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Recently, it has been demonstrated that memristors can be utilized as logic operations and memory elements. In this
paper, we present a novel circuit design for complementary resistive switch (CRS)-based stateful logic operations. The
proposed circuit can automatically write the destructive CRS cells back to the original states. In addition, the circuit can
be used in massive passive crossbar arrays which can reduce sneak path current greatly. Moreover, the steps for CRS logic
operations using our proposed circuit are reduced compared with previous circuit designs. We validate the effectiveness of

our scheme through Hspice simulations on the logic circuits.
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1. Introduction

As it has become increasingly difficult to overcome var-
ious physical limits of the traditional CMOS technology,!!!
alternative elements are desired for higher performance. An
element called memristor (short for “memory resistor”) is
a promising candidate. A memristor was first theoretically
postulated by Chua in 1971,1?) and later, Williams’s team
presented a resistance variable device as a memristor at HP
Labs in 2008.%! Different from other novel nonvolatile ran-
dom access memories, ! as an emerging nanoscale device,
memristor has a lot of advantageous features, such as non-
volatility, high density, low power, and good scalability. Re-
cently, researchers have also demonstrated its potential appli-
cations in programmable analog circuits, -8 chaotic oscilla-

[9- [12]

tor circuits,®~'! and neural networks.

In addition, a memristor can be used in

[13-15

logic
circuits, 1 Jogic arrays,['18] and other structures like
CMOS-memristor hybrids.!'”) Over the years, the memristor
has been proposed as a replacement for the current CMOS-
based memory architectures. For example, memristor-based
crossbar arrays were used as feasible nonvolatile random ac-
cess memories (RAMs) in Ref. [20]. However, passive cross-
bar arrays have the common problem about sneak path current
due to interference from the neighboring cells when selecting a
designated cell within the arrays.[?!~23] Recently, the comple-
mentary resistive switch (CRS), which consists of two bipolar
memristive elements anti-serially, was proposed to overcome

[24

the disadvantage of sneak path.[?*! The element, including a
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high resistance state and a low resistance state, is used to en-
code either logic 0, 1, or ON state (see Fig. 1). If memristive
element X is in the high resistance state (HRS), and memris-
tive element Y is in the low resistance state (LRS), then CRS is
in state 0. If memristive element X is in the LRS, and memris-
tive element Y is in the HRS, then CRS is in state 1. If mem-
ristive elements X and Y are both in the LRS, then the CRS
is in state ON. The transitions between these states depend on
the applied biasing voltage across the CRS, controlled by Vi1,
Vina, Vin3, and Vi threshold voltages.?*!

Since Linn et al. proposed the CRS architecture in
Ref. [24], many scholars have paid much attention to the CRS.
In Ref. [15], Yang et al. proposed a scheme to implement the
CRS-based stateful logic operations using material implication
(IMP). However, during the IMP operation, the state 1 stored
in the CRSp was reset to state 0, and for the NAND opera-
tion, the state 1 stored in the CRSp; and CRSp, was similarly
reset to state 0. This scheme for the stateful logic operations
partially destructs the original states stored in the input CRS
cells. Moreover, the CRSs used in input and output cells are
two different types of elements, then the configuration and pa-
rameter of input cell (CRSp) and output cell (CRSq) are com-
pletely different. The output cell CRSq can be only used as an
output cell, which cannot be used as an input cell to perform
the next logic operation, so it is hardly applied to massive pas-
sive crossbar arrays. In order to solve these issues, we put
forward a circuit which consists of two parts including two

CMOS switches, a resistor, and two voltage comparators. The

*Project supported by the National Natural Science Foundation of China (Grant Nos. 61374150 and 11271146), the State Key Program of the National Natural
Science Foundation of China (Grant No. 61134012), the Doctoral Fund of Ministry of Education of China (Grant No. 20130142130012), and the Science and
Technology Program of Shenzhen City, China (Grant No. JCYJ20140509162710496).

Corresponding author. E-mail: wangxiaoping@hust.edu.cn
© 2016 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

058502-1


http://dx.doi.org/10.1088/1674-1056/25/5/058502
mailto:wangxiaoping@hust.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 25, No. 5 (2016) 058502

circuit can be highly compatible with the CRS, and can be inte-
grated to the peripheral circuit. The circuit will not bring extra
area consumption of storage cells in massive passive crossbar
arrays either. The main contributions of this paper are as fol-

lows.
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Fig. 1. CRS I-V characteristic and its states (state 0, state 1, state ON).

i) The proposed circuit can automatically write the de-
structive CRS cells back to the original states. In Ref. [15],
the state 1 stored in CRSp will be changed to state 0. How-
ever, the state of input cells will not be destroyed by using our
proposed circuit. This virtue can ensure the integrity of the
data, which is of high importance in some fields.

ii) The proposed circuit can be applied to massive pas-
sive crossbar arrays. The output cell CRSq in Ref. [15] can
be only used as the output cell, which cannot be used as the
input cell to perform the next logic operation. However, every
storage cell in crossbar arrays can be either used as input cell
or output cell using our proposed circuit.

iii) The steps of logic operations using our proposed cir-
cuit are fewer compared with Refs. [13]-{15]. Here, we only
need two steps to implement the CRS IMP operation, and only
three steps are required to execute CRS NAND operation re-
gardless of the number of inputs. However, three steps are
required to implement the CRS IMP operation, and four steps
are required to perform CRS NAND operation in Ref. [15].
In Refs. [13] and [14], N + 1 steps are required to execute N
inputs of NAND operation.

The remainder of this paper is organized as follows. Sec-
tion 2 presents our proposed circuit for CRS IMP, NAND op-
erations and the CRS-based crossbar architecture with our pro-
posed circuit. In Section 3, simulation results are provided to
demonstrate the effectiveness and superior performance of the

proposed circuit. Section 4 concludes this paper.

2. The proposed circuit and its applications to
crossbar architecture

In this section, at first, we describe the CRS IMP opera-
tion using the proposed circuit. On this basis, we propose the
CRS NAND operation. In order to apply CRS-based logic op-
erations to crossbar arrays, we choose the same type of CRS as
the CRSp and CRSq. By implementing the two stateful logic
operations, we show that our proposed circuit can perfectly
address these problems existing in Ref. [15].

2.1. CRS IMP operation using our proposed circuit

To perform the CRS IMP operation using our proposed

circuit, we consider the basic structure shown in Fig. 2.

_________________

VeLEARP

VONCRsP-0

Fig. 2. The basic structure of the CRS IMP operation using the pro-
posed circuit.

The circuits of red dashed line and blue dashed line
present our proposed circuit. In the circuit of red dashed line,
we adopt two CMOS switches S; and S;, a voltage comparator
Cy, and a resistor Rg of which resistance is fairly small com-
pared with the resistance of CRSp state ON (Rcrsonp)- In the
circuit of the blue dashed line, we only use a voltage compara-
tor C; to implement the related functions. In order to perform
the CRS IMP operation using our proposed circuit, voltage
Voncrsp-o and Ve garp are applied to switch Sy and S,. Volt-
age VoNcrsp—o is negative which can only switch CRSp from
state O to state ON, and voltage Vcpgarp is positive which re-
sets CRSp to state 0. The output voltage of Cy, namely Vouri,
is used to select switch S; or Sp. The S; is a PMOS switch,
and the S; is a NMOS switch. When voltage Vour is negative,
switch Sy is turned on, S, is turned off, and voltage Voncrsp—o
is applied to CRSp, resistor Rg and Rg. When voltage Vour
is positive, switch S, is turned on, S is turned off, and volt-
age VcLeArp 18 applied to the circuit. Now, we show how the
circuit in Fig. 2 is used to perform the IMP operation. At the

beginning, voltage Vpos; (positive terminal of Cy) is equal to
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zero. We apply a positive pulse to voltage Vrgr1, and thus volt-
age Vour: will be negative, which turns on switch Sy, imposes
voltage Voncrsp—o to the circuit. Under voltage Voncrsp—o,
CRSp either stays in state 1 or switches from state O to state
ON. The magnitude of the current passing through Rg, CRSp,
and Rg when CRSp is in state ON is larger than the one when
CRSp is in state 0. In order to perform CRS IMP operation
correctly, the relationships of various operation voltages are
given in Eqgs. (1)-(3). When CRSp is in state ON, we define
the potential of the node B (see Fig. 2) as Vonposi, and we
define the potential of the node A as Vgon. When CRSp is in
state 1, we define the potential of the node B as Vipps;, and we
define the potential of the node A as V1. Obviously, voltage
Vcon and Vg1 meet Eq. (4). Similarly, the voltage drop over
Rs when CRSp is in state ON is much larger than the one when
CRSp is in state 1. That is to say, voltage Vipos; with CRSp
staying in state 1 is less than Vonpos: with CRSp staying in
state ON, so voltage Vipos: and Vonpos1 meet Eq. (5). Fig-
ure 3 presents the waveforms of the added voltage Vrgr; and
Vrer2. Here, the proposed circuit is designed by using the pa-
rameters listed in Section 3. The voltages including Vonposi,
Virosi, Vg1, and Vgon are measured in the circuit simulation,
and the reference voltages, namely Vrgr; and VRgp, are the

added voltages.
Vetha < VoNcrsP—0 < Vpns, (1)
Ve < VCLEARP, (2)
VserQ < Vous, (3)
Veon < Vi, 4)
Viros1 < Vonpost, (5)

where Vppo, Vpms, and Vpgpg are the threshold voltages of
CRSp, Vowas is the threshold voltage of CRSq, Viposi,
Vonrosi, Voon, and Vg are all negative voltage. As shown
in Fig. 3, in Step 1, Vrgr) is a positive voltage, and Rrgp> is
negative which is larger than Vgon and less than Vg;. In Step
2, voltage VRrpp; is negative, which is larger than Vipos; and
less than Vonpos1; and voltage Rrgp; is also negative which is
less than Vgon and V1. Now, we analyze the four input cases
and the operation process.

Case 1 CRSp is in state 0, CRSq is also in state 0. As
shown in Fig. 3, firstly, voltage Vrgp) is larger than Vposi
which is about 0, and Vour is negative which turns on Sj.
Then Voncrsp—o is applied to the circuit (shown in Fig. 2).
Under voltage Voncrsp—0, CRSp will be changed to state ON,
then voltage Vpos> is equal to Vgon which is smaller than
Vrer2 (see Fig. 3). Voure will be a negative voltage which
is defined as Vsgrq, and voltage Vsgrq will set CRSgq to state
1. Secondly, when CRSp switches to state ON, Vrgr; will be
less than Vonposi- In this way, switch S, is turned on, and

voltage VcrLparp Will be applied to the circuit. Under voltage
VeLeare, CRSp will be changed from state ON to state 0. Note
that voltage VL gaRrp is positive. As a result, Vpos; is also pos-
itive, switch Sy will be always turned on. Vi, will be a small
positive voltage, at the moment, we will apply a negative volt-
age to Vrpr (see Fig. 3). So Voutz will be a positive voltage
which we define VL ow. Voltage Vi ow is less than Vg, which
does not change the state of CRSq, here, Vo is the threshold
voltage of CRSq, then CRSq will still stay in state 1. After
that, CRSp is in state 0, and CRSgq is changed to state 1.

1
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Fig. 3. The waveforms of the added voltage Vrgri and Vrgr, in our
proposed circuit.

Case 2 CRSp is in state 0, CRSq is in state 1. Like Case
1, under Voncrsp—0, CRSp will be changed to state ON, then
under voltage Vcrgarp, CRSp will return to its original state
(state 0). At the same time, CRSq will not be changed. After
that, CRSp is in state 0, CRSq, is in state 1.

Case 3 CRSpisin state 1, CRSq is in state 0. Firstly, un-
der voltage Voncrsp—0, CRSp remains in state 1, then voltage
Vposz is equal to Vg which is larger than Vrgra, VouTz will
not be equal to voltage Vi ow which will not change the state
of CRSq. Secondly, when CRSp is in state 1 under voltage
VONCRSP—0, VPOs1 18 equal to Viposi which is less than volt-
age Vrer1- Then Vour is still negative, and switch S, will not
be turned on. In this way, voltage Vpos> is still equal to Vg1,
which is still larger than Vrgra. So, Vout: will still be equal to
voltage Vi ow which will not change the state of CRSq. After
that, CRSp is in state 1, CRSq, is in state 0.

Case 4 CRSp is in state 1, CRSq is also in state 1. Like
Case 3, under Voncrsp—o, CRSp remains in state 1. At the

058502-3



Chin. Phys. B  Vol. 25, No. 5 (2016) 058502

same time, CRSq will not be changed. After that, CRSp is in
state 1, CRSq is in state 1.

The CRS IMP operation can be implemented using the
proposed circuit during two steps. Table 1 presents the truth
table, and Table 2 presents the applied voltages and steps of
CRS IMP operation. In Section 3, we will present the simula-
tion on CRS IMP operation, and the simulation result validates
our proposed scheme.

Table 1. The truth table of CRS IMP operation.

Step 1 Step 2
CRSp (RS —rgr CRSy CRS; CRS
0 0 ON 1 0 1
0 1 ON 1 0 1
1 0 1 0 1 0
1 1 1 1 1 1

Table 2. The operation voltages and steps of the CRS IMP operation.

Vp Vo Function

VserQ

Step 1 VONCRSP_0 (if CRSp is in state ON) Operation
VLow

(if CRSp is in state 1)
VeLEARP
Step 2 (if CRSp is in state ON) Viow Restoration
VONCRSP—0 (less than Vin1)

(if CRSp is in state 1)

2.2. CRS NAND operation using our proposed circuit

According to Ref. [13], any logic operation can be imple-
mented using NAND gates. Hence, the following section will
illustrate the details of CRS NAND operation. The two in-
puts NAND operation needs three CRS cells, CRSp;, CRSp;
(NAND inputs), and CRSq which will store the result after

NAND operation. Figure 4 presents the basic structure for
performing the CRS NAND operation.

Like the CRS IMP operation, the circuits of red dashed
line and green dashed line are added to CRSp; and CRSp;
respectively, and the circuit of blue dashed line is used to
drive CRSq. The configuration and parameter in the circuits
of red dashed line and green dashed line are completely the
same. In order to describe the CRS NAND operation, we
make some definitions. When CRSp; is in state ON under
voltage Voncrsp—o, we define the potential of the node B as
Vonros: (see Fig. 4). When CRSp; is still in state 1 under
voltage Voncrsp—o, we define the potential of the node B as
VlPOSl- Similarly, we can define V()Np()52 and leosz. When
CRSp; and CRSp; are both in state 1 under voltage Voncrsp—o0,
we define the potential of the node A as V|_jpos3. When one
of CRSp; and CRSp, is in state ON and the other is in state 1
under voltage Voncrsp—o, we define the potential of the node
A as Vi_onpos3. When CRSp; and CRSp; are both in state ON
under voltage Voncrsp—o, We define the potential of the node
A as Von—onpos3- Apparently, equations (7)—(9) are all sat-
isfied. Figure 5 presents the waveforms of the added voltage
VRer1> VREF2, and Vrgrs. Here, like the CRS IMP operation,
the proposed circuit is also designed by using the parameters
listed in Section 3. The voltages including Vonposi, Virosi,
Vonros2, Vipos2, Vi—1pos3s Vi—onpos3, and Von_onpos3 are
measured in the circuit simulation, and the reference voltages,
namely VrRgr1, VREF2, and Vrgps are the added voltages.

Vo2 < VCLEARQ, (6)
Von-onpos3 < Vi—onpos3 < Vi—iposs, @)
Viros1 < Vonposi )]
Virosz2 < Vonpos2, )

i Voxcrsp—o  VoLEARP : ' Voncrsp-o  Vereare :
, |

, [ ! ; ;
, 1 !
, [ !
| 1 S3 Sy |
. o —
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| I Ry Cy !
, 1 !
, [ !

Rg

Fig. 4. The basic structure of CRS NAND operation using the proposed circuit.
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Fig. 5. The waveforms of the added voltage Vrgr1, VRer2, and VRgg3 in
our proposed circuit.

where Vomp is the threshold voltage of CRSq, voltage
VONPOSly VONPOSZ, and V1_1p053 are all negative. To imple-
ment the CRS NAND operation, in Step 1, we apply voltage
Vserq to CRSq, which sets CRSq to state 1 unconditionally.
Then we remove voltage Vsgrqg. Considering Fig. 5, in Step
2, for the fact that voltages Vpos1 and Vpps» are about 0, we
apply a positive voltage to Vrgr1 and Vrgrz, then Voyt; and
VouT? are negative and will turn on switch S and S3, so volt-
age Voncrsp—o Will be added to the circuit. At the same time,
a negative voltage is applied to Vrgrz which is larger than
Vi—oNpos3, VoN—oNPOs3, and less than V| _1pos3. In Step 3, we
apply a negative voltage to Vrgr; which is larger than Vipos;
and less than Vonposi, and it is the same as voltage Vrgpy. In
the meantime, a positive voltage is applied to Vrgrz which is
larger than Vpps3. Now, we analyze the four input cases and
the operation process.

Case 1 CRSp is in state 0, and CRSp; is also in state

0. Firstly, voltage Vsgrq sets CRSq state 1, then voltage
Voncrsp—o is added to the circuit, CRSp; and CRSp, will be
changed to state ON under voltage Voncrsp—o- At the same
time, the added voltage Vg3 is larger than Von—_oNPos3, then
voltage Vours is a negative voltage which we define as Vorow.
The magnitude of Vgorow is less than Vg3, which will not
change the state of CRSq, here, Vous is the threshold volt-
age of CRSq. Secondly, the added negative voltage Vrgr1 and
VRrer2 are less than Vonposi and Vonpos2, respectively. So,
voltage Vout and Vour, are positive which will turn on switch
S> and S4, voltage VcLgarp is added to the circuit. Under volt-
age VeLearp, CRSp; and CRSp; will be reset to state 0, and
voltage Vpos; and Vposy will be positive which are larger than
Vrer1 and VRgp; respectively, switch S; and S3 will not be al-
ways turned on, therefore CRSp; and CRSp, will remain in
state 0. However, biased by voltage Vcpearp, VPos3 1S a small
positive voltage. So we apply an appropriate positive voltage
to Vrers which is larger than Vpog3, the voltage Voyrs is equal
to VoLow which will not change the state of CRSq. In this
way, CRSq is still in state 1. After that, CRSp; is in state 0,
CRSp; is in state 0, and CRSg, is in state 1.

Case 2 CRSp; is in state 0, CRSp, is in state 1. Firstly,
voltage Vsgrq sets CRSq state 1, then voltage Voncrsp—o is
added to the circuit. Under voltage Voncrsp—o, CRSp; will
switch to state ON, while CRSp, keeps the state.
Vros3 1S Vi_onpos3, while the added voltage VREF3 1S larger

Voltage

than Vi_onpos3, so voltage Vours is equal to Vorow which
will not change the state of CRSq. Secondly, the added nega-
tive voltage Vrgr is less than Vonposi, then switch S, will be
turned on, so CRSp; will be reset to state O biased by voltage
VeLearp. For the fact that the added negative voltage VRer
is larger than Vipops2, then switch S4 will not be turned on, so
the state of CRSp, will not be changed. While biased by volt-
age Voncrsp—o0 and Vorearp, Vpos3 is a small positive volt-
age. Like Case 1, we apply the same voltage to Vrgrz which
is larger than Vpos3. In this way, CRSq is still in state 1. After
that, CRSp; is in state 0, CRSp; is in state 1, and CRSq is in
state 1.

Case 3 CRSp; is in state 1, CRSp, is in state 0. Case 3 is
the same as Case 2. After that, CRSp; is in state 1, CRSp; is
in state 0, and CRSq is in state 1.

Case 4 CRSp; is in state 1, CRSp, is also in state
1. Firstly, voltage Vsgrq sets CRSq to state 1, then volt-
age Voncrsp—o is added to the circuit. Under voltage
Voncrsp—0, CRSp; and CRSp; will keep the state. In
the meantime, voltage Vpos3 is equal to V|_jpos3, and
voltage Vrgps is less than Vi_ipos3 (shown in Fig. 5),
which makes comparator C3 output a positive voltage.
Here, we define the positive voltage Vcigarg, Wwhich
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Table 3. The truth table of CRS NAND operation.

CRS CRS Step 1 Step 2 Step 3
Pl F2 CRSq CRS}, CRS}, CRS, CRS}, CRS}, CRS},
0 0 1 ON ON 1 0 0 1
0 1 1 ON 1 1 0 1 1
1 0 1 1 ON 1 1 0 1
1 1 1 1 1 0 1 1 0
Table 4. The operation voltages and steps of the CRS NAND operation.
Vp1 Ve Vo Function
Step 1 - - VSETQ Initialization
VCLEARQ
(CRSp; =state 1,
Step 2 VONCRSP—0 VONCRSP—0 CRSp; =state 1) Operation
VaoLow
(other cases,
larger than V3 )
VONCRSP-0 VONCRsP-0
Step 3 (CRSp; =state 1) (CRSp, = state 1) VQLOW Restoration
VCLEARP VCLEARP (larger than Vo3 )

(CRSp; = state ON) (CRSp, = state

ON)

can reset CRSq to state 0. Secondly, the added negative volt-
age Vrer1 and VRep; are larger than Vipog| and Vipos», respec-
tively. So, voltage Vour: and Voyto are negative which will
not turn on switch S, and S4, and voltage Ve garp Will not be
added to the circuit. At the same time, the added positive volt-
age VRgrs 1s larger than Vi_ipos3. The voltage Vours is equal
to Vorow which will not change the state of CRSq. After that,
CRSp; is in state 1, CRSp; is in state 1, and CRSq is in state
0.

Table 5. Comparison about steps of IMP and NAND operations.

Implementation steps

Logic operation ~ CRS using our

. CRS[3T Memristor(1314]
proposed circuit
IMP 2 3 1
2 inputs NAND 3 4 3
3 inputs NAND 3 4 4
4 inputs NAND 3 4 5
N inputs NAND 3 4 N+1

The CRS NAND operation can be implemented using the
proposed circuit during three steps. Table 3 presents the truth
table, and Table 4 presents the operation voltages and steps of
CRS NAND operation. In Section 3, we will show the sim-
ulation on CRS NAND operation, and the simulation result
validates our proposed scheme.

To perform N inputs CRS NAND operation, we need
N + 1 CRS cells to achieve the function, in which N CRS cells
are used for N inputs cells, and the other is considered as the
output cell. It needs only three steps. In Step 1, CRS, is ini-
tialized to state 1, then N inputs CRS NAND operation can be
executed by two steps using our proposed circuit. For the CRS

NAND operation in Ref. [10], it needs four steps. For mem-
ristor NAND operation in the previous literature, it needs N
times IMP, so N inputs memristor NAND operation requires
N +1 steps (N IMP steps plus one initialization). The com-
parison about steps of IMP and NAND operations is shown in
Table 5.

2.3. CRS-based crossbar architecture with our proposed

circuit

In the preliminary, we have already implemented the two
foremost CRS logic operations. According to Ref. [13], any
logic operation can be performed using the NAND gates. In
addition, other stateful logic operations can be also imple-
mented using our proposed circuit. We will apply the CRS
NAND operation with our proposed circuit to crossbar archi-
tecture. Figure 6 shows the basic structure. In Fig. 6, the cir-
cuits of red, green, and blue dashed line present our proposed
circuit. The row decoder circuit, column decoder, and load re-
sistor circuit are used to choose the selected row and column.
To perform the CRS NAND operation in crossbar arrays, we
take 4 x 4 crossbar arrays for example. The three rows in front
are selected, and the second column is selected. In this way,
the two red circled CRS cells are used as the input cells, and
the blue circled CRS cell is considered as output cell. Ac-
cording to the operation steps presented in Section 2.2, we can
implement the CRS NAND operation in crossbar arrays. We
can also write and read any CRS cell in crossbar arrays using
the write and read circuits (see Fig. 6). Not only CRS NAND
operation can be performed, but also other CRS operations,
such as CRS IMP, CRS NOR operations, and so on, can be
implemented in the crossbar arrays.
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write & read
circuit

row decoder circuit

column decoder & load
resistor circuit

Fig. 6. The basic structure of CRS NAND operation in massive passive crossbar arrays using our proposed circuit.

3. Simulation results

The following presents the simulation results of CRS IMP
and NAND operations using Hspice simulation tool. To per-
form the CRS stateful logic operations, the parameters of CRS
cells should satisfy Egs. (1)—(3), and (6). Here, for CRSp and
CRSq, we choose Ron = 100 Q for state ON of memristive
elements X and Y, and Rogr = 10 kQ for state OFF of mem-
ristive elements X and Y. In this way, we can ensure the same
configuration and parameter of CRSp and CRSq, which can be
applied to massive crossbar arrays better. Moreover, we select
Rc =50 © and Rs =20 Q. We use —12 V for Vsgrq, 12 V
for VcLearp and VeLear- According to Eq. (1), Voncrsp—o is
—8V.

3.1. Simulation on CRS IMP operation

Figure 7 shows the CRS IMP operation simulation re-
sults. In Figs. 7(a) and 7(b), the states of CRSp and CRS, are
represented by two memristive elements which are called state
PX, state QX (blue bold line) and state PY, state QY (green
bold line), respectively. As shown in Fig. 7, there are three
states for CRSp and CRSq. The first state is the original state.
After Step 1, CRSp and CRSq switch to the second state, and
after Step 2, CRSp and CRSq switch to the third state. Now,
we take Case 1 for example. The original states of CRSp and
CRS( are state 0. After Step 1, CRSp switches to state ON,
while CRSq, switches to state 1. After Step 2, CRSp switches

to state 0, while CRSq remains unchanged. After that, the state
of CRSq is the result of IMP operation, and CRSp remains in
its original state, which is not destroyed. It is the same as the
other three cases (see Fig. 7). The simulation results validate

our proposed scheme.

3.2. Simulation on CRS NAND operation

Figure 8 shows the simulated results of the CRS NAND
operation circuit (see Fig. 4). Like the CRS IMP opera-
tion, there are three states for CRSpy, CRSp,, and CRSq (see
Fig. 8). The first states of CRSp; and CRSp; are the original
states, and the first state of CRS, is the initialized state. Dur-
ing Step 1, CRSq is initialized to state 1. After Step 2, CRSpy,
CRSpy, and CRSq switch to the second state, and after Step
3, CRSpy, CRSp2, and CRSq switch to the third state. Now,
we take Case 1 for example. The original states of CRSp;
and CRSp; are state 0. During Step 1, CRSq is initialized to
state 1. After Step 2, CRSp; and CRSp; both switch to state
ON, and CRSq remains in state 1. After Step 3, CRSp; and
CRSp; both switch from state ON to state 0, and CRSq still
remains in state 1. After that, the state of CRSq is the result
of NAND operation, CRSp; and CRSp; remain in their origi-
nal states, which are not destroyed. It is the same as the other
three cases (see Fig. 8). The simulation results validate our

proposed scheme.
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Fig. 7. The CRS IMP operation simulation results: (a) the state of CRSp, and (b) the state of latched cell CRSq. (a-1), (b-1) Case I;

(a-2), (b-2) Case 2; (a-3), (b-3) Case 3; (a-4), (b-4) Case 4.
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Fig. 8. The CRS NAND operation simulation results: (a) the state of CRSp;, (b) the state of CRSp,, and (c) the state of latched cell
CRSyq. (a-1), (b-1), (c-1) Case 1; (a-2), (b-2), (c-2) Case 2; (a-3), (b-3), (c-3) Case 3; (a-4), (b-4), (c-4) Case 4.

4. Conclusion

In this paper, we present a circuit design for CRS-based
stateful logic operations. Here, we describe CRS IMP and
NAND operations using our proposed circuit in detail. We
only need two steps to implement the CRS IMP operation
compared with the previous CRS IMP operation in Ref. [15].
Furthermore, only three steps are required for implementing
N inputs NAND gate, whereas memristor based NAND oper-

ation needs N + 1 steps. The most important feature of our
proposed circuit is that the states stored in input cells will not
be damaged. In the end, due to the fact that we use the same
type of CRS as input and output cells, we can apply the circuit
to massive passive crossbar arrays.
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