,
and the other of the two voltages is generally negative. For purposes of ilustrating
25 the present invention, it can be assumed that Fanire.s 18 @ positive voltage and Pweire-
¢ i & negative voltage, as shown in Figure 2. Voltages of magnitudes greater than
Forarea OF Panares are generally avoided, because they can destray the meniristive
memory clement, and the magnitude of the interrogation voltage is generally
significantly less than the magnitudes of Penges O Pwrpee, S0 that READ

30 operations do not contribute to physical-state drift, discussed below.
Figure 3 shows the lower-voltage portion of the graph shown in Figure

pac

2. As shown in Figure 3, in the voltage range of -1V (302 in Figure 33 t0 1V (304 in



WO 2012/015438 PCT/US2010/044004

L

Figure 3). the current-versus-voliage curves 202 and 204 appear fairly linear. in

general, memristive memory elemenss exhibit near-linear current-versus-voltage
curves within a range of voltages of low magnitudes.

Were memristive niemory elements perfectly stable and reliable, both

5 in manufacture and during use, then applying the interrogation voltage Freap across a

meniristive memery clement, measoring the current passing through the memristive

memory element at that voltage, and computing the conductance of the memory

slement from the measured current and known voltage Frgan, where the conductance

corresponds to the slope of the current-versus-voltage curves in Figures 2 and 3,

10 would generate one of two fixed conductance values Gy and Gy corresponding to data

states 0" and “1.7 OF course, in any measurement, it is expected that the measured

value will fall within some range of values about a value corresponding to the

physical characteristic being measured,  Nonctheless, when the slopes of the two

current-versussvoltage curves corresponding to the two physical states of «

15 memristive memory element are sufficiently different, and stable over time and over

multiple READ and WRITE accesses, it would be expected that the data slate of the

memtistive memory element would be reliably ascertained cach time the voltage

Vreap was applied to the memristive memory clement, the current passing through

the memristive memory element was measured, and the conductance of the

20 memsistive memory element determined. However, as with maost physical devices,

memristive memory elements, particularly nanoscale memyistive memory elements,

do not exhibit ideal characteristics.  instead, there tend 1o be Inconsistencies in

manufacture, feading to differences in the current-versus-voltage characteristics of

individual nanoscale memristive memory elements, and the physical characteristics of

)
o

memristive memory elements tend to drift, over time, As one example of thig drift,
the measured conductance of the relatively high-conductance and relatively low-
conductance states may change over time as well as afler repeated READ and

WRY

*

E operations.
Figure 4 illustrates, using the illustration conventions employed in
30 Figure 3, drift of the physical characteristics of a memristive memory element. The
initial characteristics of the memvristive menory element arg shown in graph 402,

with the current-versus-voltage curve 404 of the relatively high-conductance state and
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the current-versus-voltage curve 406 of the relatively low-conductance state shown as

straight, dashed lines. In graph 402, vertical bars 408 and 410 represent the measured

current ranges expected when the voltage Preap 412 s applied 1o the memristive

memory element in the two physical states, or data states “1™ and “0." Subsequent

5  graphs 420-424 Hlustrate drift of the physical characteristics of the memristive

memory element over time and/or over repeated aceess through applications of one or

more of voltages Fapan: Fwgores and Fwgeres while current passing through the

memristive memory clement is measured. Note that, over time, in the hypothetical

case iustrated in Figure 4, the conductance of the relatively-low-conductance state

10 increases and the conductance of the refatively-high-conductance state decreases, to

the extent that, in the final graph 424, neither the relatively-high-conductance-state

cawrve 430 or the relatively-low-conductance-state curve 432 intersects with the

current ranges 408 and 410 that were expected with respect to the initial conductance

values of the two physical states of the memristive element, as shown in graph 402,

15 This represents a significant problem. Initially, a measurement of the cusrent passing

through the memristive memory element upon application of voltage Vreap would be

expeeted to generate a vahie that falls within one of the two ranges 408 and 412

However, once the physical state of the menyristive memory element has drifted to

the point iHustrated in graph 424, it is likely that current valug measured uwpon

20 application of the voltage Vigap will generate a current value outside of the current

ranges 408 and 410, regardless of which conductance state the memristive memory
element is currently in,

The problem ilusirated in Figure 4 might be addressed in variogs

different ways. For example, one might attempt to generate theoretical curves for

£d
[#4

phyvsical-state drift, and design the mennistive-memory-element-access logic within
electronic memories to make memristive-memory-clement-state determinations based
both on the cwrently measured conductance of the memyristive memory element as
well as the theoretical drifi curve. However, such an approach would be highly error-
prone, since the physical drift for individual memristive memory clements may differ
30 markedly from one another, and because of the difficalty in keeping track of the
extent to which individual memristive memory elements have been accessed andfor

the time that has clapsed since manufacture.  As another approach, the conductance
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of the two different physical states of each memristive memery element in an
electronic memory could be periodically measwred, and the information stored, in
arder to continuously recalibrate memristive memory elements for subsequent access,
However, such an approach would be time-consuming, require a large amount of
additional memory., and potentially extremely disruptive with respect to normal
operation of the computational system or device in which electronic memory is
incorporated.

In one embodiment of the present invention, determining the data state
of a memristive memory element is carried out by first reading and storing the initial
conduciance of the memristive memory slement, Gy, representing an anknown data
state, then setting the memristive memory element to data state "1." reading the
conductance of the memory element in data state 1,7 Gy, and storing that value,
setiing the data state of the memyistive memory element to data state "(," reading and
storing the conductance of the memristive memory ¢lement in data stale “0,” Gy, and
then computing the most likely data state corresponding to the initially read
conductance (1.

Figures 3A-C illustrate a data-state-determination operation that
represents one embodiment of the present invention. Figures 3A-C use the same
ilastration conventions as used in Figures 2-4.  In Figure 5A, the interrogation
voltage, Fruap, 502 is applied to the memristive memory element in an unknown data
state in order to measure the carrent i 504 passing through the memristive memory
clement at voltage Frean, allowing a determination of the conductance G, 306 of the
memristive memory element in the unknown data state. The value Gy is stored by
fogic circuitry or under fivmware or software control for subsequent computational
determination of the unknown data state. Next, as shown in Figure 3B, a voltage
Faprrpe 310 is applied 1o the memristive memory element in order to place the
memristive memory element into the relatively high-conductance physical state,
represented by curve 512 in Figure 8B, Then, the interrogation voltage Frpan 302 &8
again applied to the memristive memory element and the conductance of the
memuistive memory elemsent, now known to he in data state "L Gy 314, is
determined. Note that the measured conductance G, i3 shown as a dashed point 318

in Figure 3B, while conductance (7 is shown as a filled disk. Then, as shown in

PCT/US2010/044004
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Figure 5C, a vollage Fymreo 520 is applied to the memuistive memory glement in
order to place the memristive memory element into the data state "0," represented by
curve 522 in Figure 5C. Then, the interrogation voltage Preap 502 is again applied o
the memristive memory element and the conductance Gy 524 is determined. At this
point, three conductances, Go 324, G, 516, and G, 514, have been determiined and
stored for computation. Conductances Gy and Gg can be considered to be calibration
values for the memory element that are obtained close in time to acquisition of the
measured conductance G, corresponding to the unknown data state,

Figures 6A-C illustrate three different possible orderings of the
magnitudes of the determined conductances Gy, Go, and Gy, discussed above with
reference to Figures SA-C, obtained during a data~state-determination operation that
represents one embodiment of the present nvention.  Figure 6A shows the most
frequently encountered ordering of the three different determined conductances,
corresponding to the ordering shows in Figure 5C. In this ordering, the conductance
(7, 602, determined for an initial, unknown data state of the memristive memory
clement, falls between the determined conductances Gg 604 and (5 600
corresponding to the conductances of the data states "0" and "1," respectively, which
are determined immediately after determination of the conductanece of the unknown
data state G, Three different differences between pairs of the three conductances
Gy, Go, and Gy, dy (606 in Figure 6A), o (608 in Figure 64), and dip (610 in Figure
6A), respectively, are computed by taking the absolute value of the differences
hetween all possible pairs of the determined conductances Gy, G, and &y, From
these values, the initial data state of the memristive memory element, for which the
conductance Gy was initially determined, can be assigned to a measured or computed
data state mis as follows:

L. whend <d|
L S .
\11}, otherwise

In addition, a relabifity metric can be determived for the computed data state ms a8
heing propotrtional to digand inversely proportional to either dyor oy

Figures 58 and 6C show different orderings of the three measured
conductances G, G, and G, in which G, falls below Gg or-above Gy, In thess cases,

a more general method for determining the value of sy is veeded.  One general

PCT/US2010/044004
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method for determining the value of ms that van be applicd in all three cases shown in
Figures 6A-C, using the arithmetic mean of {5 and Gy, Maws, 180

B G

A il 2
| Lowhen G ox M
,’??\!; =T

|8, otherwise

|8

n

There are a variety of different ways to generate a general reliability moetric K. Ina

first, exemplary method for computing a reliability metric R, nominal values G, and

G, for the conductances of a memyistive memory element in the “0” and “17 data
states are eniploved, These nominal values may be average values determined for
memristive memory clements of a partieular type or computed values that take inlo

10 account ong or more of wvarious device-lype, Ume-since-manufacture, and
accumulated-use parameters. I addition, a bounded measured conductance ¢, s
emploved. The value of the bounded measured conductance ) is restricted to fall
within the interval [Ga, &11. The R metric can be computed as:

Gowhen G, » G
o= ]‘(JU, when (7 < (G,

G, otherwise

{aly o3 VAP Y Y £ 4
B : “§l“‘{<u‘ra'31 =0 ; (Ji ~ {Jf, § N z"‘pf\-r. T 8 §
N § Sl E o 54 -

L G, -G, Hy G —Gy

15 As shown above, £ can be considered to be computable as a product of a first term
and a second term. The first term represents the distance of the determined, bounded
conductance a from the arithmetic mean of Gy and Gy, Myge, relative to the
difference Gy - Gy, For given values of Gy and 7y, the first term is greatest when the

o~ e . . . oot Y - - *
numerator of the first term, twice the distance of G, from M, is farge in relation to

2 the difference G-Gy, which represents the maximum possible value for the numerator
of the first term, The first torm thus ranges in value from 0 to 1, with 0 representing
no confidence in the value assigned to ms and 1 representing highest confidence n
the value assigned to ss. The second term represents the most recently measured
conductivity difference between data states “07 and 17 relative to the nominal,

25 designed, or initial post-manutacture conductivity difference between data states “07
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and “1.7 As the difference Oy ~ Gy decreases relative 1o G, -G, , the veliability of a
determination of the data state based on measured conductance decreases. The
denominator of the first texm and numerator of the second texm cancel, i the product,
jeaving the value of X computed, in one term, as twice the distavee from ut to the
arithimetic mean Mg relative to the difference between nominal conductances {“3‘;
and {j*r‘._,. it should be noted that, since condactance is proportional to current, at a
iven applied voltage, the magnitude of the currents, rather than the conductances,
can be used 1o determine the data state of & memory element,

An alternative method for determining sy and R is based on the

geometric mean of Gy and Gy, Mg, and on logarithms of conductance values:

fog{G ) +log{G, )

log ( M, ) = 5

Iowhen Jog{ G, jzlog ( M, }

&, otherwise

(o when G« Gy

!(Gs, when (7, > G,

G, otherwise

o f
o 2tog{ M, ) ~log{$3, }

This alternative method may betier express a reliability in terms of commonty
employed metrics for device quality. An advantage of this method 3s that it depends
on the ratio G/ G, rather than on absolute nominal conductance values.
Alternatively, the reliability metric 8 may be computed, by various
means, as the probability that the determined data state my corresponds to the initial
data state of the menuistive meniory element, prior to the data-state-determination
provess, given the measured conductance values Gy, Gy, and Gy
K= f {Tini‘tia‘l memrisior data slate = ms%f}l RERE2 }
Many other possible technigues for computing both my and R are
possible.  As one example, assuming that s and & are initially computed by an

ahove-described method, a final value of ms, msy;, can be computed as:

PCT/US2010/044004
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(}, when mry =1 AND R> R,
my =« Bowhep my = 0 AND R > By
I_“}L otherwise
where 8. is o threshold & value
Similarly, msy may be alternatively computed as:

{ <.
4
d, ¢
A iy

§i,w§mn ms = LAND }’( g

3 ey G
g o= S O when e = 0 AND 7Y,
$TT /4

12, otherwise

H
H

1
where ¢ 13 a threshold value

In hoth cases, the final determined data state can be either "1, "0, or "2 The data

5 state, "7 corresponds to an érasure,  An crasure occurs either beeause of

deterioration of the physical characteristics of the memristive memory clement,

problems with conductance determiination during the data-state-delermination
operation, manufacturing defects, and {for other reasons,

A data-state-determination operation, or enhanced READ operation,

10 that represents one embodiment of the present invention, by reluming ecither a

reliability metric B or one of three values corresponding to a three-value data state, in

which pne value corresponds to the data state Meraswre,” or "7 can faciitate

application of various error-contrel coding techniques o electronic memories based

on memristive memory elements in order to increase the reliability of the electronic

15 memaories. Error-control coding techniques involve including additional, redundant

stored data in an elettronic memory along with input data.  Many error-control

coding techniques molude logic for encoding input data into codewords that include

redundant data, 1o allow a certain number of errors in a retrieved code word o be

detected and corrected, thus ameliorating failures or unreliability In @ nmumber of

20 menwistive memory elements used to store the codeword. Ervor-correcting codes

can, in general, correct a greater mumber of erasure-type anomalies, for a given

amount of redundancy, than errors that interchange data states "0" and "1." For this

reason, a data-state-determination operation of the present invention which returns

either a three-value computed data state, msy as discussed above with reference to

25 Figures 6A-C, or that returns a determined data state ms along with a reliability

metric K, can facilitate error-control coding by distinguishing erasure events from bit-
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inversion events. The reliability metric can additionally serve as soft information to
facilitate sofi-decision decoding that provides stronger error-correcting-code-based
methods for a given amount of redundancy than error-correcting-code-based methods
in which a hard, binary decision is made with the respeet 1o a value retrieved from a
menory element. The reliability metric R can be additionally be accumulated from
mentory-clement accesses and used to monitor the reliability of an electronic
mentory, and can be used for many other purposes,

Fipure 7 provides a control-flow diagram that illustrates one
embodiment of the data-state-determination method that represents ong embodiment
of the present invention. This method is incorporated within electronic memories that
represent certain electronic-memory embodiments of the present invention. In step
702, the interrogation voltage Freap Is applied to a memristive memory element in
order 1o measure the current i and determing the conductance G, as discussed above
with reference to Figures SA-C, Next, in step 704, one or both of iy and O are stored
for subsequent calculation.  In step 706, the memristive memory element is placed
into the data state "1," and in step 708, the conductance G is determined and stored,
as discussed above with veference lo Figures SA-C. Similarly, in steps 710 and 712,
the memristive memory element is plaged inte the data state "0" and the
corresponding conductance Gp determined and stored. Nexdt, in step 714, a memory
state s or sy Is computed from G, Of, and Gy, as discussed above with reference to
Figures 6A-C. Optionally, the reliability metric R can be compaied, in step 716, In
the case of computation of a three-way data state myy; computing my and R may be
needed before msyis computed in an additional step alier step 716, In step 718, when
the inttial, unknown memristive memeory element state is determined to have been
data state "1," the memristive memory elerent is placed back into data state "1" by a
WRITE operation in step 720, Finally, the computed initial data state ms and,
optionaily, the reliability metric R are returned 722, Alternatively, the computed data
state sespmay be returned in step 722,

Although the present invention has been described in terms of
particular embodiments, # i not intended that the invention be limited to these
embodiments,  Modifications will be apparent to those skilled i the art.  For

example, as discussed above, different conventions can be used to assign data states

PCT/US2010/044004
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"0 and “1” to different physical memristive memory clement data of physical states,
and the above-discussed data-stale-determination operation accordingly meodified.
The memwistive-memory~element of a data-state-determination operation 1s generally
embodied within cireuits or circuits and firmware or software control Teatures of an
5 electronic memory. Thus, a memory element within an electronic memory that
implements the data-state-determination operation that represents one embodiment of
the present invention itself represents a memory-element embodiment of the present
invention, and the electronic memory represents a memory-embodiment of the
present invention. In certain embodiments of the present invention, the data state of'a
10 memory element is determined by placing the memory element in a single known
data state and determining the value of a physical characteristic of the memory
element to compare with an initially determined value of the physical characteristic of

the memory element
The foregoing description, for purpoeses of explanation, used specific
15 pomenclature to provide a thorough understanding of the {nvention. However, it will
be apparent to one skilled in the art that the specific details are not required in ordey
to practice the fnvention. The foregoing descriptions of specific embodiments of the
present invention are presented for purpose of illustration wnd description. They are
not intended to be exhaustive or to limit the Invention to the precise forms disclosed.
20 Many modifications and variations are possible in view of the above teachings. The
embodiments are shown and described in order to best explain the principles of the
invention and its practical applications, to thereby enable others skilled in the art to
best utilize the invention and various embodiments with varions moditications ag are

suited 1o the particular use contemplated. It s intended that the scope of the

4
%]

invention be defined by the following claims and their equivalents:
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CLAIMS

i, An electronic memory (102) comprising:
a memory element (104); and
control fogic that determines a data state of the memory element by
racasuring (702} a physical characteristic of the memory element to obtain a
measured value corresponding to the data state,
measuring {708) the physical characteristic of the memory element, afler
setting (706) the memory element to a first known data state, to obtain a first culibration
vatue,
comparing the measured value coresponding to the data state with the first
calibration value to determine the data state (714); and

determining & reliability metric {716) for the determined data state.

2. The electronic menmory of claim | wherein the memory element is a memristor.
3. The electronic memory of claim 1 wherein the physical characteristic is one of!

a magnitude of a current (304) that passes through the memory element when a
voltage Freap (302} is applied across the memory element;

a resistance o current flow when a voltage Fipap i applied across the memory
glement; and

a conductance {506} of the memory element to current flow when a voliage Freap 18

applied across the memory element,

4, The electronic memory of claim 3 whergin the control logic measures the physical
characteristic of the memory element, after setting the memory clement to 2 second known
data state {710}, to obtain a sccond calibration value and wheren the data state is determined

by comparing the first measured value with the first and second calibration values (714},

3. The electronic memaory of claim 4 further including:

determining the mean of the first and second calibration values;
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when the first measured value is greater than the mean, determining the data state to
be the data state for which the corresponding calitwation value is greater than the mean; and
when the (Trst measured value is less than the mean, determining the data state to be

the data state for which the corresponding calibration vahse is less thay the mean,

6. The electronic memory of claim 5 wherein the reliability metrie is determined by:

when the first measured value is greater than the first calibration value and the first
measured value is greater than the second calibration value, determining a bounded measured
value to be the value of first calibration value when the first calibration value Is greater than
the second calibration value and otherwise determining the bounded measured value to be the
vaiue of second calibration value;

when the first measured value is less than the first calibration value and the first
measured value is fess thaw the second calibration value, determining the bounded measured
value to be the value of first calibration value when the first calibration value i less than the
second calibration value and otherwise determining the bounded measured value to be the
value of second calibration value;

when the first measured value falls between the first and second calibration values,
determining the bounded measured value to be the first measured value; and

defermining the reliability metrig to be proportional to a distance of the bounded
measured value from the mean and inversely proportional to a positive difference between
nominal calibration values.
7. The electronic memory of claim 5 wherein the first measured value and the first and
second walibration values are ong of:

conductance values; and

fogarithms of conductance values,

8. The electronic memory of claim 3 wherein the reliability metric reflects a probability

that the determined data state is correct,

9. An electronic memory (102) comprising:

a plurality of memory elements (104-1 14); and
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control logic that, upon receiving a READ command, determines a data state of one of
the memory elements by
measuring (702} a physical characteristic of the memory element to obtain a
measyred value corresponding to the data state,

5 measuring (708} the physical charactenistic of the memory element, after
setting (706} the memory element fo a first known data state, to obtam a first calibration
value,

comparing the measured value corresponding to the data state with the first
calibration value to determine the data state {714) as one of & first known data state, a second

18 kunown data state, and an erasure data state, and

determining a reliability metric(716) for the determitned data state.

10.  Theelectronic memery of claim 9 wherein the physical characteristic is one of’
a magnitude of a current {304} that passes through a memwory slement when a
15 vollage Freap (502) is applicd across the memory element;
a resistance to cuwrrent flow when a voltage Fapan is applied across the
mermory element; and
a conductance (506} of the momory element to current flow when a voltage

Freap is applied across the memory element,

20
110 A method for determining a data state of a memory elemeunt, the method comprising:
measuring (702} a physical characteristic of the memory element to obtain a
measured value corresponding to the dala state;
measuring (708} the physical charscteristic of the memory clement, after
25 setting (706) the memory element to a first known data state, o obtain a first calihration
vafue;
comparing the measured value corresponding to the data state with the first
calibration yvalue 1o determine the data state {714); and
determining a reliability metric (716} for the determined data state,
340

12, The method of claim {1 wherein the physical characteristic is one of:
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a magnitude of a current (504) that passes through the memory clement when a
voltage Frean (502} is applied across the memristor;

a resistance to curtent flow when a voltage Freap is applied across the memrisior; and

a conductance {(506) of the memory element to curvent flow when a voliage Freap i8

applicd across the memristor,

13, The method of claim 12 further including:

measuring {712) the physical characteristic of the memory element, after setting (7 1)
the memory element 1o a second known data state, to obtain a second calibration value and
determining the data state by comparing the fivst measured value with the first and second

calibration values,

14.  The method of ¢laim 13 further including:
determining the mean of the first and second calilwation values;
when the first measured value is greater than the mean, determining the data state to
be the data state for which the corresponding calibration value is greater than the mean; and
when the first measured value s less than the mean, determining the data state {o be

the data state for which the corresponding calibration value is less than the mean.

15, The method of ¢laim 14 further including determining the reliabifity metric by:

when the first measyred value is greater than the first calibration value and the first
measured value is greater than the second calibration value, determining a bounded measured
value to be the value of first calibration value when the first calibration value is greater than
the second calibration value and otherwise determining the bounded measured value to be the
value of second calibration value:

when the first measured value is less than the first calibration valoe and the frst
measured value 1s less than the second calibration value, determining the bounded measured
value 1o be the value of first calihration value when the first calibration valug is less than the
second calibration value and otherwise determining the bounded measured value 1o be the
value of second calibration value;

when the first measured value {alls between the first and sccond calibration values,

determining the bounded measured value to be the first measured value; and
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determining the reliability metric to be propertional to a distance of the bounded
measured value from the mean and inversely proportional to a positive difference between

nominal calibration values.
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