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Abstract— In this article, we, for the first time, used signal
integrity (SI) to design and analyze 3-D X-Point memory, includ-
ing a phase-change memory (PCM) cell, ovonic threshold switch
(OTS) selector, interconnection lines, and peripheral circuits.
With the narrow space and the long interconnection lines that
come with 20-nm process technology, crosstalk and IR drop
can degrade the voltage margin of the memory cell and affect
the memory operation. For SI analysis considering crosstalk
and IR drop, the unit size of the memory array tile was
considered in designing the interconnection lines. Crosstalk and
IR drop are analyzed using full 3-D electromagnetic and circuit
simulations. To cover practical conditions, the PCM cell and OTS
selector are modeled as behavior models using Verilog-A modules,
respectively. Also, the word lines (WLs) and bit lines (BLs) of
3-D X-Point memory are modeled to resistance and capacitance
by ANSYS Q3D extractor. The core peripheral circuits, such
as decoder, sense amplifier, and analog-to-digital converter, are
included in the circuit simulation. To verify the proposed design
and analysis, a transient simulation was conducted considering
crosstalk and IR drop of 3-D X-Point memory. A tradeoff
relationship between crosstalk and IR drop in the interconnection
designs was verified. Additionally, to suppress crosstalk and
reduce IR drop, the new design of the interconnection lines
considering the tradeoff between SI issues is proposed. The newly
proposed interconnection design shows 30% improvement in the
voltage margin considering the IR drop issues and under 10%
enhancement of crosstalk noise. It is expected that the SI analysis
and design methodologies could be widely applied in other new
memory developments.

Index Terms— 3-D X-Point memory, crosstalk, interconnection,
IR drop, new memory, ovonic threshold switch (OTS), phase
change memory (PCM), signal integrity (SI).
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I. INTRODUCTION

RECENTLY, the demands for high bandwidth and high-
density memory have increased the demands for the

high performance server platforms needed for artificial intel-
ligence (AI) and big data processes. In the memory/storage
hierarchy, the memory performance gap between DRAM and
NAND flash memory is widening because of the fast growth of
semiconductor processing technology [1]. To fill the memory
performance gap between DRAM and NAND flash memory,
memory cells are now stacked in three dimensions with a
large number of data inputs/outputs (I/Os), like high bandwidth
memory (HBM). Moreover, the storage-class memory (SCM)
was developed using new materials with high performance and
nonvolatility. However, the 3-D cross-point (X-Point) memory,
which is the three-dimensionally stacked SCM, is the most
promising memory solution.

Phase change random access memory (PCRAM) consists of
chalcogenide alloy materials with nonvolatility and develops
high-performance SCM [2]–[4]. The 3-D X-Point memory
stores the data using phase change memory (PCM) and
an ovonic threshold switch (OTS) selector with a compact
two-stacked cross-point array structure [5]. Fig. 1(a) shows
a conceptual view of the 3-D X-Point memory. PCM stores
the data “0” and “1” in GeSbTe (GST) material by changing
its state. The GST material varies from an amorphous state to
a crystalline state with temperature variation [6]–[8]. OTS uses
an AsTeGeSiN material that has characteristics similar to those
of the PCM. OTS also uses the Ovshinsky’s effect, which is
a nonlinear switching effect of electrical resistance [9]–[11].
OTS determines the ON/OFF state of the memory cell with
the threshold voltage and current. A conceptual view of the
memory cells is shown in Fig. 1(b). Using these new materials,
the 3-D X-Point memory is nonvolatile, 1000 times faster and
endurable than the NAND flash memory, and ten times denser
than the DRAM.

As previously mentioned, the 3-D X-Point memory is
a high-density and high-performance SCM. Because of the
narrow space and long interconnection lines of the 20-nm
process technology, crosstalk and IR drop could be severe
during memory operation. Therefore, it is important to analyze
the SI issues of the 3-D X-Point memory like the SI issues in
other memory applications [12]–[17]. The voltage margin is a
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Fig. 1. (a) Conceptual view of 3-D X-Point memory. The memory elements
have a cross-array structure and the peripheral circuits for memory operation
(read/write) are located under the memory elements. (b) Conceptual view
of 4 × 4 unit memory cell elements of 3-D X-Point memory. The WLs and
BLs are intersected and PCM and OTS are located at the cross point of
interconnection lines.

Fig. 2. Signal integrity issues of 3-D X-Point memory are depicted. During
read/write operation, crosstalk between interconnection lines leads to voltage
coupling and IR drop through interconnection lines leads to degradation of
the voltage margin.

very important factor in memory operation. When insufficient
voltage is applied to a memory cell, without the proper voltage
margin, the memory cells could not read or write data, and
this caused an operational error. Crosstalk and IR drop can
degrade the voltage margin of a memory cell. The conceptual
view of crosstalk and IR drop in the 3-D X-Point memory
is shown in Fig. 2. When the voltage is applied to the word
lines (WLs) and bit lines (BLs), a few volts are coupled to the
adjacent WLs and BLs because of the crosstalk noise. At that

moment, the unexpected voltages are applied to the adjacent
memory cells, which could turn on the nontarget memory cells.
Therefore, the endurance of the irrelevant memory cells could
be decreased during operation cycles, which in turn reduces
the overall lifetime of the memory cells.

3-D X-Point memory is a single-level cell (SLC) memory.
It stores 1 bit in a memory cell that is located at an intersection
of WL and BL. For high density, the peripheral circuits for
operation, such as decoder, read/write driver, sense amplifiers,
and other circuits, are connected to the ends of the WLs and
BLs. Because of the parasitic factors of interconnections, best
case and worst case operation of the memory cells exists.
Some memory cells are close to the peripheral circuits and
other memory cells are far from the peripheral circuits. The
IR drop through the interconnection lines degrades the voltage
margin and the targeted cells cannot be turned on. Therefore,
the memory does not write/read the data to the target cell data,
which causes an operational error.

There have been several papers on PCM research. In previ-
ous PCM studies, various methods for modeling PCM cells
were proposed and passive devices such as transistors and
diodes were used as selector elements. Moreover, the inter-
connections of PCM have not been considered for signal
integrity (SI) analysis. In [18], a 3-D X-point memory array
was proposed, and the capacitive coupling effect was veri-
fied in the time-domain simulation. However, passive resistor
memory elements were used and selector elements were not
included. Moreover, the size of the memory array structure was
only 32 × 32 which is too small for the practical memory size.
Therefore, this is an inadvisable approach to the SI analysis
of 3-D X-Point memory.

In this article, we, for the first time, designed and analyzed
the SI issues of the 3-D X-Point memory including crosstalk
and IR drop for high performance. For the SI analysis, we
designed a core structure of the 3-D X-Point memory. The unit
memory array tile (MAT) size was defined, and the memory
elements (PCM, OTS, and interconnection) and peripheral
circuits were designed considering practical conditions. Based
on the design, the PCM and OTS were behaviorally modeled
with nonlinear characteristics, interconnection RC model, and
peripheral circuit models. With the proposed model, we sim-
ulated and verified that the SI issues crosstalk and IR drop
issues degraded the voltage margin, which could lower the
memory performance.

We verified the tradeoff relationship between crosstalk and
IR drop issues in the interconnection design. Also, a newly
designed 3-D X-Point memory with improved SI performance
is simulated and analyzed in the time-domain simulation. The
newly proposed interconnection design shows 30% improve-
ment in the voltage margin considering the IR drop issues and
under 10% enhancement of crosstalk noise with same memory
chip size. Moreover, we proposed the methodology to reduce
the crosstalk and IR drop issues in the future memory design.

II. PROPOSED STRUCTURE OF 3-D X-POINT

MEMORY WITH PCM AND OTS
For the new memory design, there are many considerations

with accuracy and reasonability [18], [19]. In this section,
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we designed the structure of the 3-D X-Point memory includ-
ing a unit size of MAT, memory elements, interconnections,
and peripheral circuits.

A. Proposed Unit MAT Size of 3-D X-Point Memory

For the SI analysis of 3-D X-Point memory, at first, it is
important to define the unit MAT size of 128-Gb 3-D X-Point
memory. The unit MAT size is determined by the parasitic
values of components and the maximum amount of reset
current.

At first, we defined the maximum reset current for mem-
ory operation. The chalcogenide alloy should be melted for
reset operation by the current. We assumed the memory cell
structure of the 3-D X-Point memory to the pillar structure.
Therefore, the melting area (F2) is proportional to the reset
power (I 2

reset). The size of the technology node and reset cur-
rent are linear, and we can assume the amount of the reset
current in 3-D X-Point memory cell which is using 20-nm
process technology to be 100 μA [20].

With the I–V curve of OTS, PCM, and PCM+OTS, we can
define the resistance of the memory cell [5]. The voltage
distribution of PCM is 1.5 times higher than the voltage
distribution of OTS. It shows that the resistance of PCM
is 1.5 times higher than the resistance of OTS. Therefore,
the resistance of PCM and OTS are specified to 10.8 and
7.2 k�, respectively.

We assumed the voltage distribution of 3-D X-Point
memory during memory operation for each component: Vdd,
current driver, WL, PCM, OTS, BL, and Vss. In common,
the Vdd is assumed to be 5 V and we designed the cur-
rent driver which drives 1.8 V. The voltage drops in PCM
and OTS are 1.08 and 0.72 V, respectively, with calculation
of reset current and resistance. Therefore, the proper volt-
age drop in interconnection lines is derived to be 0.72 V.
It means the resistance of interconnection lines including
WL and BL is 6–8 k�. In 3-D X-Point memory, 20-nm
process technology is used, so we fixed the width and
the space of WL and BL to 20 nm. Considering the
cross-point structure, we finally conclude the unit MAT size to
2k × 2k.

3-D X-Point memory using 20-nm processing technology
consists of a 16-bank system, which is shown in Fig. 3(a).
Each bank consists of 1024 MATs and 1 MAT stores 8 Mb
(2k × 2k × 2) of data. Detailed views of the unit bank and
unit MAT are shown in Fig. 3(b).

B. Components of 3-D X-Point Memory Structure

As mentioned above, the 3-D X-Point memory uses a
PCM cell and an OTS selector as the memory elements.
The chalcogenide materials, which alloys with chalcogenide
anions and electropositive elements, are used in the PCM cells.
The chalcogenide alloy exhibits reversible transition between
the disordered (amorphous) and ordered (crystalline) atomic
structures, which are determined by temperature variation. In a
3-D X-Point memory cell, the Ge2Sb2Te5(GST) material is
used. The structure of the PCM cells for 3-D X-Point memory
is shown in Fig. 4. With a pillar-structure PCM, the insulator

Fig. 3. (a) Conceptual view of overall size of 3-D X-Point memory: 128-Gb
3-D X-Point memory in 16 bank system. (b) 2k of WLs and BLs with two
stacks shows 8-Mb MATs and 1024 MATs leads to 1 bank with 8 Gb.

confines the thermal effect, unlike the mushroom-type struc-
ture, and reduces the amount of write current.

The key operations of PCM are write (reset), write (set),
and read. The reset operation in PCM is write the data “1”
to “0”. A high voltage pulse is applied to the memory cell
and the heater heats the GST material to the melting point.
After the GST material is melted, the memory discharges the
applied voltage rapidly and the GST material cools rapidly
within 15 ns. Then, the GST material changes to an amorphous
state which is disordered and has high electrical resistance,
with a value is more than 1 M�. The set operation in PCM
is write the data “0” to “1”. A low voltage is applied to the
memory cell relatively longer, about 80 ns, and the heater
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Fig. 4. Conceptual view of a pillar-type PCM cell. The voltage is applied
to each top and bottom electrodes and the heater converts the electrical
energy to thermal energy. Then, the physical state of the chalcogenide alloy
is determined by the amount of thermal energy.

heats the GST material to the crystallization point. After the
GST material is fully crystallized, the memory discharges the
voltage and the GST material cools slowly. Then, the GST
material changes to its crystalline state which is ordered and
it has low electrical resistance, with a value less than 10 k�.
The read operation in PCM is read the data “0” or “1”. The
low voltage pulse is applied to the memory cell and it senses
the amount of current flow through the memory cells. When
the memory cell material is amorphous, the amount of current
through the memory cell is only several nA scales, and the data
are read as “0”. Otherwise, when the memory cell material is
crystalline, the amount of current through the memory cell is
hundreds of μA scales, and the data are read as “1”.

Like the role of transistors in DRAM, selector elements
are needed for PCM to achieve high performance. In the past
several years, the most critical problem of PCM chips has
been the sneak current issue [22], [23]. Unlike conventional
memory, such as DRAM and NAND flash memory, the PCM
stores the data along with the resistance status. During the
read/write operation in PCM, a small amount of current can be
leaked through the interconnection and adjacent memory cells
because the memory elements have resistor characteristics.
With high-density PCM, it leads to the existence of many
leakage current paths. Therefore, the sneak current issue is
more critical, so the selector elements should be utilized with
PCM.

OTS is a promising solution for dealing with the sneak cur-
rent issue in PCM [11], [22]. An OTS is made of AsTeGeSiN,
which is easy to alloy with chalcogenide materials. OTS uses
Ovshinsky’s effect, which is a nonlinear effect of electrical
resistance that occurs in thin film amorphous glass mixed with
other materials (e.g., As, Ge). The I–V characteristic of OTS
is nonlinear. Moreover, OTS increases the threshold voltage of
the integrated PCM, by which it guarantees the memory cells
sufficient voltage margins.

The WLs and BLs, which are tungsten, are stacked in two
layers in a cross-array structure. With the 20-nm process-
ing technology, the resistivity of the thin tungsten is about
three to four times higher than the resistivity of the typical
tungsten [24]. In the case of 3-D X-Point memory, 20-nm
processing technology is used to manufacture the intercon-
nections. Therefore, the width of the WLs and BLs (described

Fig. 5. Detailed physical dimension of 3-D X-Point memory interconnections.
The width and space of the WLs and BLs are designed to 20 nm using fine
processing technology.

TABLE I

PHYSICAL DIMENSIONS OF 3-D X-POINT MEMORY INTERCONNECTIONS

as wWL and wBL) and the space between the interconnections
(described as d) are 20 nm. The thickness of the WLs
(described as tWL) is 40 nm and the BLs (described as tBL)
is 105 nm. The vertical distance between the WLs and BLs
(described as h) is 90 nm. The physical dimension parameters
of interconnections are shown in Fig. 5 and the values are
summarized in the Table I.

Fig. 6 shows the overall circuit view for core operation
in the 3-D X-Point memory. For a read/write operation, the
core peripheral circuits must be designed to include WLs, BLs
decoders, read/write drivers, sense amplifiers, and analog-to-
digital converters [25], [26]. The whole peripheral circuits are
located under the memory elements layer.

III. ELECTRICAL MODELS OF 3-D X-POINT MEMORY

CELLS AND INTERCONNECTIONS

For SI analysis of the proposed 3-D X-Point memory,
the memory components were modeled to the behavior of
SPICE models, and interconnection lines were modeled to
equivalent RC models and simulated to circuit system. The
PCM and OTS selector are behaviorally modeled to Verilog-A
modules in HSPICE. The interconnections of the 3-D X-Point
memory are modeled with resistance and capacitance using
3-D electromagnetic simulation tools. Under-peripheral circuit
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Fig. 6. Block diagram of peripheral circuits for core operation in 1 MAT
sized 3-D X-Point memory. Each WL and BL is designated by decoders and
read/write driver to apply the voltage to each line. Current sense amplifier
and analog-to-digital converter are included in the readout circuits.

models are designed and performed to the SPICE model using
the CMOS transistor.

A. Electrical Behavior Model of 3-D X-Point Memory Cells

The PCM cells were modeled to the electrical behavior
model using Verilog-A modules [27], [28]. Fig. 7(a) shows
the core Verilog-A modules of the PCM cells.

The heat generation module uses the energy conservation
principle. When the voltage is applied to the memory cell
module, it converts the voltage to temperature by calculating
the following equation:∫ (

I 2 Rwrite − �T

RT

)
dt = CT �T . (1)

The phase change control module determines the read,
write (set), and write (reset) operations. When the amount of
temperature from the heat generation module is lower than the
crystallization point, the module determines the read operation.
When the heat generation module raises the temperature higher
than the crystallization point and lower than the melting point,
the module determines to the set operation. When the heat
generation module raises the temperature above the melting
point, the module determines to the reset operation.

With the determined operation, next module calculates the
radius of the amorphous region. In the set operation, the GST
material crystallizes perfectly, in which case, the radius of
the amorphous region has the value 0. However, in the reset
operation, the radius of the amorphous region can vary the
resistance.

The resistance calculation module calculates the resistance
based on the amount of the amorphous region. In this model,
as shown in Fig. 7(b), the low resistance with a crystalline
state is 6 k� and the high resistance with an amorphous state
is 1.5 M�.

Fig. 7. (a) Block diagram of proposed PCM cell model with Verilog-
A modules. The applied voltage is converted to heat, then, the amount of
amorphous region is calculated and resistance obtained. (b) R–I curve of
PCM cell behavior model.

Similarly, the OTS selector was also modeled to the electri-
cal behavior model using Verilog-A modules. Fig. 8(a) shows
the electrical behavior and core Verilog-A modules of the OTS
selector.

OTS is controlled ON and OFF by its own threshold voltage
and threshold current with nonlinearity. Below the threshold
point, the module acts as high resistance and OFF state. Above
the threshold point, the module acts as low resistance and
ON state. As shown in Fig. 8(b), the OTS cell model shows
nonlinear characteristics in the dynamic region.

B. Electrical RC Model of 3D X-Point Memory
Interconnections

The RC value of the interconnections for unit-sized 3-D
X-Point memory is extracted from 3-D electromagnetic simu-
lation tools. RC values are extracted from interconnections
of the unit MAT size and divided into the unit memory
cell size. Fig. 9 shows the unit parasitic R and C for the
interconnections of 3-D X-Point memory. The resistance of
unit WLs and BLs (described as RWL_Unit and RBL_Unit) is
10 and 3.81 �, respectively. The capacitance of unit WLs and
BLs (described as CWL_Unit and CBL_Unit) is 2.7 and 7.2 aF,
respectively. The capacitance between BLs is greater than the
capacitance between WLs because of their greater thickness.
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Fig. 8. (a) Block diagram of proposed OTS selector model with Verilog-
A modules. The module determined the amount of resistance by referring
the applied voltage and amount of the current flow to threshold values.
(b) I–V curve of OTS selector behavior model.

Fig. 9. A unit block consisting of R and parasitic C for the interconnections
of 3-D X-Point memory. The values of R and parasitic C were obtained using
3-D EM simulation tools.

We considered the adjacent capacitance only, because the
capacitance except the adjacent capacitance is so small that the
amount of degradation is below 10% considering crosstalk and
IR drop. The capacitance between the vertical interconnection
lines (described as CV_Unit) is 1.2 aF. The parasitic compo-
nent values of the 3-D X-Point memory interconnections are
summarized in Table II.

TABLE II

PARASITIC COMPONENT VALUES OF 3-D X-POINT
MEMORY INTERCONNECTIONS

Fig. 10. Schematics of crosstalk in unit MAT sized 3-D X-Point memory.
When the voltage is applied to the targeted WL and BL, a small amount of
voltage is coupled by the crosstalk and degrades the voltage margin between
memory cells. With the degraded voltage margin, the adjacent memory cells
can be turned ON and affect the memory endurance.

IV. SI ANALYSIS OF 3-D X-POINT MEMORY

CONSIDERING CROSSTALK AND IR DROP

During the read/write operation in the 3-D X-Point memory,
half-voltage is applied to the WLs and BLs, except on the
selected lines to minimize the operating power consumption.
Along the selected lines, about half-selected memory cells
exist, and the selector controls the ON/OFF status of the cells.
For the selected memory cell, the proper voltage margin is
needed; and for the half-selected memory cell, a half-voltage
margin is needed. In this article, the simulations were focused
on the reset operation because the reset pulse, which involves
high voltage and short time, leads to more SI issues than the
other operations.

A. Analysis of Crosstalk Between the Interconnection Lines
of 3-D X-Point Memory

Analysis of crosstalk can be conducted and verified from
the transient simulations. The schematic of the crosstalk
simulation is shown in Fig. 10. The half-voltage is applied
to all WLs and BLs, except the interconnection line of the
targeted memory cell. Then, the reset voltage is applied to the
targeted memory cell’s interconnection line. The time-domain
simulation results of crosstalk are shown in Fig. 11. At the
targeted WL, 13.5 and −21.7 mV are coupled from the
adjacent WL, to which the half-voltage is applied. In addition,
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Fig. 11. Time-domain simulation results of crosstalk noise in each WL and
BL. (a) At a WL, crosstalk appears at the rising and falling edge of each
pulse. (b) At a BL, crosstalk appears at ground voltage. Crosstalk does not
substantially affect the voltage margin in this design.

at the neighboring WL, 30.3 and −35.4 mV are coupled from
the targeted WL, which is shown in Fig. 11(a). Likewise,
at the targeted BL, 13.7 and −22.1 mV are coupled from the
neighboring BL by crosstalk, which is shown in Fig. 11(b).
As shown in the simulation results, crosstalk appears at the
edge of the voltage pulse. With the rising edge, the cou-
pled voltage increases in adjacent lines; and with the falling
edge, the coupled voltage decreases and vice versa. Crosstalk
is predominantly affected by the capacitance between the
interconnection lines. Although we applied the half-voltage
to the adjacent interconnection lines to minimize the power
consumption and to act as a reference line, the rising and
falling edges of the voltages pulse that have a high frequency
factor causes the voltage-coupling noise. The crosstalk noise
in this interconnection design is not substantial; however,
with even finer-scale processing technology, the space between
the interconnection lines could be decreased. Moreover, with
higher density, the total length of interconnection lines could
be increased. Therefore, the capacitance between the intercon-
nection lines will increase and the crosstalk noise will increase.
In this case, the adjacent memory cells could be turned on

Fig. 12. Schematics of IR drop in unit MAT sized 3-D X-Point memory.
With the high-density characteristics, the best case of memory cell, which is
close to the peripheral circuits and the worst case of memory cell, which is far
from the peripheral circuits are existed. In the worst case, IR drop degrades the
voltage margin of the memory cell. Because of the degraded voltage margin,
the targeted memory cells cannot be turned ON and cause operational error.

and could cause operational errors and decrease the memory
endurance.

B. Analysis of IR Drop through Interconnection Lines in Best
and Worst Cases

In the high-density memory with long interconnection lines,
IR drop is inevitable. The core peripheral circuits used for
memory operation can be located in limited positions. There-
fore, the distance between the peripheral circuits and memory
cells is different. Fig. 12 shows the best case of a memory cell,
which is closest to the peripheral circuits, and the worst case
of a memory cell, which is the farthest from the peripheral
circuits. During the reset operation, the proper voltage margin
of a memory cell should be applied. The time-domain simula-
tion results of the IR drop are shown in Fig. 13. The voltage
margin of the best case of the memory cell is 1.3 V, which is
shown in Fig. 13(a). However, in the worst case, the voltage
margin of the memory cell is decreased to 0.72 V, which is
shown in Fig. 13(b). The IR drop is predominantly affected
by the resistance through the interconnection lines. The IR
drop in this interconnection design is dominant at the worst
case of a memory cell. In addition, with finer-scale processing
technology and high-density memory development, the total
length of the interconnection line could increase. Therefore,
the resistance through interconnection lines could increase and
the IR drop be more severe with a degrading voltage margin.
With a degraded voltage margin, the worst case memory cell
could not operate and would cause data error.

C. Analysis of Revised Design for High Performance
Considering Crosstalk and IR Drop

For high performance considering crosstalk and IR drop,
a revised design for the 3-D X-Point memory was needed.
The revised design rule was to maintain the same structure
and area. Fig. 14 shows the percentage of the degraded
voltage margin with the ratio of the interconnection space
to width and thickness by crosstalk and IR drop. When the
ratio increases, crosstalk noise is enhanced slightly, but the IR
drop is suppressed. These SI issues are caused by the tradeoff
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Fig. 13. Time-domain simulation results of IR drop in each WLs and BLs.
(a) In the best case, an IR drop does not appear and the proper voltage margin
is maintained. (b) In the worst case, the IR drop affects both WL and BL, and
degrades the voltage margin. The IR drop predominantly affects the voltage
margin.

relationship, and the tradeoff point is a ratio of about 10.
However, 10 is not a reasonable value for fabricating the
memory. By using 10-nm processing technology, it would
be hard to fabricate this memory, with the same chip area.
The width and space of the WLs and BLs would be revised
from 20/20 nm to 30/10 nm, respectively, and the ratio of the
interconnection space to width would be changed from 1 to 3,
respectively. With this revision, the capacitance between inter-
connections would slightly increase, and the resistance through
the interconnections would significantly decrease. Considering
the processing technology limitation, the thickness of the
interconnections should be increased for high performance
considering crosstalk and IR drop. With increased thickness,
performance would be improved. However, it is impossible
to increase the thickness of interconnections continuously
considering the aspect ratio of the 3-D X-Point memory.
Therefore, the interconnection design including both WLs and
BLs are revised to double thickness considering the aspect
ratio reasonably, and the ratio was changed from 3 to 6.

With the revised design, the time-domain simulation results
of crosstalk are shown in Fig. 15. At the targeted WL, 13.6 and
−21.9 mV are coupled from the adjacent WL, to which
half-voltage was applied. In addition, at a neighboring WL,

Fig. 14. Percentage of degraded voltage margin with ratio of the intercon-
nections by crosstalk and IR drop. With the higher ratio of interconnections,
IR drop can be decreased and crosstalk noise are almost same. Considering the
aspect ratio of interconnection lines, the interconnection is revised to ratio 6
(w/s = 30/10 nm with doubled thickness).

33.5 and −36.4 mV are coupled from the targeted WL,
which is shown in Fig. 15(a). Likewise, at the targeted BL,
14.3 and −22.6 mV are coupled from the neighboring BL by
crosstalk, which is shown in Fig. 15(b). As mentioned above,
with the decreased space between the interconnection lines
the capacitance increased, so the crosstalk would be slightly
enhanced below 10% of the voltage margin. However, with the
IR drop, the revised design improved the voltage margin from
0.72 to 1.21 V as shown in Fig. 16. The voltage margin was
improved by more than 30% of the design revision. From the
above results, the revised design shows better SI performance
considering crosstalk and IR drop.

V. DISCUSSION

We analyzed crosstalk and IR drop of the 3-D X-Point
memory including the PCM cells, OTS selector, interconnec-
tion lines, and peripheral circuits for core operation. The key
feature of the SI analysis of the 3-D X-Point memory is that we
can apply this approach diversely. We can expand this research
using finer process technology or other types of memory using
behavioral models of memory components and can suggest
the interconnection design for better SI performance of the
memory. In this article, we assumed 20-nm process technology
and a two-layer stack for memory elements in 3-D X-Point
memory. With the latest technology, the interconnection line
and memory elements can be integrated below 10 nm and four-
and eight-layer stacks. Therefore, the SI issues would be more
critical in memory operation and the SI analysis would also
be more important.

3-D X-Point memory is an SLC memory because it takes a
long time for chalcogenide material transition. For low latency,
the materials of PCM and OTS selector can be replaced by new
chalcogenide materials which show fast transition between
amorphous and crystalline states with low power. We can eas-
ily analyze the SI with newly behavior model and it is helpful
to develop multi-level cell (MLC) 3-D X-Point memory.

3-D X-Point memory uses PCM which shows different
characteristics by heat. We only considered the heat to the
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Fig. 15. Time-domain simulation results of crosstalk noise in each WLs and
BLs with revised design. (a) At the WL, crosstalk are appeared at the rising
and falling edge of each pulses. (b) At the BL, crosstalk is appeared at ground
voltage. Crosstalk is more severe in the revised design. However, it does not
affect the voltage margin dominantly.

Fig. 16. Time-domain simulation results of IR drop in each WL and BL for
the revised design. In the worst case, the IR drop decreases and the voltage
margin increases. With the revised design, the IR drop is improved.

PCM; however, the electrical characteristics of the intercon-
nection lines can be affected by the heat. Fors future work,
the thermal and SI cosimulation of 3-D X-Point memory
should be conducted for accuracy and these methodologies of
design and analysis of 3-D X-Point memory can be applicable.

The unit MAT size is determined by voltage distribution
of memory components as mentioned in Section II. For the
peripheral circuit design, we assumed the decoder, read/write
driver, current sense amplifier, and ADC are located under
the memory elements layer. However, we were unconcerned
about the layout area of the peripheral circuits because we
focused on the SI issues of the 3-D X-Point memory by
interconnection line design. For more practical consideration,
the layout area of the peripheral circuits also is critical factor
in unit MAT assumption. For sufficient voltage distribution
to each memory component, the limited layout area can act
a constraint in the memory design. Therefore, the mem-
ory designers should be placed under the peripheral circuits
through several layers because the area of the unit MAT size
is quite small. As 3-D X-Point memory is SLC, sharing the
peripheral circuits between neighbored banks can be a good
solution to reduce the layout area.

For the optimal power consumption, 3-D X-Point memory
uses the half-voltage scheme to apply the half-voltage to the
adjacent interconnection lines of the targeted memory cell.
However, in practical condition, the half-voltage cannot be
applied uniformly because of its resistive characteristics of
the interconnection lines. To operate with less loss of power,
the read/write driver should apply the additional voltage to
compensate the IR drop according to the position of the
targeted memory cell.

In this article, we proposed a new memory interconnection
design considering the tradeoff relationship between crosstalk
and IR drop in the same memory elements area. For the
improvement of SI performance in the 3-D X-Point memory,
to suppress crosstalk and IR drop, the interconnection design
factors were various and we discuss the methodologies to
reduce these SI issues.

A. Crosstalk Reduction Method

With the simulation results, about 10% of voltage margin is
degraded by the crosstalk in the original and proposed design,
and it is not a critical issue but rather a IR drop issue. However,
with a finer process technology, the density of memory will
be increased and the space between the interconnection lines
would be closer and the parasitic capacitance of the intercon-
nection line will be increased. Therefore, with less than 10-nm
technology, the crosstalk noise can degrade the voltage margin
by 20% and in turn lower the memory performance.

We figured out that the crosstalk noise is predominantly
affected by the capacitance between interconnection lines. The
space between the interconnection lines should be increased;
however, the length of the interconnection lines should be
decreased. Due to the cross-point structure, the length is
proportional to the sums of space and width. Therefore, for
high density, the space and width have a tradeoff relationship
and are designed to be the same size. With the same chip
height, it is better to increase the amount of the memory
stack with smaller thickness. In addition, using low-k dielectric
material, the capacitance between interconnection lines could
be decreased. With the physical dimension revision of inter-
connection line considering crosstalk reduction results to IR
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drop enhancement, it is important to figure out the portion of
voltage margin degradation. For example, with original 3-D
X-Point memory, the crosstalk issue is less effective than the
IR drop issue; we should design the memory interconnection
lines to suppress IR drop issues rather than crosstalk issue, like
reducing resistance characteristics or even increasing parasitic
capacitance characteristics.

To minimize the crosstalk in 3-D X-Point memory,
a nonsimultaneous operating scheme which applies voltage to
the memory cell at different timings is used. Without timing
difference, the crosstalk noise can be enhanced, and this causes
an operational error by coupled voltage.

B. IR Drop Reduction Method

In the original design of the 3-D X-Point memory, the
voltage margin in worst case is degraded by 46% in the IR
drop, and this is critical in memory operation. The IR drop is
predominantly affected by the resistance of the interconnection
lines. Without the design limitation, three main interconnection
factors could lower the IR drop. First, the width of the inter-
connection lines should be increased, and second, the thickness
of the interconnection lines should be increased. These factors
are proportional to the area of the interconnection lines and
these changes would reduce the resistance of lines. Third,
the length of the interconnection lines should be decreased.
As mentioned above, the length is proportional to the sums
of space and width and they have a tradeoff relationship.
From the point of view of IR drop reduction, it is better to
increase the thickness of the interconnection lines. However,
for the change in thickness, we should carefully consider the
aspect ratio for metal material and possibility of fabrication.
The interconnection line can be collapsed with unbalanced
proportion of width and thickness.

In addition, using a low resistivity material rather than
tungsten, such as copper, etc., the resistance parameter of
interconnection lines could be decreased. However, copper
has higher thermal conductivity and diffusivity than tungsten.
Therefore, with high temperature, copper can easily affect and
diffuse to other components such as PCM, OTS, and so on.
With thermal issue, tungsten is used for PCM rather than
copper even though it has lower resistivity. The compound of
copper and tungsten with proper ratio would be better material
for interconnection lines in thermal and SI viewpoint.

VI. CONCLUSION

3-D X-Point memory is a promising SCM with high density
and high performance. It is important to design and analyze
the core memory operation system including the memory
elements, interconnections, and circuits considering SI issues.
Based on the 20-nm processing technology used for the
memory, we proposed a unit MAT size of the 3-D X-Point
memory for core operation. In addition, memory elements
including a PCM cell and OTS selector were behaviorally
modeled, and interconnection lines were modeled for R and
parasitic C with a 3-D EM solver. The circuit simulation
of this system was conducted and the crosstalk and IR
drop issues were verified. Moreover, we verified the tradeoff

relationship between crosstalk and IR drop issues with the
interconnection design parameters. We proposed and simulated
a revised interconnection design of the 3-D X-Point memory
for high performance considering SI issues. The time-domain
simulation results for the revised interconnection design of 3-D
X-Point memory show the effective improvement. Therefore,
in this article, we successfully designed and analyzed the SI
issues in the 3-D X-Point memory and proposed the revised
design for higher SI performance. We also proposed the
methodology to reduce the crosstalk and IR drop issues in
the future memory design.
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