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ENERGY EFFICIENT WRITE SCHEME FOR
NON-VOLATILFE. RESISTIVE CROSSBAR
ARRAYS WITIH SELECTORS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to and the benefit of
co-pending Intemational Patent Application No. PCT/US18/
15901. ENERGY EFFICIENT WRITE SCHEME FOR
NON-VOLATILE RESISTIVE CROSSBAR ARRAYS
WITH SELECTORS. filed Jan. 30, 2018 and published as
W(02019125507A1 and 1.8, provisional patent application
Ser. No. 62/608,055, CENLRGY EFFICIENT WRITE
SCHEME FOR NON-VOLATILE RESISTIVE CROSS-
BAR ARRAYS WITH SELECTORS, filed Dec. 20, 2017,
which application is applications are incorporated herein by
reference in its their entirety.

FIELD OF THE APPLICATION

The present invention relates to crosshar amays, particu-
larly to biasing of resistive crossbar arrays.

BACKGROUND

Resistive memories are expected to replace charge based
conventional memories. Charge based conventional memo-
ries suffer from scalability limitations, while resistive
memories have demonstrated energy benefits due to their
non-volatility characteristics. Resistive memory devices
include resistive RAM (RRAM). phase change memory
(PCM). and magnetoresistive RAM (MRAM).

SUMMARY

According 10 one aspect, a method 10 adaptively and
dynamically set a bias scheme of a crossbar array for a write
operation includes: performing a read-before-write opera-
tion to determine a number of cells n to be written during a
write operation; comparing n to a predetermined threshold
value n,, to determine an eflicient bias scheme: setting at
least one voltage regulator to provide a bias voltage accord-
ing lo the eflicient bias scheme: and performing the write
operation.

In one cmbodiment, the step of comparing n 1o a prede-
termined threshold value n,, to determine an eflicient bias
scheme includes a first bias scheme where n=n,, and a

second bias scheme where n>n,,.

In another embodiment, the first bias scheme includes a :

V/2 bias.

In yet another embodiment, the second bias scheme
includes a V/3 bias

In yet another embodiment, the step of running a read-
before-write operation includes counting a number of cells
that will switch during the write operation.

In yet another embodiment, the write operation includes
executing a write pulse,

In yet another embodiment, the step of setting at least one
voltage regulator includes setting a tunable linear regulator.

In yet another embodiment, the step of setting at least one
voltage regulator includes setting a capacitor-less regulator.

In yet another cmbodiment, a crossbar array integrated
circuit includes an on-chip integrated logic section to run the
method.

According 1o another aspect, a method 1o determine
threshold value n,, to determine an efficient bias scheme of

5

5
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a crossbar array includes: providing an array size and ratio
of a non-linearity factor of a crossbar array; and hased on the
array size and the ratio of a non-linearity factor, determining
a threshold value n, where at least two different bias
schemes exhibit substantially 2 same energy use for write
operations.

In one embodiment. the step of determining a threshold
value includes a non-linearity factor defined by an equation

Kyis

K= o

where K., is a non-linearity factor for a V/3 bias scheme
and K., is a non-linearity factor for a V/2 bias scheme.

In another embodiment. the step of determining a thresh-
old value includes an equation:

eett(Varise) Ronav,iet?

K = =2x el and
T et Waarne £ ) Ror
K= PeeiitlViree) L RBontbetd
Y et Verie 5 [

where lz.‘f.'”(vl--ﬂlr)‘ Ic‘eli(\’,wn'ujz)' [-.-r!'f(vt--n(ers) are. respec-
tively, a current passing through a cell when a cell voltage
is equal 10 a write voltage, one half of a write voliage. and
onc third of a writc voliage, and R,,. R, g, 2 and
Ronav, s are, respectively, a cell resistance during an
on-state when a cell voltage is equal to a write vollage. one
half of a write voltage. and one third of a write voltage.

In yet another embodiment, the slep of determining a
threshold value includes an equation:

INT KN

Ky,
where K, = pal -

e S N 6K, 3 X

and N is the array size.

According to yet another aspect, an energy eflicient
crossbar amray device includes an integrated crossbar array
with an IO control, read/write conirol, row and column
decoders and drivers, and a data port. A read-before-write
counter is coupled to the data port. The read-before-write
counter is also coupled to a first input port of a comparator.
A second input port of the comparator has as input, a
predetermined threshold value. A program bias reference
logic element is coupled 1o an output of the comparator. At
least one settable bias generator or mnable voltage regulator
is coupled 10 the program bias relference togic element. The
at least one settable bias generator or tunable voltage regu-
lator provides a bias voltage according to a bias scheme 1o
at least one driver. The bias voltage is dynamically altered
between at least a first bias scheme und a second bias
scheme. responsive to a number of selected cells n during a
write operation in comparnison with the predetermined
threshold value.

In one embodiment. the first bias scheme includes a V2
bias scheme.

In another cmbodiment, the second bias scheme includes
a V/3 bias scheme.

In yet another embodiment. the integrated crossbar amray
includes a non-volatile resistive crossbar array.
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In yet another embodiment, the at least onc scttable bias
generalor or tunahle voltage regulator includes an integrated
linear regulator.

In yet another embodiment. the integrated linear regulator
includes a capacitor-less regulator.

The foregoing and other aspects, features, and advantages
of the application will become more apparent from the
following description and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The features of the application can be better understood
with reference to the drawings described below. and the
claims. The drawings arc not necessarily to scale, cmphasis
instead generally being placed upon illustrating the prin-
ciples described herein. In the drawings, like numerals are
vsed 10 indicate like parts throughout the various views.

IFIG. 1A is a diagram illusirating a bias scheme for a two
bit write operation with a V/2 bias;

FIG. 1B is a diagram illustrating a bias scheme for a two
bit wrile operation with & V/3 bias;

FIG. 1C is legend showing selected cells, half-selected
cells, and unsclected cells for FIG. 1A and FIG. 1B;

FIG. 2A is a graph showing energy consumption of a
crossbar array with respect to an array size;

FIG. 2B is a graph showing energy consumption of a
crossbar array with respect to a number of selected cells;

FIG. 3A is a graph showing the effect of the number of
selected cells on the energy consumption of a crossbar array
for the V/2 and V/3 bias schemes:

FIG. 3B 15 a table showing a summary of parameters tor
a write operation;

FIG. 4 is a graph showing the effect of the nonlinearity
factor on the energy consumption of a crossbar array for the
V12 and V/3 bias schemes;

FIG. 5 is a 3D graph showing a comparison of the energy
consumption in terms of the array size and number of
selected cells for the V/2 and V/3 bias scheimes;

FIG. 6 is a comtour plot showing energy savings of the V/3
bias scheme as compared to the V/2 bias scheme:

FIG. 7 is a 3D contour plot showing a Ratio of the
nonlinearity factors K,,; to K.

FIG. 8 is a graph showing a raiio of the switching energy
w the tal energy in terms of the array size;

FIG. 9 illustrates writing an eight bit word;

FIG. 10 is a proccss flow diagram showing exemplary
steps of an energy efficient write scheme according 1o the
Application;

FIG. 11 is a graph showing energy improvement in terms
of the number of selected cells:

FIG. 12A is a 3D bar and curve graph illustrating energy
savings for different array sizes and number of selected cells
considering K,—1000/20;

FIG. 12B is a 3D bar and curve graph illustrating energy
savings for different array sizes and number of selected cells
considering K, 345/20;

FIG. 12C is a 3D bar and curve graph illusirating energy
savings for different array sizes and number of selected cells
considering K,=345/50;

FIG. 13 is a 3D contour plot showing a number of selected
cell in which the energy for both bias schemes are equal with
respect to K, and the array size N;

FIG. 14 is a block diagram showing an exemplary non-
volatile resistive crossbar array with sclectors according to
the energy efficient write scheme of the Application;

FIG. 15 is the block diagram of the resistive crossbar
array 1400 of FIG. 14 indicating the group of blocks which
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have been added to a conventional crossbar array to perform
the process of the Application; and

FIG. 16 is a schematic diagram exemplary non-volatile
resistive crossbar array with selectors according to the
energy ellicient write scheme of the Application.

DETAILED DESCRIPTION

In the description, other than the bolded paragraph num-
bers, non-holded square brackets (“[ |”) refer to the citations
listed hereinbelow.

The writc operation of a resistive memory based on a
one-selector-one-resistor crossbar array consumes signifi-
cant cnergy and is dependent on the device and circuit
characteristics as well as the bias scheme. The energy
efficiency of a crossbar array of a one-selector-one-resistor
{1S1R) configuraticn during a write operation is described
hereinbelow for V/2 and V/3 bias schemes. I was realized
that through a new selection process V2 and V/3 bias
schemes. the energy efliciency of a crossbar array of a
one-selector-one-resistor (1S1R) confliguration during a
write operation can be improved. Characteristics that affect
the most energy eflicient bias schemes are also described.
The write energy of a crossbar array is modeled i terms of
the array size, number of selected cells, and nonlinearity
factor. For a specific array size and selector technology, the
number of selected cells during a write operation can affect
the choice of hias scheme. The effect of leakage current due
to partially biased unselected cells is also described. [ur-
thermore. an energy eflicient write operation based on a
hybrid bias scheme is described which reduces wrile energy.
‘This new write operation adaptively sets a bias scheme
based on the number of seleeted cells to enhance overall
energy efliciency. Energy improvements of more than 2x
have been demonstrated with this hybrid bias scheme.

Part 1--Introduction

As descnbed hereinabove, resistive memories are
expected to replace charge based conventional memories
due to scalability limitations and energy benefits due to
non-volatithty characteristics. Resistive memory devices
such as resistive RAM (RRAM), phase change memory

5 (PCM], and magnetoresistive RAM (MRAM) have been

cxplored for non-volatile memorics [14. 19, 24, 25|. To
achieve high density. these resistive devices are placed
within a crossbar array structure. The area of a memory cell
in a RRAM based crossbar array wtilizing a two terminal
one-selector-one-resistor (1S1R) configuration can be as low
as 4F2, where F is the minimum feature size of a technology
node [24]. These arrays can be placed within metal layers.
supporting cell placement above the CMOS logic, further
reducing area. Moreover, a crossbar array can be configured
as a logic gate, providing a path to non-von Neumann
in-memory computing (32]. To enable this capability. how-
ever, the energy consumption of a crossbar array should be
within practical limits due to thermal design power (TDP)
envelope constraints in high performance integrated circuits
(1Cs) and the limited battery size of mobile devices. The
energy consmption of 1SIR memories increases signifi-
cantly as the size of the array grows. In particular, the write
energy is a large portion of the total energy and is signifi-
cantly greater than the read encrgy [17]. This difference is
due to the long switching times of the selected devices
whereas the read latency primarily depends upon the sense
amplifier which improves with technology scaling. The
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write latency is typically on the order of a few hundred
nanoseconds whereas the read latency can be as low as 5 ns
[31].

The energy consumption of a crossbar array during a wrile
operation depends upon the bias scheine, typically a V/2 or
V/3 bias scheme [4, 33] (See Part 2). Most of the work
described in the prior ant literature considers the V/2 bas
scheme [17, 18] The advantages of one bias scheme over
the other bias scheme in terms ol energy efliciency are
unclear in the prior art. Furthermore, the V72 bias scheme is
often clainmed to be more energy efficient than the V/3 bias
scheme {25, 26]. The most energy eflicient bias scheme can
however vary depending upon the circuit and device char-
acteristics. In particular, the sclector device has a profound
effect on the energy consumption since the leakage currents
due to partially biased cells increases with array size. The
selector device within a crossbar array suppresses the cur-
rents under a low voltage bias while supporting higher
currents under a high voltage bias. Different three terminal

devices such as an MOS transistor and bipolar junction :

transistor as well as two terminal devices such as a silicon-
based diode and metal-insulator-metal tunneling barrier
have been considered [27, 29]. Three terminal transistor
based selector devices provide greater isolation between the
selected cells and unselected cells within a crossbar array.
This solution however significantly increases cell area and
inhibits scalability. Two terminal selectors can however be
vertically integrated within a non-volatile resistive cell.
preserving the arca. A wide range of two terminal selectors
exist which can be classified into two categories, unipolar
and hpolar. In addition, depending upon the material and the
non-volatile resistive cell. the selector can be a silicon based
diode. self-rectifying device, or metal-insulator-metal
(MIM) with different kinds of twnneling mechanisms
depending vpon the thickness of the insulator material [28].
In this Application to illustrate the new device structure and
method. an exemplary 1S1R element is used to refer 10 a
non-volatile resistive cell integrated with a two terminal
selector device. To incorporate the effects of the selector
within an array. the nonlinearity factor is used as the primary
melric to quantify the isolation capability (See Part 2).

In this Application, write bias schemes are compared from
an energy efficiency point of view for the exemplary 1SIR
crussbar arrays with two lerminal selectors. It is shown here
that the bias scheme that provides the highest encrgy efli-
cicney depends upon scveral parameters such as the non-
linearity factor of the selectors. size of the array, and number
of selected cells during a write operation. Closed-form
expressions that model the write energy of a crossbar array
in terms of these parameters. excluding the peripheral cir-
cuitry. are provided for the case where the interconnect
resistance is negligible. The exemplary models are appli-
cable to both unipolar and bipolar devices. Most of the prior
art does not consider the effects of writing multiple bits (i.e.,
multiple selected cells) on the energy consumption of an
array. In [17] and [18). the power consumption when select-
ing multiple bits is considered: however, only for the V/2
bias scheme. In this Application, newly realized devices and

methods for writing multiple hits on the energy efliciency ot

different bias schemes are described. Moreover. the effects
of leakage current on energy consumption are discussed. In
addition, an energy efticient write scheme is described that
adaptively utilizes both the V/2 and the V/3 bias schemes to
lower the write cnergy. Based on the described write opera-
tion, the new bias scheme alters for maximum energy
efficiency depending upon the number of selected bits,
which can vary for different write operations. In Part 2, the
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bias schemes during a write operation are described. In Part
3, models of the energy consumption are described. In Part
4, the new energy efficient write scheme of the Application
is described. Pant 5 is the conclusion.

Pan 2—Write Operations

The two types of write bias schemes, V/2 and V/3, for a
crmsshar array such as the exemplary crossbar array 100 of
FIG. 1A, FIG. 1B, and FIG. IC. FIG. 1A shows a bias
scheme for a two bit wrile operation with a ¥/2 bias. FIG.
1B shows a bias scheme for a two bit write operation with
a V/3 bias. FIG. 1C shows a legend of selected cells 110,
half-selected celts 111, and unsclected cells (V,,,./3 121,
0V 122) for FIG. 14 and FIG. 1B.

For the V/2 bias scheme, the selected wordline is con-
nected to the write voliage while the selected bitlines are
grounded. The unselected wordlines as well as bitlines are
biased to half of the write vohage. Similarly. for the Vi3 bias
scheme. the selected wordline is connected o the write
vollage while the selected bitlines are grounded. The unse-
lected wordlines are biased at one third of the wnite voliage
whereas the unselected bitlines are biased at two thirds of the
wnic voltage. The voltage drop across the unselected cells
along the selected wordline and sclected bitlines. also called
the half-selected cells, are therefore biased at one half of the
write vollage lor the V/2 bius scheme. For the Vi3 bias
scheme, this voltage decreases to one third of the write
voltage. More importantly, the cells on the unselected word-
lines and bitlines are a1 zero voltage for the V2 bias scheme
and at one third of the write voltage for the V/3 bias scheme,
resulting in a lurge number of cells leaking current when the
V/3 bias scheme is applied.

The leakage current of the unselected cells depends upon
the nonlinearity factor of the selector. The two terminal
selector is placed above a resistive cell to form a nonlinear
[-V characteristic. A selector with a higher nonlinearity
factor further decreases the current of the cell when biased
below the threshold voltage of the selector [3]. The leakage
current due to the partially biased unselected cells is there-
fore suppressed, decreasing IR voltage drops and supporting
larger array sizes | 1]. The nonlinearity factor of a selector is
the ratio of the current passing through a selected cell to the
current passing through a half-selected cell. The nonlinearity
factor of the V/2 and V/3 bias schemes are, respectively,

Ky s Tt Varial - L {eguation 11
Y fetWared D T Rem

Ky = Feei Varie ) 1x RovgV, iyt [eyuation 24
VT Wl D R

where LoVyn) boaVaumd/2), and 1V, J3) are,
respectively, the current passing through the cell when the
cell voltage is equal to the write voltage. one half of the write
voltage, and one third of the write voliage. R, R, g /2
and R, 5. are. respectively, the cell resistance during an
on-state when the cell voltage is equal ta the write voltage,
one half of the write voltage. and cne third of the write
voltage. The leakage current therefore depends upon the bias
scheme, which is related to the nonlincarity factor.

The nonlincarity factor K, of a one-selector-one-resistor
(1S1R) device is typically on the order of 10' w0 107,
whereas K., is on the order of 10* 1o 10* [5, 7-13]. A
selector device with an on/off ratio as high as 10* has
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recently been demonstrated [6]. The choice of bias scheme
can therefore greatly affect the energy consumption.

Part 3 Energy Models

In Part 3, a model of the energy consumption of the V/2
and V/3 bias schemes is described. A design guideline for
choosing the proper bias scheme is explained in Part 3.1.
Moreover, the effect of the nontinearity factor on the choice
of bias scheme is described in Part 3.2. The effect of leakage
current on the total energy consumption is discussed in Part
33

To provide an intuitive closed-form expression that mod-

cls the energy consumption of a crossbar array. the inter-
connect resistance is assumed to be negligibly small.

Although this assumption is not always practical in large
arrays. it permits the effects of the critical paramelers on the
energy consumption, such as the nonlinearity factor, size of

the array, number of selected cells, and bias scheme. to be

captured while retaining simplicity and providing intuitive
expressions. An array wilth an equal number of rows and
columns biased according to the V/2 and V/3 bias schemes,
as illustrated in FIG. 1. is considered. The selected devices
are mudeled based on the VIEAM model [36] considering
linear switching, and the remaining devices are modeled as
resistors. The switching devices are considered to be sym-
melric with equal on/off’ threshold voltages and equal set/
reset times, The switching energy during set and reset
operations is therefore the same (See Appendix). Based on
these considerations and assumptions, the energy consump-
tion of a crossbar array for the V/2 and V/3 bias schemes are,
respeclively,

by (N &N =2m) . fequation 3)
Evir = Vinee K:“ 3 fw +0E,,
) ta (N —m {equation 41
Eypy = V.vmerwl g o +11Es
where V. is the write voltage, I, 1s the cell current when

biased at the write voltage during the on state, N is the
number of rows and columns. n is the number of sclected
cells, t,, . is the switching time, and L is the switching
energy consumption of the selected device,

.
Vi

lequation 3}
Eyw =

)

R,. and R, sare. respectively. the LSIR cell resistance during
the on and off states (for more details see the Appendix). The
resistance of the selector device due to the limited current
density is assumed to be considered in R, and R ;. Note that
the second term in (3) and (4) is the dynamic portion of the
total encrgy due to switching the sclected cells while the first
term is due 10 the leakage current of the half-selected and
unselected cells.

The closed-form expressions are in good agreement with
modcling in SPICE, exhibiting an average crror of 0.04%
and a maximum crror of 0.74%, as shown in FIG. 2A and
FIG. 2B. FIG. 2A is a graph showing energy consumption of
a crossbar array with respect lo an array size. FIG. 2B is a
graph showing energy consumption of a crossbar array with
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respect to a number of selected cells. For both of FIG. 2A
and FIG. 2B, R, =10°Q, RafIO’Q. K,,,=20. K, ,=1,000,
and V.2V

The energy consumption scales differently with respect to
array size for diflerert bias schemes. The V/2 bias scheme
follows a linear trend. whereas the V/3 bias scheme scales
superlinearly with array size (~N2). Moreover, while the
energy consumption for the V/2 bias scheme is strongly
dependent on the number of selected cells, the V/3 bias
scheme is constant for large arvays (N>>n). Note that E,,
quadratically scales with N. exhibiting a near constant
profile with respect to n if N>>n, Under this condition, while
the switching energy continnes to grow with large n since
the leakage energy dominates for large array sizes, E,,
remains insignificant. The effect of n on the energy con-
sumption for different array sizes is illustrated in the I'1G.
3A.FIG. 3A is a graph showing the effect of the number of
selected cells on the energy consumpltion of a crossbar array
for the V/2 and V/3 bias schemes, assuming K., -20 and
K;,~1.000. FIG. 3B. Table 1 shows a summary of the
parameters which are used in the following simulations
(unless otherwise noted).

The increasing number of selected bits per write operation
significantly adds to the energy consumption of the V2 bias
scheme, The V/3 bias scheme remains relatively constant for
large amay sizes. This behavior is due to the increasing
nuniber of half-selected cells for the V/2 bias scheme with
increasing n. In contrast, for the V/3 bias scheme. the
variation in the number of unselected cells become negli-
gible as n increases if the size of the array N is much larger
than n.

One method o decrease the energy consumption is by
using selectors with a higher nonlinearity factor. A higher
nonlinearity factor decreases the leakage current of the
unselected cells, improving the ability of the selector 10
isolate the switching cell from the rest of the unselecled
array. The effect of the nonlinearity factor on the energy
consumplion is shown in FIG. 4. FIG. 4 is a graph showing
the effect of the nonlincarity factor on the encrgy consump-
tion of a crossbar array for the V/2 and V/3 bias schemes,
assuming n-4. Note that with increasing nonlinearity factor,
the energy consumed during both bias schemes decreases
since {eq. 3) and (eq. 4) are, respectively. inversely propor-
tional to K., and K ;.

Part 3.1 —Energy Efficicnt Bias Scheme

Depending upon the array size, one bias scheme is more
efficient than the other bias scheme. The number of selected
cells n during a write operation may however alter the most
encrgy cfficient bias scheme, as shown in F1G. 8. FIG. 5 is
a 3D graph showing a comparison of the energy consump-
tion in terms of the array size and number of selected cells
for the V/2 and Vi3 bias schemes, assuming K,.,-20 and
K.;=1.000. Note that the line of intersection between the
two bias schemes (where E,,=E,,;) spans a range of array
sizes (N=128.256, and 512) depending upon the number of
selected bits. The line of intersection bends for different
values of n because the V/2 hias scheme scales with the
number of selected cells as opposed 1o the V/3 bias scheme
which remains relatively constant.

Extra energy is expended due to an incorrect choice of
bias scheme, wasting significant power during a write opera-
tion. The ratio of the encrgy consumption between the two
bias schemes is shown in FIG. 6. FIG. 6 is a contour plot
showing energy savings of the V/3 bias scheme as compared
10 the V/2 bias scheme assuming, the same parameters listed
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in FIG. 5. The solid linc is the contour where the encrgy
consumption bhetween the two bias schemes is equal. The
right side of the conour is the region where the V/2 bias
scheme is more efficient than the V/3 bias scheme, and the
lelt side s where the V/3 bias scheme is more eflicient than
the V/2 bias scheme. Because increasing the number of
selected cells consumes more energy for the V/2 bias
scheme for low n, the V/2 bias scheme remains more energy
efficient over a wider range of array sizes. In contrast, for
high n. the V/3 bias scheme is more energy efficient over a
wider range of array sizes. The write energy can be as much
as 5x fower for a 128x128 arry und 10x lower for a 64x64
array using the V/3 bias scheme with eight selected bits. For
large arrays, however, because the number of cells leaking
current during the V/3 bias scheme scales with N7, the V/2
bias scheme can consume as much as 7x lower energy for an
array size of 1024x1024 with single bit operation.

The interconnect resistance changes the location of the

contour (See FIG. 6) where the energy for both bias schemes >

is equal. Because the leakage current due to the half-selected
cells for the V/2 bias scheme is significantly greater than the
leakage current of the cells hiased at one third of the write
voltage. the IR voliage drops are greater for the V/2 bias
scheme [1]. Thus. the voliage drop across the selected cells
for the V/2 bias scheme is smaller than for the V/3 bias
scheme. The switching time of the selected cells tor the V72
bias scheme is therefore longer, increasing the energy con-
sumption [36] and resulting in the V/3 bias scheme being
more energy ¢flicient. This effect is more pronounced with
larger IR voltage drops. resulting in slower switching times.

Part 3.2 Impact of Nonlincarity Factor

The bias scheme affects the total leakage current due to -

the dillerence between the nonlinearity factors and the
number of leaking celts. While the size of the array as well
as the number of selected bits affect the choice of energy
efficient bias scheme, the difference between the nonlinear-
ity factors (K, and K,.,) determines the range of N and n
at which the two energy consumptions. [, and I, ,. are
equal. For instance. 1f one nonlineanty factor is much
wrealer than the other nonlinearity factor, the bias scheme
that provides the higher nonlinearity factor will be the most
energy efficient bias scheme for a wide range of N and nn. The
ratio of the two nonlinearity factors, K,., and K. 1s a
function of the armay size and number of selected cells.
Based on this ratio. for the V/3 bias scheme to be more
energy efficient than the V/2 bias scheme, the following
condition should be satisfied,

Ky X N -n fegueation G

K  ANn+N-In

Noite that tor negligible parasitic interconnect resistance,
(eq. 6) is a function of the size of the array and number of
selected cells. The varation of K., to satisty (eq. 6) is
shown in FIG. 7. FIG. 7 is a 3D contour plot showing a ratio
of the nonlinearity factors K,,; to K., to maintain equal
energy consumption for the V/2 and V/3 bias schemes in
terms of the array size and number of sclected cells. The Vi3
bias scheme is more energy cfficient if K, 5 is at icast two

orders of magnitude greater than K,., for array sizes up to ¢

1024x1024 with six selected bits or an armray size up (o
256x256 with a single selected bat.
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Part 3.3—Write Pulse Width

The pulse width to successfully program the selected cells
depends upon the switching time of the cells. While shorter
pulses may produce wrile failures, extended pulse widths
may consume excessive power, degrading the energy effi
ciency. Due to the significance of the leakage current of the
unselected cells, the pulse width should be set with preci-
sion. For large arrays. the leakage current portion of the total
energy dominates. making the switching energy E_,, negli-
gible, as shown in FIG. 8. FIG. 8 is a graph showing a ratio
of the swilching energy to the total energy in terms of the
array size where R,,,~10°Q, R_,~10°Q, and n-4,

Note that the switching energy for the V/3 bias scheme is
a larger portion of the total energy as compared to the V/2
bias scheme. This difference is due to the smaller leakage
current for the V/3 bias scheme due 1o the larger nondinearity
factor, K. Similarly, a higher nonlinearity factor reduces
the leakage energy, resultmg in the switching energy being,
more pronounced and exhibiting greater energy efficiency.
The switching energy is less than 10% of the total energy for
array sizes exceeding N—128.

To lower the energy due 1o leakage currents, the pulse
width can be sel as precisely as possible, sufticient to switch
the selected cells. This excess energy due to leakage currents
uses write termination circuitry 1o isolate the write voltage
from the array once successful switching is achieved. While
write termination techniques have been adopted for resistive
cells based on STT-MRAM due to the stochastic nature of
the switching process [35], a similar approach in RRAM
based 1SIR crossbar arrays can be useful to save energy
since an over extended write pulse can significantly reduce
the energy efliciency due to the large leakage currents. The
write termination circuitry exhibits a negligible energy over-
head of, on average, less than 100 fJ [35].

Pant 4—Energy Efficient Hybrid Write Scheme

In Part 4. a write scheme 1s described which improves the
energy efliciency of a crossbar array during write operations.
The optimal choice of the energy eflicient bias scheme is
explained in Part 4.1. System and process overhead is
discussed in Part 4.2,

The number of selected cells affects the energy of an array
and can be used to determine the most energy eflicient bias
scheme. The described write scheme improves the energy
elliciency by adaptively switching between the V/2 and V/3
bias schemes depending upon the number of selected cells
during a write operation. The number of selected bits during
a wrile operation depends upon the difference between the
patterns of the old data and the new data, as shown in FIG.
9. FIG. 9 illustrates writing an eight bit word. Four bits of
the new siring are the same as the old string: however, only
three bits are selected since one bit requires a resel whereas
the other three bits require a set operation.

Consider a word size of eight bits. 1 the new data are the
same as the old data, the number of selected cells is equal to
zero, I, however the new data are different than the previous
data, the number of selected cells depends separately upon
the number of sets and resets, since in resistive memories,
writing a 1 or a 0 requires two different write operations. A
read-before-write technique can be used to determine the
number of bits [23]. This approach detects those cells that
require switching, reducing excessive energy consumplion
during a write ope@tionl, By adopting a similar approach 1o
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monitor the number of selected cells during cach write
operation, the optimal energy efficient bias scheme can be
determined.

The steps summarizing the write process using the energy
efficient write scheme is shown in FIG. 10. TIG. 10 is a
process flow diagram showing exemplary steps of an energy
efficient write scheme according to the Appiication. The
initial step is a read-before-write operation. followed by
counting the number of cells that will switch for the new
string of data. Once the number of selected cetls n is known,
n is compared o n,, iSce Part 4.1) for a specific array.
Following this step, the power delivery system is configured
1o support either the V/2 or V/3 bias scheme to lower the
energy. During this step the crossbar array remains idle,
therefore no energy is consumed. Finally, once the regulator
voltage converges to the appropriate bias scheme, the write
pulse is executed o write the new data and complete the
write process.

Pant 4.]—Optimal Choice of Bias Scheme

The bias scheme of a crossbar array is altered when the
number of selected cells n crosses a threshold, n,,. At this
threshold. the write energy of the V/2 and V/3 bias schemes
are equal. Since the energy for the V/2 bias scheme grows
with increasing n, if n<n,. the power delivery system
swilches to the V/2 bias scheme. H n>n,,,. the power delivery
system switches to the V/3 bias scheme. The energy savings
in terms of the number of selected cells n is shown in FIG.
11. FIG. 11 is a graph showing energy improvement in lerms
of the number of sclecied cells. assuming N=128, K,,,=20.
and K., 345. The write operation of the Application
chooses the most energy cfficient bias scheme based on the
number of selected cells n with respect to n,,,.

Note that if n,, is four. the V/2 bias scheme provides as
much as a 2.5x cnergy improvement for a 128x128 array
when a single bil is selected. The V/3 hias scheme provides
up to a 1.8x savings in energy when eight bits are selected.
Note, however, the size of the array N as well as the ratio of
the nonlinearity factor K, can aflect the most energy ellicient
bias scheme. Depending upon N and K,. n, may reside
outside the range of allowed values of n.

The effect of N and K, on the energy savings is shown in
FIG. 124, FIG. 12B, and FIG. 12C. FIG. 12A is a 3D bar
and curve graph illustrating energy savings for different
array sizes and number of selected cells considering
K, 1000/20. FIG. 12B is a 3D bar and curve graph illus-
trating energy savings for different array sizes and number
of selected cells considering K,~345/20. FIG. 12C is a 3D
bar and curve graph illustrating encrgy savings for different
array sizes and number of selected cells considering
K,=345/50. Nole that the hybrid bias scheme only benelits
specific array sizes for a fixed value of K,. For instance.
according to FIG. 12A, FIG. 12B, and FIG. 12C, the hybrid
bias scheme can be used for an array size of, respectively,
512x512 or 256x256, 128x128 (same as shown in FI1G. 11).
and 64x64. The curve along the N and n axes spans the
regions where no energy savings exist (i.e.. unity). I the
array sizc is above this curve, the bias scheme is sct to V/2.
If below this curve, the bias scheme is set to V/3, If the array
size 1s neither above nor below this curve, the hybrid bias
scheme can be used 10 improve the energy efficiency.
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By sctting the energy for both bias schemes, (¢q. 3) and
(eq. 4). equal, the number of bits in which both bias schemes
consume the same energy n,, can be determined. Based on
this equality, n,, is

INT KN lequation 71
"= 3N 6K, +2
where K, is the ratio of the nonlinearity factors.
Kvpa iequation 81
K ==
Kyn

Note that n,, is a function of K, and the array size N when
the interconnect resistance is negligible. The change of n,, as
a function of K, and the array size N are shown in FIG. 13,
FIG. 13 is a 3D contour plot showing a number of selecied
cell in which the energy for both bias schemes are equal with
respect to K, and the array size N. For large arvays with low
K. n,, increases significantly, reaching 16. This effect is due
to the diminishing savings in encrgy of the V/3 bias scheme
with increasing array size. resulting in a large number of
unselected cells leaking current, which scales with N2
Furthermore, a lower K, means the difference in leakage
current between the half-selected cells for both bias scheme
decreases. Thus. the V/2 bias scheme is more energy efli-
cient for a wider number of selected cells. Because the
leakage current of the unselected cells for the Vi3 bias
scheme decreases relative o the leakage current of the Vi2
bias scheme, as K, increases. the V/3 bias scheme becomes
more energy eflicient for a wider number of selected cells,
hence decreasing n,,,. In addition. if the interconnect resis-
tance incurs significant IR voltage loss, n,, decreases since
the switching time for the V/2 bias scheme is larger than the
V/3 bias scheme due to the voltage degradation across the
selected celis [1]. Increasing K, from a few tens to 100 can
reduce n,, from 16 to six. If n, is larger or equal to the
maximum number of selected cells (e, word size), the
array is biased with only the V/2 bias scheme rather than the
hybrid bias scheme (see FIG. 11}. The nonlinearity factor of
a 1S1R cell for the V/2 bias scheme is typically less than 100
whereas the nonlinearity factor for the V/3 bias scheme
reaches a few thousands. K| is typically in the range ot a tew
tens to several hundreds.

Part 4.2—Overhead

While the V/2 bias scheme uses two voliages, V.. and
V2. the ¥V, . /3 bias scheme uses three voltages,
namely, V...V, .3 and 2V __ /3. a hybrd solution
using both bias schemes, uses four voltage levels. Providing
a large number of heterogeneous on-chip voltages can be
challenging due to the limited board area for the ofl-chip
power supplies and the limited number of power I/0s. In [3].
a boost converter with a charge pump is used to bhias 1he
array. This boost converter approach is less feasible for a
hybrid bias scheme with multiple voltage levels because the
switching conventer requires large off-chip inductors as well
as large capacitors, greatly increasing the arca and therefore
the cost [34]. Lincar regulators, alternatively, arc less power
eflicient as opposed to switching converters; however, linear
converlers are much smaller since bulky capacitors or induc-
tors are not required [16]. Heterogeneous power delivery
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systems with a large number of voltages using on-chip lincar
regulators have heen described [15A, 158, 30]. These on-
chip voltage regulators can be placed close 1o the load.
further reducing the response time while providing fast local
power management o control the bias scheme (as opposed
10 an off-chip power management solution which exhibits
higher latency) {22]. Programming of the on-chip regulators
has been described, for example, by references {20, 22].

As described hereinabove, by programming the reference
vohage of the on-chip regulators, we realized a new bias
scheme for an energy efficient write scheme for non-volatile
resislive crossbar arrays with selectors where (he bias can be
dynamically altered between V/2 and V/3 responsive to a
number of selecled cells during a write operation.

‘The energy eflicient write scheme described by this Appli-
cation provides energy savings as high as 2.5x as compared
to a conventional system with a single bias scheme. The
wrile process however incurs additional steps as compared

to a conventional write operation with a constant bias 2

scheme (See FIG. 10), increasing the write latency. The
wrile lalency is typically the switching time of the 1S1R cell.
in the described hybrid write scheme, however, the read-
before-write operation adds a read operation for every write
operation. The time used to compute and compare n with
respect to n,, should be considered in addition to the switch-
ing time of the 151R cell.

In memory systems, the read operation is typically a
primary performance bottleneck. If, however the write
latency increases significantly, it can inhibit memory per-
formance. Thus. a fast power delivery system is should be
used for time constrained memory applications such as
DRAM and cache memory. For slower memory systems,
such as flash, the stringent timing requirements can be
relaxed. While the read latency is significantly smaller than
the write latency [17] and can be as low as five nanoseconds
[31], the time required to program the voltage regulators has
10 be within a few nanoseconds to prevent write dependent
performance limitations. Hence, on-chip voltage regulator
(as opposed to an off-chip regulator) should be used, because
unlike on-chip local regulation. ofl-chip power management
and regulation cannot provide sub-ps bandwidth [22].

The energy overhead of the energy eflicient write scheme
1s insignificant. The wnite operation for a 1S1R crossbar
array is Lypically on the orders of hundreds of nanojoules
[17]. The read operation during the read-before-write
requires negligible energy, typically less than one nancjoule
since the read latency is significantly less than the write
latency. The programmable CMOS reference voltage con-
sumes a few picojoules [21]. assuming a switching time on

the order of hundreds of nanoseconds. Further lowering of

the overhead of the wnie latency in time constrained
memory applications can improve the write scheme of the
Application.

FIG. 14 is a block diagram showing an excmplary non-
volatile resistive crossbar array 1400 with selectors accord
ing to the energy efficient write scheme of the Application.

FIG. 15 is the block diagram of the resistive crossbar
array 1400 of FIG. 14 highlighting a group of blocks 1501
which have been added to a conventional crossbar array to
perform the process of the Application. The group of blocks
1501 include new structure where the output data from the
sense amplifiers are sampled, compared to n,, and used to
tune the bias generators, The blocks outside of the new
group of blocks 1501, such as including various row and
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column decoders and drivers, operasie in a conventional
matter as will be well understoed by those skilled in the art.

FIG. 16 is a schematic diagram exemplary non-volatile
resistive crossbar array 1600 with selectors according to the
energy efficient write scheme of the Application. Another
improvement includes the use of on-chip capacitor-less
programmable low drop out linear regulators (LDO). The
non-volatile resistive crossbar array 1600 is powered by an
off-chip switching regulator 1610.

other types of bias generators- The exemplary crossbar
arrays of the application generally use fully integrated LDOs
with tunable output voltages. However, any suitable seuable
voltage source or regulator can be used as the bias generator.
Because of the switching speeds used, typically the settable
or tunable voltage source or voltage regulator will be
disposed on-chip, such as in a fully intcgrated on-chip
structure.

Part S—Conclusion

The energy consumption of a 1S1R crossbar array lor two
bias schemes, V/2 and V/3, for optimal energy efficiency has
been described hereinabove, Closed-form expressions that
intuitively model the energy consumption in terms of the
nonlinearity factor, size of the array, and number of selected
cells have also been described. The most energy efficiemt
bias schemes depend upon the size of the array as well as the
number of selected cells during a write operation. The
energy consumed during both the V/2 bias scheme bias
schemes and the V/3 bias scheme scale differently. The V/2
bias scheme is more energy efficient for large arrays. As the
number of sclected cells increases. however. the Vi3 bias
scheme achieves greater energy efficiency. The Vi3 bias
scheme provides higher efliciency, decreasing the energy
consumption by an order of magnitude for a 64x64 amray
with cight selected cells. As the array size increases and the
number of selected cells decreases. the energy benefits of the
V/3 bias scheme diminish.

For the V/3 bias scheme 1o be as energy eflicient as the
V/2 bias scheme for large arrays (N>128), K., should be
wo orders of magnitude greater than K.,. The appropriate
choice of bias scheme can save an order of magnitude of
energy. A higher nonlineanty factor significantly decreases
the energy consumption by suppressing leakage currents
within the hall-selected and unselected cells. The switching
energy is a negligible portion of the total energy for large
arrays (N=>128). To prevent excess energy consumption due
to leakage currents, wrile termination circuitry can be used
to prevent over extended write pulses

An energy eflicient write scheme has been described to
improve the energy efliciency during write operations. The
exemplary write operation uses a hybrid bias scheme to
exploit both the V/2 and V/3 bias schemes to enhance the
energy etliciency based on the number of selected cells. The
number of selected cells in which the bias scheme swiltches
(n,,) has been described and characterized. Energy improve-
ments provided by the hybrid write scheme can be at least
as high as 2.5x. To effectively exploit the energy efficient
write scheme in time constrained memory systems, the
program ime of the voltage regulators and the time to
compute n,, should be on the order of a few nanoseconds.
The described write scheme incurs negligible energy over-
head.
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APPENDIX

To estimate the switching energy of a resistive cell. the
resistance is modeled as a linear function during the switch-
ing interval. The resistance during a set operation is

I 1 won
Rity= R + - (R R',: ¥ equation

assuming the set operation is initiated between t+0 and
11, If the interconnect resistance is negligible, the voltage
across the cell is equal to the write voltage V The power
consumption is

wrire’
lequation 14

Integrating (10) over the set period, the energy consump-
tion is

eer Vi R tequation 113
Eyer = l.o P lt)dr Rom - Ry l:{ = ]r,...

For a symmetric resistive cell where the set and reset
voliages as well as switching times are equal. the set and
resel energy consumption is also the same.

Other hias schemes—The Application has described in
detail use automatic selection of the V/2 bias scheme and the
V/3 bias scheme. However. those skilled in the an will
undersiand that there can be other suitable bias schemes and
that more generally applying the realization of the Applica-
tion where the bias can be dynamically altered between V/2
and V/3 responsive to a number of selected cells during a
wrile operation, the bizs can be dynamically altered between
a first bias scheme and a second bias scheme. responsive to
a number of selected cells during a write operation. Also.
there can be embodiments where there are more than two
selectable bias schemes.

A non-volatile resistive crossbar array with selectors is
typically a hardware structure, such as, for example an
integrated circuit device. Modeling code. structure designs,
integrated circuit designs and layouts, logic structure
designs. regulator structure designs, crossbar structure
designs, programmable logic structure and/or function
designs can be stored and provided on a computer readable
non-transitory storage medium. Any related firmware, and/
or software can also be stored and provided on a computer
readable non-transitory storage medium, A computer read-
able non-transitory storage medium as non-transitory data
storage includes any data stored on any suitable media in a
non-fleeting manner, Such data storage includes any suitable
computer readable non-transitory storage medium. includ-
ing, but not limited to hard drives. non-volatile RAM, SSD
devices. CDs, NDVDs, etc. To the extent that one or more
processes are executed by a logic structure {(with or without
firmware or software). the logic structure is in and of itself,
a non-transitory storage medium.

It will be appreciated that variants of the above-disclosed
and other features and functions, or alternatives thercof, may

be combined into many other different systems or applica-

tions. Various presently unforeseen or unanticipated aller-
natives, modifications. variations, or improvements therein
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may be subsequently made by those skilled in the art which
are also intended 10 be encompassed by the following
claims.
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What is claimed is:

1. A method 1o adaptively and dynamically set a bias
scheme of a crossbar array for a write operation comprising:

performing a read-before-write operation to determine a

number of cells n to be written during a write operation;
comparing n to a predetermined threshold value n,, to
determine an efficient bias scheme:

setling at least one voliage regulator 1o provide a bias

voltage according to said eflicient bias scheme: and
performing said write operation.

2. The method of claim 1, wherein said step of comparing
n to a predetermined threshold value n,, 1o determine an
eflicient bias scheme comprises a first bias scheme where
n=n,,, and a second bias scheme where n=n,;.

3. The method of claim 2, wherein said first bias scheme
comprises a V/2 bias.

4. The method of claim 2, wherein said second bias
scheme comprises a V/3 bias,

4. The method of claim 1. wherein said step of running a
read-before-write operation comprises counting a number of
cells that will switch during said write operation.

6. The method of claim 1, wherein said write operation
comprises executing a write pulse,

7. The method of claim 1, wherein said step of setting at
least one voltage regulator comprises setting a tunable linear
regulator.

8. The method ot claim 7. wherein said step of setting at
least one voltage regulator comprises seiting a capacitor-less
regulator.

9. The methed of claim 1. wherein a crossbar array
integrated circuit comprises an on-chip integrated logic
section to mn said method.

10. A method to determine threshold valuc ny, to deter-

Power Delivery,” [EEE Journal on Emerging and 5 mine an efficient bias scheme of a crossbar array comprising:

Selected Topics in Circuits and Systems. Vol. 2, Nuo. 4, pp.
704-713, December 2012.

providing an array size and ratio of a non-linearity factor
of a crossbar array: and
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bascd on said array size and said ratio of a non-lincarity
factor, determining a threshold value n,, where at least
two different bias schemes exhibit substantiatly a same
energy use for write operations.
11. The method of claim 10, wherein said step of deter-
mining a threshold value comprises a non-linearity factor
defined by an equation:

where K., is a non-linearity factor for a V/3 bias scheme
and K., is a non-linearity factor for a V/2 bias scheme.

12. The methed of claim 11, said step of determining a
threshold value comprises an equation:

feet Viurire) Rontd i1

Ky 2 smamams o = P 3¢ and
Y et WVaree [ 1) Ron
Ko = ’«u(vwr.‘rrl =x R-Mﬂ weite! 3
B etWerae )7 Rer

where 1 (Voe) Lol V2 and 1V .../3) are,
respectively, a current passing through a cell when a cell
voltage is equal fo a write voltage. one half of a write
voltage, and one third of a write voltage, and R,,.
R ap s and R, 20 . are, respectively, a cell resistance
during an on-statc when a cell voltage is equal o a wrile
voltage, one half of a write voltage, and one third of a write
voltage.

13. The method of claim 10. said step of determining a
threshold value comprises an equation:

INTS3KN Ko
N 6K, 43 e ko= o

iy =

and N is the array size.
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14. An cnergy cfficient crossbar array device comprising:

an integrated crossbar armmy with an I/O control, read/
write control. row and column decoders and drivers,
and a data por;

a read-before-write counter coupled to said data pon, said
read-before-write counter zlso coupled to a first input
port of a comparator, a second input port ol said
comparator having as input, a predetermined threshold
valuc;

a program bias reference logic element coupled 1o an
output of said comparator;

al least one settable bias generator or tunable voltage
regulator coupled to said program bias reference logic
element. said at leas) one setlable bias generator or
tunable voliage regulator to provide a bias voltage
according 10 a bias scheme 10 at least one driver; and

wherein said bias voltage is dynamically altered between
at least a first bias scheme and a second bias scheme,
responsive to a number of selected cells n during a
write operation in comparison with said predetermined
threshold value.

15. The enerpy efficient crossbar array device of claim 14,
wherein said first bias scheme comprises a V/2 bias scheme.

16. The encrgy cfficient crosshar array device of claim 14,
wherein said second bias scheme comprises a V/3 bias
scheme.

17. The enerpy eflicient crossbar array device of claim 14,
wherein said integrated crossbar amay comprises a non-
volatile resistive crossbar array.

18. The energy efficient crossbar array device of claim 14,
wherein said at least one settable bias generator or tunable
voltage regulator comprises an integrated linear regulator.

19. The energy efficient crossbar array device of claim 18,
wherein said integrated linear regulator comprises a capaci-
tor-less regulator.



