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Abstract— Memristors are passive components with a varying
resistance which depends on the previous voltage @ligd across
the device. While memristors are naturally used asmemory,
memristors can also be used for other applicationsncluding logic
circuits. In this paper, a memristor only logic famly, MAGIC
(Memristor Aided LoGIC), is presented. In each MAGIC logic
gate, memristors serve as an input with previouslstored data
and an additional memristor serves as an output. Té topology of
a MAGIC NOR gate is similar to the structure of a @mmon
memristor-based crossbar memory array. A MAGIC NOR gate
can therefore be placed within a memory, providingopportunities
for novel non-von Neumann computer architectures. @er
MAGIC gates also exist é.g, AND, OR, NOT, and NAND) and
are described in the paper.

Index Terms—Menmristive systems, memristor,
MAGIC, stateful logic, in-memory computing.

IMPLY,

I. INTRODUCTION

connected the physical phenomenon of resistandetsig in
TiO2 to memristors. Since 2008, several possibdiegtions

of memristors have been presented. Nonvolatile gimgr
memory technologies, including Resistive RAM (RRARHd
Spin-Transfer Torque Magnetoresistive RAM (STT-MRAM
can be considered as memristors [14]. The primppjiation

of memristors has been memory [3, 16, 22], where th
resistance serves to store data. Another integestimd new
application is memristor-based logic [4-5, 9-12;18].

Stateful logic, including material implication (IMF'), as a
memristor-based logic gate is presented in [5], [®1], [17],
[22], [23]. The proposed stateful logic is built thih a
memristive crossbar array, the most commonly used
memristive memory structure (particularly for RRAM)he
stored data within the memristors are the input amphut of
the logic gate. This method, however, requires eetiai
voltage activation at different locations withinetktircuit.
Furthermore, with IMPLY, the result is stored byeoof the

I n recent years, the concept of a memristor, orilgina jnputs and not by a dedicated output memristorteSitalogic
proposed by Leon Chua in 1971, has generated rehewgso requires additional circuit components (foareple, a

interest. In [1],
component in addition to the three already well mno
fundamental electronic components: the resistopacitor,
and inductor. In [13], Chua and Kang extended Hemty of
memristors to memristive systems. Memristors anchrigtive
devices are two-terminal devices, where the resistaf the
device is changed by the electrical current, asvahia Figure
1. The resistance of the memristor is bounded byramum
resistanceRoy and a maximum resistan&ee. In this paper,
for simplicity, the terms memristor and memristievice are
used interchangeably [14].

For almost forty years, the concept of a memristas just
theoretical. In 2008, Hewlett Packard Laboratorigd
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Chua proposed a fourth fundamentgontroller and an additional resistor within eadwrof the

crossbar), dissipates high power, has high comipuogdt
complexity, and requires complicated control citigui

In this paper, Memristor Aided LoGIC (MAGIC) - a thed
for memristive-only logic - is presented. This nwttdoes not
require a complicated structure and enables seldéuation
of the gate function. Stable evaluation is achieye@dpplying
a single voltage pulse at the gateway of the dirddAGIC
NOR gates can also be fabricated within a crossivabling
computing within memory.

Il. OPERATINGPRINCIPLE OFMAGIC

MAGIC requires only memristors within the logic gat
The logical state in a MAGIC gate is represented aas
resistance, where the high and low resistancesarsidered,
respectively, as logical zero and one (for simplicithe
resistance of logical zero and logical one is abersEd,
respectively, aRRys and R,,). The inputs and output of the
logic gates are the logical states of the memsstdnlike an
IMPLY logic gate, separate memristors are requiiedthe
input and output. The inputs of the MAGIC gatestheeinitial
logical state of the input memristors and the outpthe final
logical state of the memristor. This concept is destrated in
Figure 3a for a MAGIC NOR gate, where the initial
resistances of memristoirsl andin2 are the inputs of the gate
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Figure 1. Memristor symbol. The polarity of the menmistor is
represented by a thick black line. When current flavs into the device
(the upper arrow), the resistance of the device imeases. When
current flows out of the device (the lower arrow)the resistance of

the device decrease
and the final resistance of memristmut is the output of the
gate.

Operation of a MAGIC gate consists of two sequénti
stages. The first stage initializes the output nigowr to a
known logical state. In the second stage of opamat voltage
V, is applied across the logic gate. While applyWg the
voltage across the output memristor depends upsrotical
state of the input and output memristors. The mneali
characteristics of the memristor, namely the tholklurrents
or voltages [8], are exploited to maintain correperation.
For specific input combinations, the voltage isfisignt to
change the logical state of the output memrisi@, the
memristor voltage/current is greater than the thoks
voltage/current, while for other input combinatiptise output
remains at the initialize statej.e, the memristor
voltage/current is below the threshold current a@tage. Note
that in certain cases full switching is not achkdea for
memristors with a threshold current.

Initialization of the memristors can be achievedseveral
ways. For example, it is possible to use a sintdaology as
the circuit used in [19] for configurable memrigtianalog
circuits, as shown in Figure 2. For MAGIC gates hinit
memory (as described in Section Il1), initializatits achieved
as a regular write operation within the memoryscell
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Figure 2. Example of placing a memristor into theritialization
stage. This example is similar to writing a configtable analog
circuit [19]. A different initialization scheme is presented in Section

Il for MAGIC within memory.

Hne. For all other input combinations, the voltagefent is

greater than the memristor threshold voltage/ctrrdine
logical state of the output memristor for these uinp
combinations switches to logical zero. The behawbithe
MAGIC NOR gate is shown in Figure 3b.

Assume a memristor with voltage thresholdsVety and
Vrore FoOr correct circuit behavior, the voltage at theput
memristor is lower thatvt orr When both inputs are logical
zero. For all other input combinations, the voltageoss the
output memristor should be greater th&be. The minimum
voltage at the output memristor greater tNaprr is achieved
when one input is logical one and the other ingutogical
zero. Combining the cases where the voltage atothput
memristor is above and below the threshold vollaegds to a
design constraint on the applied voltage The constraint is,
assumingRyf >> Rop,

2\/T,OFF VO % vI',OFF'

When an input memristor is logical zero, the operabf a
MAGIC NOR can be destructive, changing the inpubtical
one during execution. To eliminate destroying theut, the
voltage across the input memristor needs to bewbéhe
threshold voltage/r on. The maximum applied voltage for a

)

In the next section, the basic MAGIC NOR gate iswo-input NOR gate is therefore

described. Additional MAGIC gates for different Bean
functions based on the MAGIC topology are also labée,
and described in Section VI.

Ill. MAGIC NORGATE
A two input NOR gate consists of two input memristo

(in1, in2) connected in parallel and an additional memristor

(out) as the output. A schematic of a two input NORegat
shown in Figure 3a. The initial execution step uidles writing
a low resistance into the output memristor (init@ion to
logical one) and, if necessary, writing the inpatiue into

memristorsinl and in2. In the final execution step, the

evaluation is achieved by applying a voltage pi\set the
gateway of the logic gate (the gateway as shoviigare 3a).
The applied voltage produces a current that paksesgh
the circuit and appears at memristart. For the case where
both input memristors are logical zero (high resist), the
voltage/current of the output memristor is lowearththe
memristor threshold voltage/current. Hence, théckdgstate of
the output memristor does not change and remaitsgadtal

Roee

Vs oee Ve on -
N

Multiple-input (three or more) NOR logic gates adso be
produced in a similar manner, as shown in FigureFe
input memristors, the design constraints are

W Ru IRy N Vo 12 O
For non-destructive operation of anput NOR, the maximum
applied voltage is

)

V, min

1 Roee Ron 4)

R)N R:)FF

IV. MAGIC WITHIN A CROSSBARARRAY

RRAM commonly utilizes a crossbar structure. Thassbar
structure enables dense memory ¢¥4whereF is the feature
size. Memristive-only logic gates within a memssticrossbar
array reduce power and provide an opportunity foreh non-
von Neumann architectures, where the logical opmrsitare

Ve min Vo 1 M on |
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Figure 3. MAGIC NOR. (a) Schematic of a two input NDR gate. The

* .
output memristor out. During execution, a voltageVo is applied at . N o ® ° .
the gateway of the circuit (marked by an arrow). (b Simulations of a Figure 4. MAGIC NOR gate within a crossbar array. @) Schematic
two input NOR gate for all input combinations. Thedifferent curves (of a memristive crossbar structure. A two input NORgate is.
show the currents read from each memristor prior toexecution and achieved in rowi, whereinl andin2 are, respectively, in columng+1
after applying Vo. (c) Schematic of an N input NOR. andj andoutis in columnj-1, as marked by an oval. (b) Schematic of

a two input NOR gate within a crossbar array. The vltage at the
executed within the memory [11]. When performingyito gatewayVo is the applied voltage at columngandj+1, while column

within the memory, the input is the stored datahiitthe j-1 is connected to gr_ound. Note thatt_he schematis identical to the
memristors and the output is the stored data aftecution. figure shown in Figure 3a.
Initialization of the input and output is achievas a regular TABLE |. COMPARISONBETWEENIMPLY AND MAGIC
memory write operation, and sensing the resulthsesed as a IMPLY [11] MAGIC
regular memory read operation. No. ofvoltage: 2 (Vsen, Veonr) T (Vo)

To integrate a memristive-only logic gate withircrassbar Separate input and No Yes
array, two requirements need to be satisfied: thetsire and output
connections of the logic gate should be placed iwith Basic functions IMPLY (+ FALSE) OE'A':INDDN'P')(?R'
crossbar array and the logical state of the logite gis No. of memrisiors for : ’
represented as a resistance, as in a memristiveorpe NOR/NAND 3 (+ aresistor) 3
MAGIC NOR gate fulfills both of these requiremeni&he No. of clock cycles for 4 5
structure of a memristive crossbar array and a ihpat NOR/NAND
MAGIC NOR gate within a crossbar is shown in Figdre Within memory _Yes Yes (for NOR)

Logically complet Requires FALS Yes (NOR, NAND

While other memristive stateful logic gates casoabe
integrated within a memristive crossbar array [thgse logic [21]. The parameters of the circuit simulations &séed in
gates require an additional resistor within eac wf the Table 2.
crossbar array. Additionally, unlike the NOR Boolea The behavior and speed of a MAGIC NOR gate for
operation, the IMPLY operation is not logically cpiete and different values oW, are shown in Figure 5. To evaluate the
requires the operation of FALSE (writing a logizaro to a delay of the logic gate, the slowest input caseoissidered.
memristor). A comparison between memristive IMPLda The delay of a MAGIC NOR gate is determined fromirgout
MAGIC is listed in Table 1. combinations of {1,0} or {0,1}.

From (1) and (2)V, can vary from 0.6 to 1.5 volts for the
V. EVALUATION AND DESIGN CONSIDERATIONS FOR A parameters listed in Table 2. As shown in Figure 5b
MAGIC NORGATE increasing the applied voltag& decreases the delay of the

The speed of a MAGIC NOR gate is evaluated in SHREE |ogic gate. Folv, at 1 volt, the delay of the logic gate is 1.3 ns,
a 0.18 pm CMOS process. A memristor model, the VVEA an increase of 30% as compared to the switching tina
model [20], which extends the TEAM model with aeiiold  single memristor.
voltage, is used with a Biolek window function [8The
parameters of the memristors are chosen to produce V1. ADDITIONAL MAGIC GATES
switching time of 1 ns for a voltage pulse of 1tfof RESET  With the same design principles described in Sectlp
and 2 volts for SET, and to fit practical devicas reported in additional Boolean functions can added to the MAGIRQily.

The additional MAGIC gates described in this settiwe not
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TABLE |l. MEMRISTORPARAMETERS (FORVTEAM MODEL[20]) Gatewav
Kon -216.2 m/sec (a) _E/M—ml
Koff 0.091m/sex
Vron -1.5 voll
V1.0FF 0.3 volt iny=0,in,=0lin; =0, in,= Liin, = 1, in,=0'in; = 1, in,= 1
Xon 0 = out“aut;
Xoff 3nm (b) E|
. : LI T
off 4 nollallin i el 20
Ron 1k Time .
ROFF 300 k II“lN 1 n

f—@-@—@-@—@l

100%
Figure 6. MAGIC NAND gate. (a) Schematic of a tworiput NAND

"4 gate. The logic gate consists of two input memristeinl andin2,
(a) -35“ and an output memristor out. During execution, a voltagéVy is
& applied at the gateway of the circuit. (b) Simulatn results for a two
1% ™ e input NAND gate for all input combinations. The different curves
in,=in, =0 A exhibit the currents of each memristor prior to exeution and after
applying Vo, and (c) schematic of an N input NAND gate.
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Figure 5. SPICE simulations of a two input MAGIC NOR gate. (a) (C)

Output memristor for different input combinations, Vo = 1 volt. The | : M‘@j_

delay is evaluated as the time to switch the outpumemristor to
logical zero when one input is logical one and thether input is
logical zero (dashed line), and (b) delay for diffent values ofVo.

in;=0,in,= Olnl 0, lnz—lml—l iny= 0m1—1 iny,=1

placed within a crossbar array (except for the Ngaie), but

in, out;

g
can be used as standalone logic. (d) £ in, |out,
. . . . . . ol init

Connecting the input memristors in series with tagne | l Ly o | ;
topology as the MAGIC NOR gate produces a NAND gase mongnminyns nnentiing
shown in Figure 6. O_R and AND logic gates havenailar Figure 7. MAGIC OR and AND gates. The structure ofthe logic
structure as, respectively, NOR and NAND, except tfee gates is similar to MAGIC NOR and NAND gates. The otput
opposite polarity of the output memristout Unlike NAND memristor out is connected with the same polarity as the input

and NOR,out is initialized to Iogical zero prior to execution. memristors, and is initialized to logical zero. (aschematic of a two

. . input OR gate. (b) Simulation results for a two inut OR gate for all
The schematic and behavior of the OR and AND MAGIC input combinations. (c) Schematic of a two input A gate. (d)

gates are shown in Figure 7. Similar to the MAGIORIand Simulation results for a two input AND gate for allinput
NAND gates, multi-input logic gates are also passior the combinations.
MAGIC OR and AND gates. high and the logical state at may therefore be switched to

A MAGIC NOT gate (inverter) consists of an inputjogical zero. Hence, the MAGIC NOT operation can be
memristorin and an output memristout The memristors are destructive to the input unless the applied voltaigmemristor
connected in series with an opposite polarity in @& is belowVron For the case wher is logical one, the
complementary memristor structure (or complementaRyitage across memristout is sufficient to switch the logical
resistive switches) [15], as shown in Figure 8atHe first state ofout (greater than the threshold voltage) to logicabze
stage of execution, the output memristor is in&d to  Simulation results for a NOT gate are shown in Eigb. A
logical one. When applyin¥, at the gateway of the circuit, symmary of several MAGIC gates, including the desig
the voltage divider betwedn andout determines whether the constraints, is listed in Table For linear memristors and
resistance of the output memristor changes. Focabe where memristors without a threshold voltage (or currestjnilar
in is logical zero, the voltage acrasst is below the threshold design issues as those reported for the IMPLY {@itel1]

voltage and the logical state ofit remains logical one, as need to be considerede.g, state drift phenomenon),
desired. Note that in this case, the voltagénas relatively complicating the design procedure.
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TABLE lll. SuMMARY OF MAGIC GATES

Function Design Constraints Design Constraints — Multiple lputs C\r/c\J/Istg;)r;r’)
P ROFF VT‘OFF RJFF H R]FF %N
2V V, min V; ore | V4 —_— — min 11— 1 = Yes
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RW ROFF %N
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FF R)FF
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