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Abstract—Memristive devices have the potential to reduce
the memory access bottleneck in conventional computer ar-
chitectures. However, memristive devices also suffer from low
endurance and large resistance variation. To address these
problems, we present a robust logic scheme named Enhanced
Scouting Logic (ESL). It produces logic operation results within
the peripheral circuit of the memory array. During the execution
of logic operations, the resistance states of memristive devices
do not change and hence do not affect the memristor lifetime.
ESL senses the resistance of input memristive devices via two
different paths when different operations such as AND and OR
are performed. These different paths guarantee the operation
correctness even under large resistance variations. We verified
ESL using SPICE simulations and Monte Carlo analysis. Our
simulation results show that ESL is more robust as compared
with state-of-the-art logic schemes.

I. INTRODUCTION

Today’s big-data applications demand high performance and
high energy efficiency, challenging both CMOS technology
and conventional computer architectures [1]. In CMOS tech-
nology, the energy problem worsens as the leakage power
increases with downscaling [2]. In conventional CPU-centric
architectures, the time and energy spent in accessing the main
memory are significant; it can even exceed those of computa-
tions [3]. Therefore, new solutions are needed to alleviate the
architecture and technology challenges. Emerging memristive
devices have the potential to reduce static power due to
their non-volatility. They also enable computation-in-memory
as they can be used for both computing and storage [4].
Preliminary researches have exhibited the huge potential of
memristive computing systems [5], [6]. Nevertheless, memris-
tive devices also face multiple challenges. For instance, RRAM
suffers from large resistance variation and low endurance;
PCRAM requires long write time and high write energy;
STT-MRAM has relatively poor process compatibility with
mainstream silicon CMOS technology, which leads to a high
manufacture cost [7], [8].

Most memristive logic schemes, such as Snider [9] and
IMP [10], generate the results in the form of resistance states
in the array. Therefore, they program the memristive devices
frequently, hence reducing the device endurance. To avoid this
problem, other schemes, such as Pinatubo [5] and Scouting
Logic [11], generate the results in the periphery without
switching the resistance states in the array; e.g., the results
are produced as voltages at the output of sense amplifiers.

These logic schemes do not affect the endurance, and hence,
they maintain a longer lifetime. However, these schemes may
not guarantee correctness when the input memristive devices
exhibit large resistance variation. As far as we know, state-of-
the-art logic schemes are not able to address both endurance
and variation problems.

In this paper, we propose enhanced scouting logic (ESL), a
logic scheme that improves Scouting Logic [11] by addressing
the two major challenges when performing in-memory logic
operations using RRAM; namely, the low endurance and the
high resistance variation. Similarly as in Pinatubo and Scout-
ing Logic, the proposed solution addresses the low endurance
problem by producing the results in the memory periphery
without changing the resistance states of the involved memory
cells. It also addresses the high resistance variation problem
by using 2T1R cells allowing two separate reading paths for
AND and OR operations. The main contributions of this paper
are:

o It reviews existing logic schemes that produce the outputs
of logic operations within the memory periphery. Our
results show that these schemes were not properly evalu-
ated against realistic resistance variations of the RRAM
devices.

o It proposes a memristive logic scheme that is resilient
to resistance variation without affecting the memory
endurance.

o It validates the proposed scheme and compares the
scheme with the state-of-the-art using SPICE simulation
and Monte Carlo analysis.

This paper is organized as follows. Section II and Section III
review the resistance variation of RRAM devices and the
logic styles that perform in memory peripheral, respectively.
Subsequently, Section IV presents the working principle and
implementation details of ESL. Next, Section V verifies ESL
using SPICE simulation. In addition, Section V applies Monte
Carlo simulation on ESL and other logic schemes. Finally,
Section VI concludes the paper.

II. RESISTANCE VARIATION IN RRAM DEVICES

A typical RRAM device has two stable resistance states; i.e.,
a low resistance state (LRS) and a high resistance sate (HRS).
The SET voltage and the RESET voltage are applied across the
RRAM device to switch its resistance state to LRS and to HRS,
respectively. The resistance (either LRS or HRS) of RRAM
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Fig. 1. Typical resistance distribution of LRS and HRS ranges.
TABLE I
RESISTANCE RANGES OF RECENT RRAM DEVICES

HHR

Ref. Material LRS range % HRS range | ;¢ | Margin
[15] | Pt-AlOy/HfOx-TiN | 200-1k 5 80k-2M 25 80z
[16] Cu-MgO-Ru 400-600 | 1.5 4k-50k 125| 8z
[17] Ti-TiN-HfOx 300-600 2 3k-20k 6.6 | 10z
[12] HfO,-Hf 30k-80k | 2.6 | 300k-1IM | 3.3 4z
[18] Au-SiOx-Mo 200-350 | 1.8 2k-10k 5 6z
[19] Ti-SiOx-C 200-350 | 1.8 2k-10k 5 6x
[20] Ti/Ta-TMOx 10k-50k 5 | 500k-500M | 1000 | 10z

devices may vary as a result of the cycle-to-cycle (C2C) and
device-to-device (D2D) variations [12]. The C2C and D2D
variations have similar distributions [12] and can affect the
correctness of logic operations. Due to their similarity, we do
not distinguish between the C2C and D2D variations.

Fantini er al. observed that the distributions of LRS and
HRS approximately follow a lognormal distribution [13], as
shown in Fig. 1. The x axis represents the resistance in log
scale while the y axis represents probability density function
(PDF). The lower and upper bounds of LRS are named
low low resistance (LLR) and high low resistance (HLR),
respectively. Similarly, the lower and upper bounds of HRS
are referred to as low high resistance (LHR) and high high
resistance (HHR), respectively. We are particularly interested
in the devices that have separate LRS and HRS ranges, i.e.,
LHR is larger than HLR, as shown in Fig. 1a. We refer to the
ratio between LHR and HLR as margin. If LHR is smaller than
HLR (i.e., negative margin) as shown in Fig. 1b, the proposed
logic schemes will not work properly.

The ideal RRAM device should have small LRS and HRS
ranges (i.e., narrow distributions of LRS and HRS) and a
large margin; however, this is usually not the case. The LRS
and HRS ranges can be estimated based on their distribution.
For the LRS of an HfO, RRAM, o/log,,u is between
0.2% and 10% [13]. As a result, the ratio between HLR and
LLR (HLR/LLR) varies from 1.2 to 1000 considering a 3¢
population. For example, when o/logou = 2% and p =
10k, the range of LRS is between 6.9k} and 17k and
HLR/LLR= 2.5.

Grossi et al. assume that LRS variations can be represented
by a natural distribution. They summarize the RRAM’s re-
sistance variation based on seven publications [14]. In most
cases, o/u of LRS resistance is larger than 10%. In some
cases, this value is nearly 100%. Considering a 30 population,
we observe that HLR/LLR> 1.9. Note that the HRS range is
even larger, but less important as it affects the operations less.
This will be more clear in the next sections.

Table I shows the LRS and HRS ranges of recently proposed
RRAM devices and the materials they are made of. The last
column shows the margin between the two resistance states.
The table shows that HLR/LLRe (1.5,5) and margin €
(4,80). This indicates that LRS and HRS both have large
variations, but also that a wide gap exists between them.

III. BULK BITWISE BOOLEAN LOGIC SCHEMES

Seshadri et al. was the first to propose a mechanism
to perform bulk bitwise operations using specially designed
peripheral circuits of memories [21]. These bitwise operations
are performed on large vectors [31]. This idea inspired many
researchers, including the usage of novel devices such as
memristive devices. They are summarized in Table II.

The table contains for each reference the scheme name,
used memory technology, the operations that are supported,
whether variations are considered, and the worst case latency
of the supported operations. Some articles target general non-
volatile memories or memristive devices [5], [11], [25] while
some other schemes work specifically for a particular memory
such as STT-MRAM [26]-[29]. ESL, added to the last row of
the table, can be applied to any type of memristive devices.
However, it is most useful for devices with large resistance
variations such as RRAM.

The fourth column of the table shows the different
Boolean operations that are supported in the articles. Some
schemes [26], [28], [30] support NAND/NOR operations by
selecting the sense amplifier’s OUT signal during AND/OR.
This is easy to implement in all schemes and not the focus of
this paper. Therefore, such operations are omitted in the table
for simplicity.

We are particularly interested in the fifth column, i.e.,
whether resistance variations have been considered. This is
however not relevant for DRAM and SRAM, as their variation
is very small. In contrast, it is essential for memristive devices
as they may introduce errors. This variation is mentioned as a
percentage in case reported; the percentage represents (HLR-
LLR)/uirs- Note that the articles not always describe the
variation in this form. For example, Jain et al. assume that
the MTJ oxide thickness has 2% variation. In such cases, we
converted the given variation type into a resistance variation.
The only exception is Chen et al., as they verified their
schemes using real RRAM devices.

The last two columns show the worst case latency in number
of clock cycles required for a logic operation and whether
multiple operands are supported simultaneously, respectively.
Some articles claim that they support multiple operands (exe-
cuted by activating multiple rows in the memory), at least for
the OR operation [5], [11], [25]. However, the ability of the
sense amplifier to be able to distinguish between the outcomes
is extremely difficult or even not possible.

All the bulk bitwise operations based on memristive devices
that are listed in Table II are implemented with similar hard-
ware structures. Fig. 2a represents such a hardware structure.
The bulk bitwise operations are special read operations. Rows
are activated by drivers (represented by triangles) and operate




TABLE 11

BULK BITWISE BOOLEAN LOGIC OPERATIONS

Reference | Scheme name Technology Supported operations Variation considered? | Longest delay | Multirow

[21] Seshadri et al. DRAM AND, OR No 4 No

[22] Ambit DRAM AND, OR, NOT No 4 No

[23] DRISA DRAM NOR No 2 No

[24] Jeloka et al. SRAM AND, NOR No 1 Yes

[5] Pinatubo NVM AND, OR, XOR, NOT No 2 Yes

[11] Scouting logic Memristor AND, OR, XOR Yes, < 10% 1 Yes

[25] MPIM Memristor AND, OR, XOR Yes, 10% 1 Yes

[26] IMP/NMP STT-MRAM AND, OR, NOT No 1 No

[27] HielM STT-MRAM AND, OR, XOR Yes, < 5% 4 No

[28] STT-CiM STT-MRAM AND, OR, NOT Yes, < 10%, 1 No

[29] IMCS2 STT-MRAM | AND, OR, XOR, NOT Yes, < 5% 1 No

[30] Chen et al. RRAM AND, OR, XOR Yes, measurement 1 No

This work ESL RRAM AND, OR, NOT Yes, > 100% 1 No
WL for RRAM devices to avoid the above mentioned problem [30].
VAN | ) The scheme adds a loop-back from the cell to the driver

5
;
:
>

2L 1LIH 2H R

IN; |11 0] 0

[y ref IN; |1 ‘ 0 10

A S A OR 1 0
v \/ AND [ 1] 0

(a) Hardware structure (b) Parallel resistance

Fig. 2. Working principle of memristive bulk bitwise operations.

at read voltage V,. The memory cells consist of a 1TIR
structure, i.e. a transistor in parallel with a memristive device
(represented by a rectangle) such as RRAM or STT-MRAM.
During bulk bitwise operations, two or more rows are selected
at the same time. The total current through the two cells in
each column is compared with a reference current I,..; by
the sense amplifier. The output of the sense amplifier is the
desired result of the required Boolean function. There are also
other forms of comparison such as using a voltage reference.
However, the essence is to compare the equivalent resistance
of two parallel cells with a reference resistance.

The resistance distribution of two cells (IN; and IN;) that
are connected in parallel is shown in the top of Fig. 2b. Here,
we assume that a logic one and zero are represented by a
low and high resistance, respectively. There are three possible
combinations: 1) both cells in HRS (2H), 2) one cell in LRS
and one in HRS (1L1H), and 3) both cells in LRS (2L). To
conduct an OR operation, we need to set a reference Rp to
distinguish between the cases 2H and 1L1H, as indicated by
the truth table in Fig. 2b. If the device has a large margin
between LRS and HRS like the ones listed in Table I, it would
be easy to define Rp. However, it is difficult or impossible to
set a reference R4 to distinguish 1L1H from 2L in case an
AND operation is implemented. When HLR /LLR> 2, which
is the case of many devices in Table I, the 2L and 1L1H
regions overlap. Thus, a correct AND operation cannot be
guaranteed regardless of the value of R4.

Chen et al. proposed a self-write termination (SWT) scheme

during write operations. When the programmed memristive
device reaches the desired resistance, the writing process is
terminated. SWT’s main target is to reduce the write energy
and the standard deviation of the resistance distribution. How-
ever, SWT schemes also have challenges such as premature
ending of write operations that may lead to unstable resis-
tance states [32]. In addition, it is also difficult to achieve
HLR/LLR< 2 using SWT schemes for some devices [32].

IV. ENHANCED SCOUTING LOGIC

In this section, we first introduce the general concept behind
ESL. Thereafter, we present the implementation details.

A. General Concept

To prevent the possibility of overlapping regions of different
equivalent resistance values, ESL changes the connection of
memristive devices based on the operation type. Despite the
large variations, a reference resistance can be still safely
selected. As shown in Fig. 2b, there are no issues in selecting
a reference resistance R even if the regions 2L and 1L1H
are overlapping. Hence, this part of the circuit does not have
to be changed. This is shown in Fig. 3a. However, for AND
operations, ESL changes the circuit structure and connects the
input cells in series. The overall resistance’s distribution will
be similar to the one shown in Fig. 3b. Notably, the equivalent
resistance (ER) of 1L1H would be approximately HRS instead
of LRS. Therefore, there is a relatively large margin between
2L and 1L1H, and the reference R4 can be easily selected.

Considering the fact that most devices have a large margin,
only one reference is needed in ESL. From Fig. 3, we observe
that the following relations must satisfy: LRS<Ro<HRS/2
(as ER of IL1H=LRS and 2H~HRS /2 for the OR operation)
and 2LRS<R4<HRS (as ER of 2L=2LRS and 1L1H~HRS
for the AND operation). From these relations we can easily
observe that for given Rp = R4 = R,.; the equation
2LRS<R,.f<HRS/2 must hold. Hence, a single reference
can be used when the resistance margin is larger than 4x. Note
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(c) AND operation

that all the devices listed in Table I meet this requirement.
This feature makes the reference circuit much simpler as
compared to those needed in previous bulk bitwise operation
schemes [5], [11], [25].

B. Implementation

The circuit to implement ESL is shown in Fig. 4a. For
simplicity reasons, Fig. 4a illustrates the concept using only
two cells (M; and M;) located in a single column. Other cells in
this column and other columns have similar structures. Besides
the standard bitline BL1 in a 1TIR array, a second bitline BL.2
is added to each column to be able to connect two devices in
series which is needed for the AND operation. The two bitlines
share one sense amplifier using two transistors (controlled by
voltages WL1 and WL2, respectively). One more transistor is
added to each cell to connect the device to BL2.

The values of the control signals during each operation are
shown in Table III. The operations are the normal write/read
and the bitwise OR/AND operations. The table contains for
each of the control lines in Fig. 4 the voltage values per
operation type. When we write M; (i.e. perform a SET or
RESET operation), Pro and WL2; are enabled. The voltage
level of the Driver and Vp, depend on the value to be
programmed. For instance, the voltage applied to M; is Vggr
if we want to program a logical one. When we read cell M;,
WL2; and WL2 are enabled and Driver’s voltage changes to
VRead- In our implementation, Vge.a=Vq4q. However, it can also
be a different value, e.g., to prevent a drift of the memristor

TABLE III
CONTROL SIGNALS FOR ESL IMPLEMENTATION

Write Read OR AND
Vpriver | O/VRESET | VRead | VRead | VRead
Vero Vsgr/0
Pro Vad 0 0 0
WLI1; 0 0 0 0
WL2; Vad Vad Vad Vad
WL1; 0 0 0 Vad
WL2; 0 0 Vad 0
WLI 0 0 0 Vada
WL2 0 Vad Vad 0

state. During OR/AND operations, the Driver’s voltage is
also VReag. Pro is disabled to disconnect the programming
driver to the circuit. In an OR operation between M; and M;,
WL2; and WL2; are on. As a result, Driver; and Driver; drive
the two cells in parallel. Fig. 4b illustrates these signals by
coloring disabled transistors and unused wires gray. In an AND
operation, however, only one driver (e.g., Driver;) is connected
to the cells as shown in Fig. 4c. WL1; and WLI are enabled
to connect the two cells to the SA in series.

We use the state-of-the-art CSB-SA [33] sense amplifier in
our design. It operates in three phases. In the first phase, it
captures the inputs, i.e., the currents through the memristor
cell and the reference resistor are sampled and stored in
two capacitors, respectively. In the second phase, the stored
charges on the capacitor are amplified. Finally, the output
latch is enabled during the third phase and a digital output is
generated. Note that other sense amplifiers could also be used.
The selected sense amplifier mainly depends on the trade-off
between performance and area.

V. SIMULATION RESULTS

In this section, we first present the simulation setup. Sub-
sequently, we validate ESL using SPICE simulation. Finally,
we conduct Monte Carlo simulation with ESL and other logic
schemes and evaluate their results.

A. Simulation Setup

To verify the proposed scheme, we use SPICE simulations.
The circuit in Fig. 4 is implemented and connected to the CBS-
SA sense amplifier. The simulation parameters are summarized
in Table IV. The supply voltage V44 is set to 0.9V. The
resistive device of the 2T1R cell is implemented using the
ASU model [34] configured with the RRAM parameters pre-
sented in [20]. The RRAM device is implemented with 28 nm
technology. To match the transistor sizes, we therefore adopt
the 32nm PTM model [35], which is the closest technology
node for CMOS transistors in PTM. The sense amplifier uses a
reference resistor that is set to 160 k€2, which is the geometric
average of HLR and LHR of the RRAM [20]. The three phases
of the sense amplifier are set to be 1ns.

To verify the robustness of ESL against resistance varia-
tions, all the corner cases have been simulated. These corner



TABLE IV
SPICE SIMULATION PARAMETERS

Parameter Description Value
Vad CMOS power supply 09V
LLR Low low resistance 10 k2
HLR High low resistance 50kQ2
LHR Low high resistance 500k
HHR High high resistance 500 M2

F Technology node 28 nm
Rycy Reference resistance 160 k2
ts Sense amplifier phase 1ns
Monte Carlo simulation
Ny Number of sigma 3
N Number of iterations 10,000
RL o Mean resistance 30k
o Standard deviation 0.5
Ry m Mean resistance 16.6 MQ
o Standard deviation 1.68

cases are derived from the extreme resistance values for each
of the two inputs. The four extreme resistance values are LLR,
HLR, LHR, and HHR. Therefore, there are 16 combinations
for two inputs. All of these combinations are simulated for
both AND and OR operations, respectively.

To compare our scheme with the with the state-of-the-art
schemes, we also conducted Monte Carlo simulations of the
AND gates of Scouting Logic [11], Pinatubo [5], and ESL,
respectively. We implemented these circuits according to their
papers. Subsequently, we configured the parameters of two
lognormal distributions as listed in the bottom part of Table I'V.
Finally, we performed 10,000 Monte Carlo simulations for
each design scheme.

B. Validation of ESL

Based on the simulation of the 16 corner cases, we conclude
that the proposed ESL implementation is robust against resis-
tance variations for both the AND and OR operations. Fig. 5
shows the waveform of all the 16 test cases for the AND
operation. The x axis represents time, and the y axis indicates
the voltage. The bitline voltages in the 16 test cases are divided
into three groups according to the logic values of the input
cells. The 2H group is colored red, 1L1H cyan, and 2L orange.
The voltage of the reference bitline is colored black. The three
phases can be easily identified in the figure. The resistance of
the input cells is sampled in the first phase. The higher the
voltage in the graph, the higher the resistance. We refer the
readers to [33] for more details about the working principle
of the sense amplifier. The reference is set between 1L1H and
2L as shown in Fig. 3b. Note that the 2H and 1L1H groups
overlap. For example, HLR+HHR > 2LHR; while HLR+HHR
belongs to 1L1H and 2LHR to 2H, the resistance of 1L1H
can be still higher than 2H. After the two-step amplification
in phases 2 and 3, the 2L cases generate a logical one while
the remaining cases a logical zero. These results are consistent
with the AND’s truth table.

0.9 Voltage (V)

0.7
0.6
05
Phase 3
04
03

02

-
, _

e B
3n Time (s)

Fig. 5. SPICE simulation results of AND operation.

TABLE V
THE NUMBERS OF FAILED CASES IN 10,000 MONTE CARLO ITERATIONS

HH | HL | LH | LL | Total

Scouting Logic 0 75 97 202 374

Pinatubo 0 142 | 176 | 332 | 650
ESL (This work) 0 0 0 0 0

The waveform of the OR operation is similar to Fig. 5 and
hence not included in the paper for simplicity. Also the 16
cases verified the correctness of ESL.

C. Comparison with State of the Art

Table V summarizes for Scouting Logic, Pinatubo, and
ESL the number of failures observed during Monte Carlo
simulations. A simulation is considered to fail when a wrong
logic value is observed (an output voltage lower than 40%
of Vyq is considered a logic zero and higher than 60% of
Vaa a logic one) or when the sense amplifier output ranges
between 40% and 60% of the V44 value. Each row in the table
represents a logic scheme. The columns are the four resistance
combination of the two input memristors, i.e. HH, HL, LH,
and LL, and the numbers represent the total failed cases. The
table clearly shows that ESL is robust against variations, while
the other schemes can practically not be used. Note that we
configured the reference resistance for Pinatubo and Scouting
Logic with different values and repeated the simulations. Only
the simulation groups that had the smallest total number of
failed cases are reported in Table V. It is impossible to find
a perfect value that avoids failures for these designs, as the
input resistance ranges of 1L1H and 2L overlap.

D. Discussion

The main advantage of ESL is that it is able to deal with
large resistance variations. Many previous works overlooked
this fact and did not consider this during design. ESL has
besides this benefit also other benefits. It requires only one
reference resistor which makes it simpler than previous works.



Finally, like other bulk bitwise logic schemes, ESL does not
write to memristors during process; hence, it does not affect
the endurance during logic operations.

To enhance the robustness, we designed a 2T1R memory
cell structure, which is different from the typical cases such
as 1R, ITIR, or 1S1R. Compared with these structures, 2T1R
requires more control signals and has a larger cell area.

VI. CONCLUSION

Today’s RRAM devices suffer from large resistance varia-
tions. Existing Boolean logic schemes that based on resistance
sensing cannot guarantee the correctness of these operations
under such variations. To enhance the robustness, we have
proposed a new scheme that senses the resistance via two paths
for AND and OR operations, respectively. SPICE simulation
and Monte Carlo analysis have proved the robustness of our
scheme. This scheme brings the memristive logic circuits a
step closer to reality as the robustness is a primary concern.
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