286 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 25, NO. 1, JANUARY 2017

Modeling Size Limitations of Resistive Crossbar
Array With Cell Selectors

Albert Ciprut, Student Member, IEEE, and Eby G. Friedman, Fellow, IEEE

Abstract—Due to recent developments in emerging memory
technologies, resistive crossbar arrays have gained increasing
importance. The size of the crossbar arrays is, however, limited
due to challenges brought by the interconnect resistance, sneak
path currents, and the physical area of the peripheral circuitry.
In this paper, three figures of merit that characterize the limi-
tations of resistive crossbar arrays with selectors are described,
such as the driver resistance, voltage degradation across the cell,
and read margin. The models, exhibiting good agreement with
SPICE, are compared with different biasing schemes during both
write and read operations. These models are also used to predict
the device requirements of resistive crossbar arrays with selectors
and to project parameter values, such as the nonlinearity factor,
ON-state resistance, and tolerable interconnect resistance per cell
for large-scale crossbar arrays.

Index Terms— Crossbar array, emerging memory technologies,
interconnect resistance, nonlinearity factor, sneak path leakage.

I. INTRODUCTION

ESISTIVE crossbar arrays were developed before the
invention of emerging memory technologies, such as
MRAM, RRAM, and phase change memory (PCM) [1], [2].
With the recent development of RRAM devices [3], resistive
crossbar arrays, for use in memory, have gained increasing
popularity due to the advantages of 4F2 density and non-
volatility. Existing analyses of resistive crossbar arrays show
that the array size is limited by the degradation in read margin
and voltage loss across the cells due to parasitic intercon-
nect resistances, sneak path leakage currents, and ON—OFF
resistance ratios [4]-[7]. These analyses have been primarily
simulation-based. In [8], a matrix-based theoretical solution is
presented for solving the voltages and currents of each cell
within a crossbar array. This paper, however, does not provide
intuitive models to support the design of resistive crossbar
arrays due to the complexity of large arrays. Moreover, large
matrix sizes are computationally complex. Therefore, simple
analytic models that can intuitively characterize the limitations
imposed on resistive crossbar arrays and project device and
circuit requirements for large-scale arrays would be useful [9].
In this paper, three challenges in designing a resistive
crossbar array are considered, such as the driver size, voltage
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Fig. 1. Biasing scheme for a crossbar array when (a) writing to a cell and

(b) reading from a cell.

degradation across the selected cell, and read margin. For each
of these issues, models have been developed which provide
intuition into the design of resistive crossbar arrays while also
clarifying device requirements and limitations on the array size
as interconnects continue to scale. These models are valid
for both unipolar and bipolar memory elements. Moreover,
different biasing schemes for writing and reading are compared
to clarify possible advantages and design tradeoffs.

In Section II, the models of the driver size, voltage degra-
dation across the selected cell, and read margin are described
and compared with simulation. In Section III, these models
are considered under different biasing schemes to enhance
nonlinearity and to mitigate size limitations. In Section IV,
projected device requirements for large arrays are discussed.
In Section V, an example of the application of the proposed
models to the crossbar array design process is demonstrated.
In Section VI, some conclusions are offered.

II. MODELS OF CROSSBAR ARRAY DESIGN PARAMETERS

Expressions that model three primary design parameters
of resistive crossbar arrays, such as the driver size, voltage
degradation across the selected cell, and read margin are
introduced in this section. For simplicity, an equal number of
rows and columns are assumed under worst case conditions.
For the write operation, the V /2 biasing scheme [10] is
considered. For the read operation, the scheme in which a read
voltage is applied to the selected row while connecting the
remaining portion of the rows to ground and the columns
to sense amplifiers [11] is considered, as shown in Fig. 1.
In Sections II-A-II-C, the driver resistance, voltage degrada-
tion across the selected cell, and read margin are discussed.

A. Driver Size

An important advantage of a crossbar structure in mem-
ory systems is physical density. Resistive crossbar arrays,
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however, require large peripheral circuits due to the high
current required to drive large arrays of closely packed devices.
The physical area of a crossbar array is ultimately determined
by the cell size and the peripheral circuitry, as well as the
drivers.

The driver resistance is the output resistance of the driving
circuit, as shown in Fig. 2. This output resistance depends upon
the input resistance of the selected row as well as the voltage
drop across the selected cell. Although the lower bound on
the resistance of a single memory element could reach tens
of kilohms in an RRAM crossbar structure, the effective
resistance between the driver at a selected row and the sense
amplifier at a selected column(s) drastically decreases with
a larger array size. Since the effective resistance is also
dependent on the number of selected cells, the driver resistance
varies depending upon whether a read or write operation is
executed. In this analysis, the interconnect resistance and the
input resistance of the sense amplifier are considered to be
negligible.

For a write operation, the worst case condition occurs when
the selected cell is initially in the ON-state and switches to
the OFF-state. Since selector devices are in series with the
resistive memory elements, a nonlinear relationship between
the cell voltage and current exists. Hence, the resistance of
each cell varies nonlinearly with the voltage across the cell.
This nonlinearity is described by the nonlinearity factor. For
a worst case analysis, in which the highest current is required
by the crossbar array, half-selected cells are assumed to be
in the ON-state. Based on these assumptions, the following
expression for the driver resistance at the selected row is
Rox (4 — 1)

cell

N—1
% 1

ey

Rdriver(write) =

where Roy is the resistance of a memory cell (the selector and
resistive memory element) in the ON-state, Vyriver iS the driver
output voltage when the driver resistance is zero, V¢ is the
voltage drop across the selected cell, N is the array size (the
number of rows or columns), and K, is the nonlinearity factor

_Leen(Vwrite) 2« Ron at Viriee /2
Ice]l (Vwrite/2) RON
where Ron at V02 18 the ON-state cell resistance when the

voltage across the cell (Vi) equals half of the write voltage.
K, is the ratio of the current flowing through the selected
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Fig. 3. Circuit model of a crossbar array during a write operation.

cell to the current flowing through the half-selected cell. The
nonlinearity factor characterizes to what extent the current
flowing into the unselected columns compares with the current
flowing into the selected column.

For the case where multiple devices are selected, as in the
case of a read operation, the constraint on the driver resistance
becomes more stringent. During a single read operation, all of
the cells on the selected row are selected. Considering the
worst case condition when all of the selected cells are in the
ON-state, the driver resistance is

Ron (V\L}?evlfr N 1)
B —

The driver resistance during a read operation is independent
of the selector devices and inversely proportional to the size
of the crossbar array.

3)

Rdriver(read) =

B. Voltage Degradation Across Selected Cell

An important limitation on the size of a resistive crossbar
array is the interconnect resistance. With interconnect scaling,
the resistance per cell has drastically increased, reaching
2.5 Q for the 22-nm node [12]. It is, therefore, crucial to
consider the effects of parasitic resistance when executing
an operation. The worst case selected cell is farthest from
the driver on the selected row and farthest from ground on
the selected column. For low nonlinearity factors, since the
difference in resistance of a half-selected cell in the ON- and
OFF-states remains significant, voltage degradation is data
pattern dependent. To consider the worst case voltage degra-
dation, all half-selected cells and the selected cell are assumed
to be in the ON-state. The indicated cell shown in Fig. 1(a)
is an example of a worst case cell for a 4 x 4 crossbar array
during a write operation.

For writing, a circuit model of a crossbar array that includes
the interconnect resistance along the selected row and column
is considered. Furthermore, in this model, it is assumed that
equal current flows through the half-selected cells between the
selected row and the unselected columns, as shown in Fig. 3.
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Fig. 4. Ratio of the voltage drop across the worst case selected cell to the
driver voltage during a write operation.
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Fig. 5. Circuit model of the crossbar array during a read operation,
where Rsense is the input resistance of the sense amplifier and Rgpeqk iS the
sneak path resistance of the resistive memory cells between the (un)selected
column(s) and the unselected rows.

Based on this assumption, the voltage across the worst case
selected cell is

Veell _ 1 4
Viwrite % (NT:I + 2) +1

where Rin is the interconnect resistance per cell. As shown
in Fig. 4, (4) agrees with SPICE, exhibiting a maximum error
of 6.5% for voltage ratios above 0.5. Increasing interconnect
resistance per cell decreases the voltage across the selected
cell due to IR losses. This degradation becomes more severe
and nonlinear as the array size scales. This behavior is due
to increased current flow into the selected row and column
with increasing number of rows and columns. Since the
number of half-selected cells increases with a larger array size,
the total current flowing into both the selected row and column
increases. Larger array sizes, therefore, exacerbate the voltage
degradation across the selected cell due to increased current
flow and interconnect resistance.

For reading, a circuit model of a crossbar array is shown
in Fig. 5. The worst case cell for the read case is farthest
from the driver on the selected row and farthest from the sense
amplifiers on the selected columns. Since all of the cells in the
same row are selected, any voltage degradation is data pattern
dependent. The worst case condition occurs when all of the
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Fig. 6. Ratio of the voltage drop across the worst case selected cell to the
driver voltage during a read operation.

TABLE 1
PARAMETERS FOR READ OPERATION

Parameters Values
Ron 10 kQ2
a 1.5
RSC”S@ ]OO Q
Rsneak % X Ron
Rogy 10 MQ
K, 2x103
Rt'ran ROTL

cells on the selected row are ON, including Rce). Based on the
circuit model shown in Fig. 5, the ratio of the worst case cell
voltage to the read voltage is

Veell _ 1

®)
N2 Ry 1
(stel(Ll)) 1+ Row( L, N-l )

Rsense ' Rgneak

Viead B (

where Rgense 1S the input resistance of the sense amplifier,
Rgneax 1s the resistance of the cells between the (un)selected
column(s) and the unselected rows, a is a fitting parameter,
and Rge(r) is

Risneak
Rsei(1) = Ron + (NSIfal ||Rsense)- (6)

Expression (5) agrees with SPICE, exhibiting a maximum
error of 6.6% for voltage ratios above 0.25, as shown in
Fig. 6 (based on the parameter values of Ron, o, Rsenses
and Rgneak listed in Table I). Similar to the degradation in
cell voltage during a write operation, a larger interconnect
resistance increases IR losses, which is further exacerbated
with a larger array size. The degradation is more severe during
a read operation, since the selection of a single row causes
a full read voltage to drop across all of the cells in that row.
All of the cells in the selected rows are, therefore, selected as
opposed to selecting a single cell during a write operation.
Note that the value of Rgyeax listed in Table I depends upon
the voltage drop across the sense amplifier. It is assumed that
the voltage drop is below the threshold voltage of the cell
selector. The input resistance Rgense needs to be sufficiently
low to maintain a low voltage at the sensing end of the
columns, which is ideally grounded. This low input resistance
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Fig. 7. Comparison of the read margin between the analytic model and
simulation.

requirement imposes a serious challenge on the design of the
sense amplifiers.

C. Read Margin

An important figure of merit that determines the ability of
a sense amplifier to distinguish between two states is the read
margin. The read margin is

(Isense(L) - Isense(H))Rtran
Vread

Read margin = 7
where Ry is the transresistance of the sense amplifier, which
is matched to Ron, Isense(z) is the current flowing into the
sense amplifier when the target cell is ON, and Isense(n) is the
current flowing into the sense amplifier when the target cell
is OFF. The worst case read margin occurs when reading an
ON-state when all of the cells along the selected row are ON,
and when reading an OFF-state when all of the cells along the
selected row are OFF. In the worst case condition, the selected
row is farthest from the sense amplifiers [see Fig. 1(b)]. Based
on these worst case conditions and the circuit model shown
in Fig. 5, Lsense(r) and ILsense(n) are described, respectively, as

Isense(L) = Viead >
RoxReemse (e + s + ) (14 202
(3)
I _ Viead
sense(H) R R (; 1 N_1 ) (1 N2 Rin )
OFFZsense \ Rense ' Rorr | Rsneak @ Rsel(H)
©)

where Rogr is the resistance of a memory cell in the OFF-state,
and Rge(m) is

Rsneak
Rsel(H) = Rorr + (ﬁ”Rsense)-

Expression (7), based on the expressions of Isense(z) and
Lsense(wy in, respectively, (8) and (9), agrees with SPICE,
exhibiting a maximum error of 6.6% for read margins
above 0.25 based on the parameter values listed in Table I,
as shown in Fig. 7.

Note the degradation in voltage across the cell with increas-
ing array size (or interconnect resistance), which can fall below
the threshold voltage of the selector. The selector resistance

(10)

Vi3
Vi3
Vi3
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Fig. 8. Enhancing cell nonlinearity for (a) write operation with V /3 biasing
scheme, and (b) read operation with floating biasing scheme.

can dominate the overall memory cell resistance, making the
ON- and OFF-states indistinguishable. It is, therefore, crucial to
consider the threshold voltage of the selector when estimating
the read margin or voltage drop across a cell.

The results shown in Figs. 4, 6, and 7 illustrate the sen-
sitivity of the write and read operations to increasing the
interconnect resistance and the array size. This sensitivity is
more acute for the read case, since cell nonlinearity at the
selected row is not exploited due to selecting an entire row.
For small array sizes, the interconnect resistance reduces the
read margin due to IR losses across the interconnects and the
ineffectiveness of the cell selectors in this particular biasing
scheme. To reduce the effect of the interconnect resistance
to mitigate both the read margin and the voltage degradation,
higher nonlinearity factors are required. A different biasing
scheme for read and write, therefore, needs to be considered.
In Section III, the biasing scheme proposed in [4], based on
floating unselected rows and columns of an array, is applied to
the read operation, while the biasing scheme proposed in [10],
based on applying one third of a write voltage across the
unselected cells to enhance the nonlinearity factor, is applied
to the write operation.

III. ENHANCEMENT OF NONLINEARITY FACTOR

Models for the driver resistance, worst case voltage drop,
and read margin are provided in this section for the afore-
mentioned floating scheme during a read operation [4] and
V /3 during a write operation [10]. The biasing schemes are
shown in Fig. 8. During a write operation, one third of
the write voltage is applied to the unselected columns when
grounding the selected column, and two thirds of the write
voltage are applied to the unselected rows when applying
a full write voltage to the selected row. The benefit of this
biasing scheme is that only one third of the write voltage
is across the half-selected cells during a write operation
rather than half of the write voltage. The nonlinearity factor
is, therefore, much higher and typically on the order of
103-10* [13]-[15]. A nonlinearity factor as high as 107
has been demonstrated [16]. Moreover, due to the decreased
voltage across the half-selected cells [from (V/2) to (V/3)],
the write disturbance improves [17]. One third of the write
voltage is across the remaining unselected cells, as compared
with the previous case (ideally, zero voltage drop), possibly
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increasing the leakage current. The current flowing through
the unselected rows and columns is, however, greatly reduced
due to the higher nonlinearity factor. The advantage of the
V/3 biasing scheme is, therefore, only beneficial with high
nonlinearity factors. A high nonlinearity factor needs to be
sufficiently high to suppress the current flowing through the
unselected rows and columns, ensuring that the effect of
the interconnect resistance and, therefore, the IR losses is
negligible.

During a read operation, a read voltage is applied to the
selected row while connecting the selected column to the sense
amplifier and floating the unselected rows and columns. The
cell selectors effectively suppress the current flowing through
the selected row, thereby reducing IR losses, since half of
the read voltage is dropped across the unselected cells at the
selected row and column. However, as compared with the
grounded biasing scheme [see Fig. 1(b)], only a single cell
can be read at a time.

In Sections III-A to III-C, models for the driver resistance,
worst case voltage drop, and read margin are provided for the
biasing schemes shown in Fig. 8. These models provide intu-
ition while characterizing the limitations of the crossbar array
and estimating the requirements for the device parameters
(K, Ron, and Rogr).

A. Driver Size

For the same worst case conditions assumed for Rgriver(write)
and Rdriver(read), as described in Section II, the driver resistance
during a write operation under a V/3 biasing scheme and
a read operation with a floating biasing scheme is, respectively

Vdriver _
RON ( Veell 1)

Rdriver(write_V/S) = N—1 (11)
K (write)
Rox (i 1)
Rdriver(read_ﬂoat) =T N1 . (12)
K} (read)
where K, (write) and K (read) are, respectively
Kr(write) _ Icell (Vwrite) _ RON | Viwrite /3 (13)
Icell(vwrite/s) Ron
Kr(read) _ Icell (Vread) _ Ron | Viead/2 (14)
Icen ( Vread/z) Ron

where Ron [Viie/3 @0d Ron |V,e,a/2 are the ON-state cell resis-
tances when the voltage across the cell equals to, respectively,
one third of the write voltage and half of the read voltage.
Unlike the driver resistance for reading with the grounded
biasing scheme, cell selectors are used. Moreover, since the
read operation uses lower voltages as compared with the
write operation, the nonlinearity factor is higher than K,,
as described by (2). Similarly, the driver resistance during
a write operation under the V /3 biasing scheme is also
greatly enhanced due to the increased nonlinearity factor. The
degradation of the driver resistance with increasing array size
is, therefore, not as severe as the biasing schemes described
in Section II.

0.2 K, iy =10° N=2" ]
Line: Analytic model
Symbol: SPICE
00 2 4 6 8 10

int

Fig. 9. Ratio of the voltage drop across the worst case selected cell to the
driver voltage during a write operation under the V /3 biasing scheme.
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Fig. 10. Ratio of the voltage drop across the worst case selected cell
to the driver voltage during a read operation under the floating biasing
scheme.

B. Voltage Degradation Across Selected Cell

To determine the worst case voltage drop across the selected
cell, the cell farthest from the write (read) voltage source at
the selected row and farthest from the ground (sense amplifier)
at the selected column is evaluated, as shown in Fig. 8. The
voltage drop across the worst case selected cell during the
write and read operation is, respectively,

Veell _ 1 (1 5)
Verite  NRim (_N—1
e RONl (Kr(wrile) 2) + 1
Veell
Vread_ﬂoat
1

N—-1

RSCHSC
Kr(read))) + ( Rox (1 +

The models provided in (15) and (16) are in good agreement
with SPICE, exhibiting a maximum error of, respectively,
10% for voltage ratios above 0.5, and 6.6% for voltage ratios
above 0.35, as shown, respectively, in Figs. 9 and 10.

As the nonlinearity factor decreases, the accuracy of these
models also decreases. Hence, (4) is relatively less accurate
as compared with (15) and (16). This inaccuracy is due to
ignoring the parasitic interconnect resistance along the unse-
lected rows and columns. As the nonlinearity factor increases,
the current flow through those lines decreases, making the

N—1 )) ’
Kr(read)

(16)

L+ (VR (24
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for the floating biasing scheme.

parasitic interconnect resistance and, hence, the IR losses
negligible.

C. Read Margin

Expression (7) is used to evaluate the read margin, where
Lsense(r) and Isense(q) are, respectively,

Viead
Isense(L)_ﬁoat = 1 (17)
NRint + Rsense + T N—1
RoN+NRin + Kr(read) Ron
Viead
Isense(H)_ﬁoat = 1 (18)
NRint + Rsense+ T N—1
Rorr+N Rin¢ Kr(read) Ron

Assuming all of the cell selectors are OFF, the resistance is
dominated by the selector resistance. The worst case condi-
tion becomes data pattern independent, since a single cell is
selected, while the other cells are at a high resistance. Based
on this condition, (17) and (18) exhibit good agreement with
SPICE, exhibiting a maximum error of 0.12% (based on the
parameters listed in Table I), as shown in Fig. 11.

IV. DESIGN REQUIREMENTS FOR VARYING ARRAY SIZE

An important aspect of these models is computational
efficiency while providing physical intuition into crucial para-
meters, such as K,, Ron, Rdrivers Rint» Rsenses and N during
the design process of a crossbar array. The area of the drivers
(Rariver dependent), process technology (Rjy; dependent), and
device requirements (K, and Ron dependent) can be extracted
for a target crossbar array size N. Moreover, these mod-
els describe the device and circuit requirements for scaled
array sizes and interconnect resistance. In this section, design
requirements for large arrays are projected.

A. Driver Resistance

The driver resistance during both read and write operations
based on the biasing schemes described in Sections II and III
for different array sizes is shown in Fig. 12.

From Fig. 12, the driver resistance during a read operation
based on the grounded biasing scheme should be below 10 Q
for a large-scale crossbar array (>1 Mb) with an Ron of
10,000 Q for a Vgriver t0 Vieaq ratio of 4/3. This severe
degradation in driver resistance is due to the connection
of N resistive devices in parallel with a full read voltage

Ron =€1 00 ké!

Line: Write e
100 _Dashed line: Read - grounded biasing

A : Write — V/3 biasing
7 : Read — floating biasing

10’

102 1 3 4
Array Size (N)

Fig. 12.  Analytic model of driver resistance with respect to varying array
sizes for K, = 10, Ky (write) = 2 X 103, and K (read) = 103 that satisfies
(Vidriver/ Vread) = (4/3).

across them. This stringent constraint requires a large area
dedicated to the peripheral circuitry, degrading the 4 F2 density
advantage of RRAM crossbar arrays. Due to the grounded
biasing scheme during a read operation, the read voltage across
a single cell selects all of the other cells on the same row,
causing the input resistance of the selected row to be inversely
proportional to the array size. By choosing the floating biasing
scheme, shown in Fig. 8(b), the required driver resistance is
greatly increased. Reading a single cell in a specific row does
not require the other cells on that row to be read, since the
untargeted cells are half selected and undisturbed due to the
cell selectors.

During a write operation under the V /2 biasing scheme, due
to the nonlinearity of the selector devices, the half-selected cell
remains at a higher resistance. The input resistance is, there-
fore, much higher as compared with reading with the grounded
biasing scheme. The input resistance, however, is much lower
as compared with reading with the floating biasing scheme.
This behavior occurs since the nonlinearity factor decreases
when the operating voltage increases when switching from
the read voltage to the write voltage. For the same reason,
the driver resistance during a write operation under the V /3
biasing scheme becomes higher, since the nonlinearity factor
increases due to the greater voltage difference between the
unselected cells and the selected cells (2V/3) despite the
higher write voltages.

B. Voltage Degradation and Device Nonlinearity

An implication of (15) and (16) is that a high nonlinearity
factor is insufficient in large crossbar arrays. Nonlinearity
factors are typically on the order of 10°-10*. Hence, a sig-
nificantly high Roy is essential for large crossbar arrays to
maintain a reasonable ratio between the cell voltage and
the read/write voltage. These qualities are shown in Fig. 13.
A nonlinearity factor greater than 10* only slightly improves
the voltage across the worst case selected cell. Beyond 10%,
a higher Ry is required to produce a larger voltage across
the selected cell.

C. Read Operation

Considering the read margin when using the grounded
biasing scheme, the denominator of (5), (8), and (9) consists



292 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 25, NO. 1, JANUARY 2017

vV .1V
cell source
°© o o
= B &

S
()

Ron=10kQ
Rint=2.5Q

G L i
10" 10° 2 4
Array Size (N)

Fig. 13. Voltage degradation versus array size, where Vsource = Viwrite (solid
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Fig. 14. Read margin with respect to array size based on the parameters
listed in Table I for (a) Rjy; = 0 Q, and (b) Rjy; = 2.5 Q. The solid lines
describe the grounded biasing scheme, whereas the dashed lines describe the
floating biasing scheme.

of two different parts. One part considers the loss due to the
interconnect resistance, while the other part considers the loss
due to sneak path currents. The resistance between the selected
column and unselected rows Rgpeqx creates a sneak path. Since
a voltage exists at the node that connects the column to the
sense amplifier, the current flowing through the selected cell
is partially lost due to the current flow through Rgpeax. This
loss caused by the sneak path, however, has a negligible
effect on the read margin, since Rgpesx remains at a high
resistance due to the small voltage across the sense amplifier.
Degradation in the read margin is, therefore, primarily due
to IR losses across the interconnect rather than sneak current
paths. When using the open-circuit biasing scheme, however,
any degradation in the read margin is primarily due to sneak
path leakage current rather than due to IR losses, as shown
in Fig. 14. Since the sneak current path is the dominant factor
for read margin degradation under the open-circuit biasing
scheme, for negligible interconnect resistances, the grounded
biasing scheme performs better [see Fig. 14(a)]. For significant
interconnect resistance, however, since IR losses is the domi-
nant factor for read margin degradation under the grounded
biasing scheme, the open-circuit biasing scheme performs
better. With the open-circuit biasing scheme, the read margin
increases by 3.4 times for a small array size (N = 128),
and as much as 85 times for larger array sizes (N = 1024)

TABLE 11
DESIGN PARAMETERS

Values from [13] Circuit level choices

Parameters Value Parameters Value
Ron 24 kQ Rsense 100 2
Rory 1.5 MQ) Ritran Ron

Ko (read) 1000 Tolerable Read Margin 0.5
K (write) 1100 Tolerable 7=+l 0.75

. river 1

Rint [18] 8 Q Tolerable L‘i/cﬁ 3

TABLE III

VARYING ARRAY SIZES TO SATISFY Veel/ Vwrite = 0.75

Ron
Array Size (N) 24 k) | 36 k2 | T2 kQ2
Rint = 2.5 Q (22 nm) 1075 1448 2331
Rint =4 Q 746 1024 1695
Rint = 8 Q (14 nm) 420 591 1024

for Ron = 10,000, as compared with the grounded biasing
scheme [see Fig. 14(b)].

V. DESIGN OF A CROSSBAR ARRAY
BASED ON THESE MODELS

The design of an example crossbar array using these models
is demonstrated in this section. A resistive cell based on the
RRAM described in [13] with a 14-nm metall half pitch
is considered. Moreover, the V/3 biasing scheme and the
floating biasing scheme are used, respectively, for the write and
read operations. Based on these assumptions and decisions,
the extracted device and interconnect parameters together with
the assumed circuit parameters are listed in Table II. This
analysis focuses on megabit capacity array sizes.

For the parameters listed in Table II, the maximum array
size (N) is 420 (176.4 kb) and is limited due to the volt-
age degradation across the worst case selected cell dur-
ing a write operation. Increasing the nonlinearity factor has
a negligible effect. Two options, therefore, remain to mitigate
this voltage degradation and enhance the device to provide
a higher Royn or place the crossbar array within the higher
metal levels to decrease Rjy¢. In Table III, the effect of different
values of Rip; and Ron on the array size N is listed. From
a driver area perspective, it is beneficial to increase Roy rather
than decrease Rjn. While the output resistance of the driver
should be 4 kQ for Ron = 24 k€, this resistance increases
to 12 kQ for Roy = 72 kQ. If Ron and Rine cannot be changed,
increasing the write voltage is preferable. This method can,
however, consume significant power and limits the usage
of more advanced technology nodes due to low breakdown
voltages of sub-45-nm MOS transistors (below 1.1 V) [12].
To overcome low breakdown limitations of thin oxide MOS
transistors, cascoded topologies as well as breakdown voltage
multiplying circuits have been demonstrated [19]. These cir-
cuits, however, require increased driver area, exacerbating the
area efficiency of a crossbar array.

VI. CONCLUSION

Design models for three important metrics in crossbar arrays
are provided, such as the driver resistance, voltage across
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the worst case cell (during both writes and reads), and read
margin. These metrics provide intuition into the design of
resistive crossbar arrays with unipolar or bipolar memory
elements. The models exhibit good accuracy as compared
with simulations and can be used to project the performance
characteristics of large crossbar arrays. For nonlinearity factors
greater than 10%, the voltage degradation during a write
and read operation can no longer be mitigated for, respec-
tively, the V/3 biasing and floating biasing schemes. Thus,
Ron needs to be increased to prevent voltage degradation
due to IR losses. For the read margin, under the grounded
biasing scheme, sneak path leakage current is not the pri-
mary source of signal degradation but rather the interconnect
resistance. For a read operation under the floating biasing
scheme, the primary source of signal degradation is sneak
path leakage current. Moreover, a write operation under
the V/3 biasing scheme can be advantageous as compared
with the V/2 biasing scheme if the cell selectors provide
a significantly higher nonlinearity factor for a smaller voltage
drop across the unselected cells. These models demonstrate
that a higher Roy can greatly benefit all three critical metrics
that limit the size of crossbar arrays.

ACKNOWLEDGMENT

The authors would like to thank R. Patel for his valuable
comments and suggestions.

REFERENCES

[1] C. A. David and B. Feldman, “High-speed fixed memories using large-
scale integrated resistor matrices,” IEEE Trans. Comput., vol. C-17,
no. 8, pp. 721-728, Aug. 1968.

[2] W. T. Lynch, “Worst-case analysis of a resistor memory matrix,” /[EEE
Trans. Comput., vol. C-18, no. 10, pp. 940-942, Oct. 1969.

[3] D. B. Strukov, G. S. Snider, D. R. Stewart, and R. S. Williams, “The
missing memristor found,” Nature, vol. 453, pp. 80-83, May 2008.

[4] A. Flocke and T. G. Noll, “Fundamental analysis of resistive nano-
crossbars for the use in hybrid nano/CMOS-memory,” in Proc. IEEE
Solid State Circuits Conf., Sep. 2007, pp. 328-331.

[5] P. O. Vontobel, W. Robinett, P. J. Kuekes, D. R. Stewart, J. Straznicky,
and R. S. Williams, “Writing to and reading from a nano-scale cross-
bar memory based on memristors,” Nanotechnology, vol. 20, no. 42,
p. 425204, 2009.

[6] J. Liang and H.-S. P. Wong, “Cross-point memory array without cell
selectors—Device characteristics and data storage pattern dependen-
cies,” IEEE Trans. Electron Devices, vol. 57, no. 10, pp. 2531-2538,
Oct. 2010.

[7]1 P-Y. Chen and S. Yu, “Impact of vertical RRAM device characteristics
on 3D cross-point array design,” in Proc. IEEE 6th Int. Memory
Workshop, May 2014, pp. 1-4.

[8] A. Chen, “A comprehensive crossbar array model with solutions for line
resistance and nonlinear device characteristics,” IEEE Trans. Electron
Devices, vol. 60, no. 4, pp. 1318-1326, Apr. 2013.

[9]1 A. Ciprut and E. G. Friedman, “Design models of resistive crossbar

arrays with selector devices,” in Proc. IEEE Int. Symp. Circuits Syst.,

May 2016.

Y.-C. Chen et al., “An access-transistor-free (0T/1R) non-volatile resis-

tance random access memory (RRAM) using a novel threshold switch-

ing, self-rectifying chalcogenide device,” in Proc. IEEE Int. Electron

Devices Meeting., Dec. 2003, pp. 37.4.1-37.4.4.

J. Mustafa, Design and Analysis of Future Memories Based on Switch-

able Resistive Elements, Ph.D. dissertation, RWTH Aachen Univ.,

Aachen, Germany, 2006.

International Technology Roadmap for Semiconductors, ITRS, 2007.

J.-J. Huang, Y.-M. Tseng, W.-C. Luo, C.-W. Hsu, and T.-H. Hou, “One

selector-one resistor (1S1R) crossbar array for high-density flexible

memory applications,” in Proc. IEEE Int. Electron Devices Meeting,

Dec. 2011, pp. 31.7.1-31.7.4.

[10]

(11]

(12]
[13]

[14] W. Lee et al., “High current density and nonlinearity combination of
selection device based on TaO,/TiO7/TaO, structure for one selector—
one resistor arrays,” ACS Nano, vol. 6, no. 9, pp. 8166-8172, Aug. 2012.
J.-J. Huang, Y.-M. Tseng, C.-W. Hsu, and T.-H. Hou, “Bipolar non-
linear Ni/TiO/Ni selector for 1S1R crossbar array applications,” IEEE
Electron Device Lett., vol. 32, no. 10, pp. 1427-1429, Oct. 2011.

Q. Luo et al,, “Cu BEOL compatible selector with high selectivity
(>107), extremely low off-current (~pa) and high endurance (>1010),” in
Proc. IEEE Int. Electron Devices Meeting, Dec. 2015, pp. 10.4.1-10.4.4.
L. Zhang, S. Cosemans, D. J. Wouters, G. Groeseneken, M. Jurczak,
and B. Govoreanu, “One-selector one-resistor cross-point array with
threshold switching selector,” IEEE Trans. Electron Devices, vol. 62,
no. 10, pp. 3250-3257, Oct. 2015.

C.-W. Stanley and S. S. Wong, “Compact one-transistor-N-RRAM
array architecture for advanced CMOS technology,” IEEE J. Solid-State
Circuits, vol. 50, no. 5, pp. 1299-1309, May 2015.

S. Mandegaran and A. Hajimiri, “A breakdown voltage multiplier for
high voltage swing drivers,” IEEE J. Solid-State Circuits, vol. 42, no. 2,
pp. 302-312, Feb. 2007.

[15]

[16]

(17]

[18]

[19]

Albert Ciprut (S’15) received the B.S. degree
in electronics engineering from Sabanci University,
Istanbul, Turkey, in 2013, and the M.S. degree in
electrical and computer engineering from the Uni-
versity of Rochester, Rochester, NY, USA, in 2016,
where he is currently pursuing the Ph.D. degree.

His current research interests include memory sys-
tems and integrated circuit design based on emerging
memory technologies.

Eby G. Friedman (F’00) received the B.S. degree
from Lafayette College, Easton, PA, USA, in 1979,
and the M.S. and Ph.D. degrees from the Uni-
versity of California at Irvine, Irvine, CA, USA,
in 1981 and 1989, respectively, all in electrical
engineering.

He was with Hughes Aircraft Company, from 1979

1\ to 1991, as The Manager of the Signal Processing

R Design and Test Department, where he was responsi-
@ ble for the design and test of high performance digi-
8 R tal and analog ICs. He has been with the Department
of Electrical and Computer Engineering, University of Rochester, Rochester,
NY, USA, since 1991, where he is currently a Distinguished Professor,
and the Director of the High Performance VLSI/IC Design and Analysis
Laboratory. He is also a Visiting Professor with the Technion—Israel Institute
of Technology, Haifa, Israel. He has authored over 500 papers and book
chapters, and 13 patents, and has authored and edited over 17 books in the
fields of high speed and low power CMOS design techniques, 3-D design
methodologies, high speed interconnect, and the theory and application of
synchronous clock and power distribution networks. His current research
interests include high performance synchronous digital and mixed-signal
microelectronic design and analysis with application to high speed portable
processors, and low power wireless communications.

Dr. Friedman is a Senior Fulbright Fellow. He is a recipient of the
IEEE Circuits and Systems Charles A. Desoer Technical Achievement Award,
the University of Rochester Graduate Teaching Award, and the College of
Engineering Teaching Excellence Award. He is the Editor-in-Chief of the
Microelectronics Journal, a member of the Editorial Boards of the Journal
of Low Power Electronics and the Journal of Low Power Electronics and
Applications, and a member of the Technical Program Committee of numerous
conferences. He was the Editor-in-Chief and Chair of the Steering Committee
of the IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION SYS-
TEMS, the Regional Editor of the Journal of Circuits, Systems and Computers,
a member of the Editorial Boards of the PROCEEDINGS OF THE IEEE,
the IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS II: ANALOG AND
DIGITAL SIGNAL PROCESSING, the Analog Integrated Circuits and Signal
Processing, the IEEE JOURNAL ON EMERGING AND SELECTED TOPICS IN
CIRCUITS AND SYSTEMS, and the Journal of Signal Processing Systems,
a member of the Circuits and Systems Society Board of Governors, and the
Program and Technical Chair of several IEEE conferences.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Aachen-Bold
    /ACaslon-AltBold
    /ACaslon-AltBoldItalic
    /ACaslon-AltItalic
    /ACaslon-AltRegular
    /ACaslon-AltSemibold
    /ACaslon-AltSemiboldItalic
    /ACaslon-Bold
    /ACaslon-BoldItalic
    /ACaslon-BoldItalicOsF
    /ACaslon-BoldOsF
    /ACaslonExp-Bold
    /ACaslonExp-BoldItalic
    /ACaslonExp-Italic
    /ACaslonExp-Regular
    /ACaslonExp-Semibold
    /ACaslonExp-SemiboldItalic
    /ACaslon-Italic
    /ACaslon-ItalicOsF
    /ACaslon-Ornaments
    /ACaslon-Regular
    /ACaslon-RegularSC
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /ACaslon-SemiboldItalicOsF
    /ACaslon-SemiboldSC
    /ACaslon-SwashBoldItalic
    /ACaslon-SwashItalic
    /ACaslon-SwashSemiboldItalic
    /AGaramondAlt-Italic
    /AGaramondAlt-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-BoldItalicOsF
    /AGaramond-BoldOsF
    /AGaramondExp-Bold
    /AGaramondExp-BoldItalic
    /AGaramondExp-Italic
    /AGaramondExp-Regular
    /AGaramondExp-Semibold
    /AGaramondExp-SemiboldItalic
    /AGaramond-Italic
    /AGaramond-ItalicOsF
    /AGaramond-Regular
    /AGaramond-RegularSC
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AGaramond-SemiboldItalicOsF
    /AGaramond-SemiboldSC
    /AGaramond-Titling
    /AJensonMM
    /AJensonMM-Alt
    /AJensonMM-Ep
    /AJensonMM-It
    /AJensonMM-ItAlt
    /AJensonMM-ItEp
    /AJensonMM-ItSC
    /AJensonMM-SC
    /AJensonMM-Sw
    /AlbertusMT
    /AlbertusMT-Italic
    /AlbertusMT-Light
    /Americana
    /Americana-Bold
    /Americana-ExtraBold
    /Americana-Italic
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /AvantGarde-Demi
    /BBOLD10
    /BBOLD5
    /BBOLD7
    /BermudaLP-Squiggle
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chaparral-Display
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /Cutout
    /EMB10
    /EMBX10
    /EMBX12
    /EMBX5
    /EMBX6
    /EMBX7
    /EMBX8
    /EMBX9
    /EMBXSL10
    /EMBXTI10
    /EMCSC10
    /EMCSC8
    /EMCSC9
    /EMDUNH10
    /EMFF10
    /EMFI10
    /EMFIB8
    /EMITT10
    /EMMI10
    /EMMI12
    /EMMI5
    /EMMI6
    /EMMI7
    /EMMI8
    /EMMI9
    /EMMIB10
    /EMMIB5
    /EMMIB6
    /EMMIB7
    /EMMIB8
    /EMMIB9
    /EMR10
    /EMR12
    /EMR17
    /EMR5
    /EMR6
    /EMR7
    /EMR8
    /EMR9
    /EMSL10
    /EMSL12
    /EMSL8
    /EMSL9
    /EMSLTT10
    /EMSS10
    /EMSS12
    /EMSS17
    /EMSS8
    /EMSS9
    /EMSSBX10
    /EMSSDC10
    /EMSSI10
    /EMSSI12
    /EMSSI17
    /EMSSI8
    /EMSSI9
    /EMSSQ8
    /EMSSQI8
    /EMTCSC10
    /EMTI10
    /EMTI12
    /EMTI7
    /EMTI8
    /EMTI9
    /EMTT10
    /EMTT12
    /EMTT8
    /EMTT9
    /EMU10
    /EMVTT10
    /EstrangeloEdessa
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /Fences
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FreestyleScript
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Giddyup
    /GreymantleMVB
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /ICMEX10
    /ICMMI8
    /ICMSY8
    /ICMTT8
    /ILASY8
    /ILCMSS8
    /ILCMSSB8
    /ILCMSSI8
    /Impact
    /jsMath-cmex10
    /Kartika
    /Khaki-Two
    /LASY10
    /LASY5
    /LASY6
    /LASY7
    /LASY8
    /LASY9
    /LASYB10
    /Latha
    /LCIRCLE10
    /LCIRCLEW10
    /LCMSS8
    /LCMSSB8
    /LCMSSI8
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LINE10
    /LINEW10
    /LOGO10
    /LOGO8
    /LOGO9
    /LOGOBF10
    /LOGOD10
    /LOGOSL10
    /LOGOSL8
    /LOGOSL9
    /LucidaBlackletter
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaBright-Oblique
    /LucidaBrightSmallcaps
    /LucidaBrightSmallcaps-Demi
    /LucidaCalligraphy-Italic
    /LucidaCasual
    /LucidaCasual-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaNewMath-AltDemiItalic
    /LucidaNewMath-AltItalic
    /LucidaNewMath-Arrows
    /LucidaNewMath-Arrows-Demi
    /LucidaNewMath-Demibold
    /LucidaNewMath-DemiItalic
    /LucidaNewMath-Extension
    /LucidaNewMath-Italic
    /LucidaNewMath-Roman
    /LucidaNewMath-Symbol
    /LucidaNewMath-Symbol-Demi
    /LucidaSans
    /LucidaSans-Bold
    /LucidaSans-BoldItalic
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /LucidaTypewriter
    /LucidaTypewriterBold
    /LucidaTypewriterBoldOblique
    /LucidaTypewriterOblique
    /Mangal-Regular
    /MicrosoftSansSerif
    /Mojo
    /MonotypeCorsiva
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MTEX
    /MTEXB
    /MTEXH
    /MTGU
    /MTGUB
    /MTLS
    /MTLSB
    /MTMI
    /MTMIB
    /MTMIH
    /MTMS
    /MTMSB
    /MTMUB
    /MTMUH
    /MTSY
    /MTSYB
    /MTSYH
    /MT-Symbol
    /MT-Symbol-Italic
    /MTSYN
    /MVBoli
    /Myriad-Tilt
    /Nyx
    /OCRA-Alternate
    /Ouch
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Pompeia-Inline
    /Postino-Italic
    /Raavi
    /Revue
    /RMTMI
    /RMTMIB
    /RMTMIH
    /RMTMUB
    /RMTMUH
    /RSFS10
    /RSFS5
    /RSFS7
    /Shruti
    /Shuriken-Boy
    /SpumoniLP
    /STMARY10
    /STMARY5
    /STMARY7
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Oblique
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /UniversityRoman
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /WASY10
    /WASY5
    /WASY7
    /WASYB10
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


