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first-level sensing of memory elements of a crossbar memory
array based on reads that are high-contidence. The second
sense circuit is to perform second-level sensing.
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MULTI-LEVEL SENSING CIRCUITS FOR CROSSBAR MEMORY
ARRAYS

BACKGROUND

16001} Crossbar arrays of memory elements can include read circuils, such
as sensing circuits based on sample-and-hold functionality. The read circuits can
be significantly compilicated, which can manifest in the form of lower memory

density and higher latency for the memaory array.

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[60062] FIG. 1 is a block diagram of a multi-level sensing circuit for a crossbar
mamaory array including a first sense circuit and a second sense circuit according
to an example.

[8003] FIG. 2 is a block diagram of a multi-level sensing circuit including a
first sense circuit and a second sense circult according (o an example.

16004} FIG. 3 is a block diagram of a multi-level sensing circuit for a crossbar
memory array illustrating an example plurality of first sense circuits according o
an example.

1G035] FIG. 4 is a block diagram of a second sense circuit according o an
axample.

[60085] FIG. 5 is a flow chart based on performing first-level and second-level
sensing according to an example.

16607} FIG. 6 is a flow chart based on identifying whether a read is high-

confidence according o an example.
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DETAILED DESCRIPTION

[80068] In a crossbar memory array architecture, wordlines and bitlines of the
crossbar can be used to select memory elements {o perform reads and oblain
read currents. However, for a given read of a selected memory element, in
addition o the read current, the selected bitline will also carry sneak/leakage
current from half-selecled and un-selected celis, which makes it difficuil to reliably
sense on or off current of the selected memory element. As a resull, there will be
a non-trivial overlap in the histogram of the on and off current of the crossbar
memory array, aven for reasonable half-select or sneakfleakage currents, leading
{0 high bit error rates (BERs). The overlap and high BER can be affected by
procass variation in the memory elements, their associated seleclors, the
distributions of logic 1s and Us across the memory array, and other such faciors.
Additionally, applied vollages can gradually degrade due to current-resistance
(IR} drop due o wire resistance, such that an applied Vgg value may come across
differantly at the cell to which it is applied (associated with some delia that can
vary). Crossbar arrays can miligate such issues using a complex sensing
mechanism. For example, the selected row can be read by first using a half-
select voltage, whereby the resulting current in the bitline defines the present
state of sneak/leakage currenis in the bitline. Next, the complex sensing
mechanism can perform the actual reading of the celiimemory element. To
determine the siale of the memory slement, the complex sensing mechanism can
then sense the difference Detween the read current and the
background/leakage/sneak current.  Although this process is relatively more
robust than simple sensing, it incurs a need for relatively more energy and
increased access latency.

[G009] To address such issues, sxamples described herein include a muiti-
level sensing circuit for a crosshar memory array. Examples can achieve
hierarchical two-level sensing of reads, based on a plurality of first sense circuils
of a first type, and al least one second sense circuit of a second type. The plurality
of first sense circuits can perform first-level sensing of memory elements of the
crosshar memory array, based on reads that are high-confidence. The at least

one second sense circuit can perform second-level sensing of memory elements
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of the crossbar memory array, based on reads that are not high-confidence
{although, the second sense circuit is capable of also performing high-confidence
reads).  In this manner, examples described herein may reduce the access
fatency and the access energy of crossbar arrays, achieving relatively faster
sensing based on the plurality of first sense circuits that operate faster than the
second sense circuil(s). These different types of sensing circuits {e.g., sense-
amps) can be used within the same bank of resistive memory technology,
enabling muili-level sensing © improve speed and efficiency of reads.

16010} FIG. 1 is a block diagram of a multi-level sensing circuit 100 for a
crossbar memory array 102 including a first sense circuil 110 and a sscond sense
circuit 120 according to an example. The plurality of first sense circuits 110
parform first-level sensing of reads that are high-confidence, and the at least one
second sense circuit 120 is to perform second-level sensing of reads that are not
high-confidence. The second sense circuit 120 can accommodate a higher noise
margin and lower bit error rate (BER) compared to the first sense circuits 110,
(6011} The memory element 104 can be based on memristor memory
technology, used in a crossbar memory array 102. The memory element 104
may include other types of memory elements, such as resistive random access
mamory {(RRAM), phase change random-access memory (PCRAM),
magnetoresistive random-access memory (MRAM), or other storage cells that are
readable with a controllable voltage and/or current. A memory element 104 of a
memyristor cell can be associated with a selector {not shown) to provide non-
linearity to the cell.

16012} The crossbar memory array 102 may include a plurality of memory
elements 104, arranged in rows and columns. However, when applying a voltage
between the select row (wordline} and the select column (bitline) for a memory
element 104, some of the applied voltage also may appear across other cslis in
the crossbar memory array 102, which may lead to sneak/leakage current.
16013} The plurality of first sense circuits 110 can provide one level of sensing
very guickly, but if the sensing is not resclvable with a desired level of definiteness
andfor within a desired timeframe, the second sense circuit(s) 120 can provide a

second level of sensing at a slower speed. As for which reads can be resobved
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by the first level of sensing, a non-irivial fraction of reads can be read with high
confidence using basic sense-amps that require very low silicon real-gstate, i.e.,
the first sense circuits 110. Thus, the mulli-level sensing circuit 100 can provide
muiti-level sensing for crossbar memory arrays 102 by leveraging basic sense-
amps (first sense circuits 110) that are fast and area-efficient to complete high
confidence sensing, and fall back on more complex, slower second sense
circuit(s} 120 for low-margin, lower-confidence reads. Regarding whether a read
is high confidence or nol, the sense circuits can identify the magnitude of a
sensad current and check it against one or more thresholds, as described in
further detail below with respect to FiG. 2.

(6014} The speedfiatency benefils provided by the first sense circuils, in
contrast {o the slower second sense circuit(s), arise not only from the basic
structure of the first sense circuits, but also from their closer proximity (e.q.,
electrical coupling path lengthffan-cut) to the crossbar memory array 102
compared 1o the second sense circuit{s) 120. For example, an electrical bus
delay can be a contributor to the overall sensing delay/latency, e.g., due 0
sharing the second sense circuil{s) 120 among multiple maits/tiles of memory
slements 104, A mat/tile can have signal fanout paths, thereby adding layers of
loads and signal travel across the plurality of mats, resulting in non-trivial
additional latency (e.q., wire delay can exhibit guadratic increases in length and
sharing delays).

160185] In contrast to the use of few or a single one of the relatively more
complex second sense circuit(s} 120, the example multi-level sensing circuits 100
can use many of the first sense circuits 110 o provide high bandwidth and low
fatency. For example, the multi-level sensing circuit 100 can atternpt {o perform
sensing using the first sense circuits 110, and fall back to using the more complex
second sense circuit 120 if the sensing by the first sense circuits 110 is
unresolved (e.q., afler a given timeframe). In alternale examples, the muklti-level
hierarchy provided by the first and second sense circuits 110, 120 can be alterad,
by bypassing {e.g., temporarily ignoring or disabling) the first sense circuits 110,
The first sense circuits 110 also can provide an overall power reduction

{compared o relying on second sense circuit{s) 120 for all reads), because the
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first sense circuits 110 are more basic in structure, resulling in net power savings
compared to the relatively more complex and time-consuming operation of the
second sense circuit(s) 120.

80186} FIG. 2 is a block diagram of a multi-level sensing circuit 200 including
a first sense circuit 210 and a second sense circuit 220 according to an example.
The first and second sense circuits 210, 220 are coupled to the crossbar memory
array 202, which can be formed as a collection of mulliple memory elements 204
arranged in mats (see FiG. 3for more details). The first and second sense circuits
210, 220 are to sense the read current 222 based on a higrarchical approach,
indicated by the dashed ling whereby the first sense circuit 210 has priorily to
sense high confidence reads based on at least one of the first thresheld 212 and
the second threshold 214, and/or within a timeframe 216, For example, a given
first sensing circuit can identify whether a given read is high-confidence based on
identifying the read curent 222 as being less than the first threshold 212
associated with a low resistance state (LRS) of the memory element 204, or
identifying the read current 222 as being greater than a second threshold 214
associated with a high resistance state (HRS) of the memory element 204.
16017} The high speedflow latency basic structure of the small-sized first
sense circuits 210 {e.g., sense amps) may encounter a read current 222 that is
not in satisfaction of the first or second thresholds 212, 214, and/or whether the
read current 222 can be identified within the timeframe 218. For exampls, the
first sense circuits 210 can identify with high confidence that they themselves
cannot reliably sense the signal if the current range is between a first threshold
and a second threshold. In an alternale example, the first sense circuits 210 can
identify whether a sensed current is high-confidence or not based on one
threshold (high or low), e.g., without a need for the use to both thresholds 212,
214 (although both thresholds 212, 214 are shown in FIG. 2 for clarity, both are
notl needed in alternale examples). Thus, various approaches are possible in
identifying whether a current is not high-confidence.  In such situations, the
second sense circuit 220 can be used {0 sense the read current 222 using more
complex/slower circuitry. Thus, the second sense circuil 220 can ideniify whether

a given read current 222 is not high-confidence based on passage of the
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timeframe 218 without the first sense circuit 210 identifying the read current 222
The second sense circuit 220 thus can perform second-level sensing of memory
elements 204 of the crossbar memory array 202 based on reads not satisfying
the first threshold 212 or the second threshold 214, For exampls, the second
sense circuit 220 can perform the medium- and low-confidence reads by sensing
a difference betwsen sensed currents 222 and background currents 224, thersby
subtracting the background currents 224 {e.g., "sneak” currents) for the selected
bitlineg, from the sensed currents 222, to obiain the current through the selected
memory selement 204 of the sslected wordline and bitline.

16018} FIG. 3 is a block diagram of a multi-level sensing circuit 300 for a
crossbar memory array 302 illustrating an example plurality of first sense circuits
310, 3104, 310B according to an example. A memory die 301 includes a plurality
of banks 303. A bank 303 includes a plurality of sub-banks 305. A sub-bank 305
includes a plurality of sub-arrays 306. A sub-array includes a plurality of mats/iles
307, first sense circuits 310, and one or more second sense circuil{s) 320. The
matftile 307 is shown expanded o illustrate a portion as the crossbar memory
array 302 of memory slements 304, showing one or more bif line{s) coupled io a
pair of first sense circuifs 310A, 3108 to read the sensed current 322 and
compare against first and second thresholds 312, 314, Two first sense circuits
J10A, 310B and associated thresholds 312, 314 are shown. Howaver, in
allernate examples, one first sense circuit (or more than two) and s associated
thrashold may be used (as explained above regarding FIG. 2), 2.g., to identify
whether or not a sensed current 322 is high-confidence based on a comparison
o a single, or more, threshold(s).

16019} The mats 307 can represent an array of various dimensions, such as
an array of 84x84 memory elements 304. The crossbar memory array 302 of the
mats 307 can be other dimensions, such as 32x32, 128128, 256x256, etc., and
can include asymmetric array dimensions such as 128x64, 64x32, or 128x32, and
sg on. For asymmetric {rectangular) arrays, the biasing of the wordlines and
bitlines, as well as other pertinent characteristics, can be varied accordingly, to
accommodale the differing length and width dimensions. The sub-array 306 is

shown with a plurality of mats, where a first sense circuit 310 is associated with a
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corresponding one of the plurality of mats. However, in alternate exampies, a
first sense circuit 310 may be shared among a larger number of mats 307 (e.g.,
sharing one first sense circuit 310 among four mats 307. Alternatively, a larger
number of first sense circuits 310 may be used at a given mat 307 {e.g., using a
first sense circuit 310 per bitline 308 of the mat 307). Similarly, a single second
sense circuit 320 is ilustrated in the sub-array 306 of FIG. 2. In alternate
examples, a greater or fewer number of second sense circuits 320 may be
assigned {o or shared among a given number of mats 307/crossbar memory
arrays 302.

160201 The crossbar memory array 302 arranges a plurality of cells/memory
elements 304 {which can be associated with selectors, not shown) {o improve
density and reduce cost. For efficiency, it is preferable that the sub-threshold
leakage current of a selector for a given cell (.., the current through the selector
for any voltage drop across g cell less than Vih, where Vith is the threshold voliage
of a selector} is close to zero. However, a small amount of sneak or ieakage
current will flow through cells, sven if they are not selected and the potential
across them is less than Vih.

16021} In resistive memory elements 304 such as memristors, the value
stored in a cell is read by applying a smali voltage across the selected cell, and
detecting the resulling current flowing through its bitline. When selecting &
wordling 308 and a bitline 308 of the crossbar memory array 302 to perform a
read or write operation, it would be preferred that the entire current flowed through
the cell at the intersection of the selected wordiine 308 and bitline 308. However,
other cells/memory slements 304 in the selecled wordline 309 and billine 308 will
be half selected as shown in FIG. 3, and will leak current with the sensed currents
322. As shown, the crossbar memory array 302 biases unselecied rows and
columng with the value Vdd/2, but the selected wordline 309 receives a voltags
of Vdd, and the selected bitline receives a voltage of zero.  Accordingly,
unselected cells that share a row or column with the selected cell will contribute
half-selected leakage current {e.g., the difference hetween the Vdd/2 applied as
bias, and the other values applied to the selecied wordline 309 and bitline 308).

Accordingly, to identify whether a read is high-confidence despile such
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leakage/sneak current, the first sense circuils 310, 3104, 3108 can use the first
threshold 312 and/or the second threshold 314 to check whether a sum of the
current is below the first threshold 312 or above the second threshold 314, The
sumn of the current can arise from the selected memory element 304 and the half-
selected leakage/sneak currents for a given high-confidence read.

(60221 More specifically, cells sharing the selscted wordline 309 and selected
bitline 308 with the selected memory element 304 are half selected, such that the
potential across them is Vdd/2, based on the use of the illustrated biasing scheme
where unselected rows/columns are half-selected (Vdd/2). Those half-selected
celis conduct current because of the voltage drop across them, where those
unselected cells in row 308 see Vdd-(Vdd/2y=Vdd/2, and those unseleclted celis
i column 308 see (Vdd2)3-0=Vddi2. Such low-power read/sensing operations
result in potential ambiguity in the selected bitline 308. The examples described
hergin are particularly suited for identifying high-confidence reads in these types
of low-power biasing schemes, where unselected rows/columns are partially
biased such that fully unselected cells experience roughly zero voliage ({the
difference of Vdd/2 — Vdd/2). The example biasing scheme uses Vdd/2Z for
biasing unselected wordlines and bitlines, but other biasing values may be used
(such as Vdd/3 efc.), for example, on arrays having non-square width x height
dimensions.

(0023} The potential ambiguity when interpreting the value read at a selected
bitline 308 can arise because of the lack of certainty as {o what proportion of the
sensed current 322 is dus to background/leakage current, and what proportion is
due (o the conlribution of the memory element 304 (either in ils LRS or HRS).
The first sense circuits 310, 3104, 3108 can resolve the ambiguity for high-
confidence reads based on the first and second thresholds 312, 314, and the
sacond sense circuit 320 can resolve all reads using a two-step operation 0 1)
read a background current for a given billine, 2) read the total cell current for the
selected bitline, then 3) subtract the background current from the total cell current
o provide the current corresponding 1o the state of the selected memory element
304.
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16024} flustrated examples include two thresholds, consistent with identifying
high confidence logic 0 and logic 1 states {e.g., corresponding {0 a memory
element 304 having two set slales). In aliernate examples, the first sense circuits
can use multiple thresholds, to identify a plurality of logic states (e.g.,
corresponding {o @ memory element 304 having multiple set states).

[6025] In one example, for a given read voltage and/or biasing scheme, a
memristor cell memory element 304 can be targeted to conduct approximately 4
microamps (UA) in its off state (logic "0"), and approximately 20 uAin its on state
{logic “17}, resulling in a difference of a faclor of five between the on-siate current
and the off-state currenl. While a 5x on/off ratio offers an excellent read margin,
ambiguity can still arise when such memory element cells are connected in a
crossbar fashion. For example, a selected bitline can carry a sneak current of
approximalely 85-85 uA, in addition to the current of the selected cell (Tor an
example 128x128 array; different amounts of selected billine sneak currents
would correspond to different dimensions of arrays). The variation in the sneak
curmrent corresponds at least in part due to the distribution of logic 1s and Os
across the array for a given time. The lowest leakage/sneak current can arise
when avery cell of the selected bitline is in the HRS, and the highest can arise
when every cell is in the LRS. However, given a random distribution of logic 1s
and Os across the crossbar memory array, the odds of having all cells in the same
state is low. Thus, an acceptable probability arises for ranges of logic distribution
for a given data set, and a corresponding range of sneak current within which the
sneak current will be for a given state of the memory array with a very high
likelihood and probability. Accordingly, a first sense circuit 310 can sense a billine
of the crossbar memory array and determine whether the selected memory cell
304 is within an upper range and a lower range of leakage current for that bitline.
The first threshold can correspond {0 a read current of the lower range of sneak
currents, plus a value less than an “on” state for a given memory element
Accordingly, if the sneak current happens o be on the low end of probability, and
the memory element expresses a low value, the first sense circuit can safely
identify that the system is in a high-confidence range for concluding that the

memory slement is off. Similarly, the first sense circuit 310 can use the second
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thrashold, corresponding to a read current of the upper range plus a value greater
than an “off” state for a given memory element, 1o conclude that the memory
glement is on, based on such high-confidence sensing.

16026} In another example, during a read operation, the sensed current 322
may be 84 uA (using the typical memory celi values and memory array sizes set
forth above). This value is somewhat ambiguous {i.e., not satisfying either the
first or second high-confidence thresholds) because it possibly could satisfy two
interpretations absent further sensing: a selected cell 304 in an off-state
conducting 4 uA + a background current of 90 uA; or a cell in an on-siate
conducting 20 uA + a background current of 74 uA. Because of this ambiguity,
the first sense circuit 310 could recognize that the sensed current 322 is outside
of the range for the thresholds 312, 314, and the two-step sensing of the second
sense circuit 320 with ils high noise margin and low bit error rate can be used to
bypass the first sense circuit 310 and resclve the ambiguity at the second sense
circuit 320,

16027} More specifically, for an example crossbar memory array 302 having
a random distribution of logic 1s and 0s, a non-trivial number of reads to low
resistance state can have a current less than or equal to approximately 75 uA,
which could be used as a first threshold 312, The number 75 comresponds (o a
lower value of the range 70-80, plus a margin of five uA {e.q., plus a value that is
less than the full 20 uA of the on state). Similarly, reads to high resistance siate
can have a current greater than approximately 96 uA, which could be used as a
second threshold 314, The number 88 corresponds (o an upper value of the
range 70-80, plus a margin of six uA {e.q., plus a value thal greater than the 4 uA
of the off state). Such values can arise based on the cell characleristics and array
size described above, although other values are possible with different cell and
array characteristics/sizes. For these reads that satisfy the first or second
thresholds, the cell state can be predicted with high confidence, without resorting
to the two-step sensing of the second sense circuit 320, Furthermore, the first
sensing circuits 310, 3104, 3108 are shown as basic in structure, for these high
confidence reads (one o fwo transisiors and a current source, without a need for

a capacitor or other physically large component). Such basic structure does not
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need much circuit area/silicon real estate. As a result, the first sense circuits 310
can be placed in large numbers in close proximity right next to the crossbar,
incurring low wire delay due to avoiding a longer electrical path from the crossbar
{0 the first sense circuii(s) 310.

16028] Because of the multiple steps involved in the second sense circuit(s)
320 to perform reads/sensing, both the area and the latency of the second sense
circuits/famps 320 for the crossbar memory array 302 are relatively high compared
o the first sense circuils 310, 3104, 310B. As a resull, for a given bank 303, a
relatively limited number of second sense circuits 320 are shared among the mats
310, to minimize costsize/complexity at the cost of speed. For example, a
memristor sub-array 306 can use a single second sense circuifamp 320 shared
across 32 mats/crossbars 307, With each mat/crossbar 307 having 128-256
bitlines 308, this corresponds to one second sense-amp for 4096 to 8192 bitlines.
Furthermore, a shared second sense-amp 320 is located relatively farther from
the actual crossbar compared to the first sense-amp 310, and thus incurs
relatively much higher wire delay, increasing the read latency for the second
sense-amp 320. In conirast, the smali size of the first sense circuits 310 enable
a far greater number of them o be used, with the benefit of increased speed and
throughput (e.g., employing a single first sense-amp 310 per mat 307 or even per
bitline 308, far closer in proximity to the crossbar).

16029] As illustrated in the example of FIG. 3, two first sense circuits 3104,
3108 are used o provide the first and second thresholds 312, 314 for a given
bitling 208. In alternale examples, a single first sense circuit 310 can include both
thresholds 312, 314. A first sense circuit can operate as an enhanced latch, for
example, o compare reference currents. In the dlustrated example, the pair of
first sense circuits 310A, 310B corresponds o the selectad bitling 308 of the
crossbar memory array 302, to compare a given read 322 of the bitline 308
against the first threshold 312 using one of the pair of first sense circuits 3104,
3108, and to compare against the second threshold 314 using a remaining one
of the pair of first sense circuits 3104, 310B.

16038} FIG. 4 is a block diagram of a second sense circuit 420 according o

an example. The second sense circuit 420 is 1o receive a sensed current from
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memory element 404, In addition to the latch-based structure including muitiple
fransistors contained in the black box labeled “"Sensing Circuil,” the second sense
circuit 420 slso includes a pluralily of capacitors, swiiches, and additional
fransistors. Accordingly, the second sensing circuit 420 is based on a sample-
and-hold design, using a relatively more complex sensing scheme compared o
the first sense circuits, to achieve sufficient read margin and low bit error rate
(BER) in order to resolve potentially ambiguous sensed currents (e.g., using a
two-step approach) that are not high-confidence.  The muitiple additional
components, such as the llustrated capacitors, add area and latency, e.g.,
resistor-capacitor (RC) delay, to the second sense amp/circuit 420, resulting in
relatively  much  slower performance compared o the basic and fast
structure/operation of the exampie first sense circuils of FIGE. 3 and 4.

(86031} Referring lo Figures & and 6, flow diagrams are illustrated in
accordance with various exampleas of the present disclosure. The flow diagrams
reprasent processes that may be utilized in conjunclion with various systems and
devices as discussed with reference (o the preceding figures. While lustrated in
a particular order, the disclosure is not intended o be s¢ limited. Rather, it is
expressly contemplated that various processes may occur in different orders
and/or simullanecusly with other processes than those illustrated.

(60321 FIG. 5 is a flow chart 500 based on performing first-level and second-
level sensing according o an example. In block 510, a plurality of first sense
circuits of a first type perform first-level sensing of memory elements of the
crossbar memory array based on reads that are high-confidence. For example,
the first sense circuit can compare whether the sensed currents/reads Tall below
a first threshold, or fall above a second threshold, to identify whether the selected
memory element is on or off (iL.e., logic 17 or “07). In block 520, at least one
second sense circuit of a second type is to perform second-level sensing of
memory slements of the crossbar memory array based on reads that are not high-
confidence. The at least one second sense circuit is associated with a higher
noise margin and lower bit error rate than the first sense circuits. For exampis,
the second sense circuil can apply a two-step approach, using a capacilor-based

sense-and-hold design, o identify a background/leakage current for a bitline,
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identify the total current for a selected bitline, and subtract the former from the
latter to isolate the current of the selected memory element.

16033] FIG. € is a flow chart 800 based on identifying whether a read is high-
confidence according to an example. Inblock 610, a plurality of first sense circuits
of a first fype are to perform first-level sensing of memory elements of the
crosshar memory array based on reads that are high-confidence. For example,
the first sense circuit can perform fast determination of the reads based on a direct
comparison(s}, without a need o rely on a slower second sense circuit of a
second type that stores and/or subtracts mulliple values. In block 820, a given
first sensing circuit is to identify whether a given read is high-confidence based
on identifying a read current salisfying at least one of i) being less than a first
threshold associated with a low resistance state, and i) being greater than a
second threshold associated with a high resistance state. For example, the first
sense circuit can directly evaluate whether the sensed current corresponds to a
LRS or HRS for the selected memory element according to whether the sensed
current falls below the first low threshold, or exceeds the second high threshold.
Such comparisons can be performed directly using basic circuit structures not
associated with an RC time delay or other compiexities that might slow down

circuit operation.
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WHAT S CLAIMED {5:

1. A multi-level sensing circuit for a crossbar memory array,
comprising:

a plurality of first sense circuils of a first type to perform first-leve! sensing
of memory elements of the croasbar memory array based on reads that are high-
confidence; and

at least one second sense circuit of a second type to perform second-level
sensing of memory slements of the crossbar memory array based on reads that
are not high-confidence, wherein the at least one second sense circuil is
associated with a higher noise margin and lower bit error rate than the first sense

circuits.

2. The circuit of claim 1, wherein a given first sensing circuit is {o
identify whether a given read is high-confidence based on identifving a read
current satisfving at least one of i) being less than a first threshold associated with
a low resistance state, and i) being greater than a second threshold associated

with a high resistance state.

3. The circuit of claim 2, wherein the given first sensing circuit is o
identify whether the given read is high-confidence based on identifying the read

current within a timeframe.

4, The circuit of claim 3, whersin a given second sense circuit is {o
identify whether a given read is not high-confidence based on passage of the

timeframe without the first sensing circuit identifying the read current.

5, The circuit of claim 2, wherein the circuit is to bias unselected rows
and columns such that unselected celis that share a row or column with a selected
cell contribute half-selected ivakage current {o the reads, and wherein the first
threshold is chosen such that a sum of the half-selecied leakage current for a

given high-confidence read is below the first threshold.
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8. The circuit of claim 2, whersin the circuit includes at least ons first
sense circuit per bitline of the crossbar memory array, to compare a given read

of the billine against the first threshold and the second threshold.

7. The circuit of claim 2, wherein the circuit includes at least a pair of
first sense circuils per bitline of the crossbar memaory array, {0 compare a given
read of the bitline against the first threshold using one of the pair of first sense
circuits, and {0 compare against the second threshoid using a remaining one of

the pair of first sense circuits.

8. The circuit of claim 1, wherein the crossbar memory array includes
a plurality of mats including a plurality of memory cells, and wherein a given one
of the plurality of first sense circuits is associated with a corresponding one of the

plurality of mats.

9. The circuit of claim 1, wherein a given first sense circuit associated
with a given memory cell is disposed at the crossbar memory array al a closer
proximity to the memory cell than the second sense circuil associated with that

memory cell.

10.  The circuit of claim 1, wherein a given first sense circuil is faster in

operation and smaller in silicon real-estate than a given second sense circuit.

11,  The computing system of claim 1, wherein the crossbar memory

array is based on memrisior memory technology.

12, A mulli-level sensing circuit for a crossbar memory array,
comprising:

a plurality of first sense circuits of a first type to perform first-level sensing
of memory elements of the crossbar memory array based on reads satisfying at

least one of i) being less than a first threshold associated with a low resistance
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state, and i) being greater than a second threshold associated with a high
resistance state; and

al least one second sense circuit of a second type to perform second-level
sensing of memory elements of the crossbar memory array based on reads not
satisfying the first threshold or the second threshold, wherein the at least one
second sense circuit is o perform the reads by sensing a difference between

sensed currenis and background currents.

13.  The circuit of claim 12, wherein a given one of the plurality of first
sense circulls is to sense a bitline of the crossbar memory array associated with
an upper range and a lower range of leakage current for that bitline, wherein the
first threshold corresponds 0 a read current of the lower range plus a value less
than an on slale for a given memory element, and wherein the second threshold
corresponds to a read current of the upper range plus a value greater than an off

state for a given memory element.

14, A method of sensing by a mulli-level sensing circuit for a crossbar
MEMory array, comprising:

performing first-level sensing, by a plurality of first sense circuits of a first
type, of memory elements of the crosshar memory array based on reads that are
high-confidence; and

paerforming second-level sensing, by atl least one second sense circuitof a
second type, of memory elements of the crossbar memory array based on reads
that are not high-confidence, wherein the at least one second sense circuit is
associated with a higher noise margin and lower bit error rate than the first sense

circuits.

15.  The method of claim 14, further comprising identifying, by a given
first sensing circuit, whether a given read is high-confidence based on identifying
a read current satisfying at least one of i) being less than a first threshold
associated with a low resistance state, and li) being greater than a second

threshold associated with a high resistance state.
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Perform firsi-level sensing, by a plurality of first
sense circuils of a first type, of memaory elements
of the crossbar memory array basead on reads
that are high-confidence

A4

Periorm second-level sensing, by at least one  L~—""520
second sense circuit of a second type, of
memaory elements of the crossbar memory array
based on reads that are not high-confidence,
wherein the al least one second sense circuit is
associated with a higher noise margin and lower
bit error rate than the first sense circuits
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Perform firsi-level sensing, by a plurality of first
sense circuils of a first type, of memaory elements
of the crossbar memory array basead on reads
that are high-confidence

A4
identify, by a given first sensing circuit, whether a
given read is high-confidence based on
identifying a read current salisfying at least one
of i} being less than a first threshold associated
with 2 low resistance stale, and i) being greater
than a second threshold associated with a high
resistance state
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