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Abstract— Resistive memory, also known as memristor, is interconnection introduces intermediate memristor sttat
recently emerging as a potential successor to traditionalliarge- can reduce the sneak-path currents significantly, fatiiiga

based memories. However, the nanoscale features of theseites o geyelopment of large passive crossbar arrays with egtluc
introduce challenges in modeling and simulation. In this paer, .
power consumption [9].

we propose a novel Verilog-A based complementary resistive ; i . ) . .
switch memory model for effective simulation and analysisOur Effective simulation m(_)del_ Is a C”tlca_| requirement for_
proposed model captures desired non-linear characterists using the development and validation of memristor based CRS in

voltage based state control as opposed to recently proposedr-  EDA tools [10]. Although number of memristor models have

rent based state control. We demonstrate that such state ctol oo reported so far, curently there is a lack of effective
has advantages for our proposed CRS model based crossbar . '

arrays in terms of symmetric ON/OFF voltages and significarly S|muI§1t|0n model for memrlgtor based CRS. For e>.<ample,

reduced sneak path currents with high noise margin comparedo Mmemristor models proposed in [5], [6], [7] are effective for

traditional memristor based architectures. Moreover, to walidate modeling basic memristor characteristics with ion drifhon-

the effectiveness of our Verilog-A based model we carry out |inear ion drift behavior. However, these models cannotngefi

extensive simulations and analyses for different crossbaarray  {he pon-linear memristor characteristics required in CRS s

architectures using traditional EDA tools. . .
tems and hence are not suitable. In [12], another memristor
model suitable for CRS modeling is proposed. However, this

. INTRODUCTION model lacks relationship between state variable and weltag

Memristor based resistive-variable memory devices ha()§€ded for simulation modeling and interoperability in EDA
recently been proposed to overcome the limitations of tri20!S- Recently, single memristor based model, called TEAM

ditional CMOS based memories [1]. These devices have th@S Peen proposed in [7]. This model can characterize the
basic principle of storing the information bits as variabigon-linear behavior of memristors. However, due to current

resistance values. Unlike traditional two-terminal degicsuch Pased state control in memristors, it can exhibit asymmetri
as inductor or capacitor, memristors exhibit non-volastate ON/OFF voltages (i.e. low ON voltage and high OFF voltage).

retention characteristics, making them particularlyahiis for Moreover, such high OFF voltages can affect the adjacent
stable data storage [1], [4]. Moreover, these devices can $llS by causing possible state changes during read anel writ
fabricated with finer layouts and sizes using non-lithogiap Opera“ﬁ’”s' limiting its effectiveness in CRS systems.
methods like imprint lithography enabling nanoscale geome In this .work, WE propose a novel Vgnlog-A based _CRS
tries with short access latencies. With these coveted pfop'@oqel with - desired n_on—_llnear _memnstor _characterlstlcs,
ties, memristors have the potential of realizations in enrr 2chi€ved through combination of linear behavior descringd
and future generations of static random access memor@ drift function [6] and non-linear behavior described by
(SRAMs), dynamic random access memories (DRAMs) armptler-Volmer equation [12]. Moreovgr, our proposed model
flash memories. Hence, currently there is a lot of interest pd/Ses voltage based state control, which has the advantages o

in academia and in industry in the research and developm&XfiMetric ON/OFF voltages with reduced sneak path currents
of memristor based memory devices [2]. to adjacent cells and !nter-ope_rablllty with other EDA ol
To extract the benefits of high efficiency and packing derl € rest of the paper is organized as follows. Section I pro-
sity, various memristor array architectures have beengmegp Vides motivation of our research highlighting the limitats
to date. For example, passive crossbar arrays of memristRlgnemristor basgd crossbar arrays, while Sect!on I pn&?e
elements were reported as possible non-volatile randomsacc,lhe proposed Verilog-A based _CRS model. Section IV outlines
memories (RAMSs) in [3]. However, passive crossbar arra)t}%e sneak path current analy5|s to Qemonstrate the adesntag
have the general issue with sneak-path currents due tdenter®f 0Ur Proposed model. Finally, Section V concludes the pape
ence from the neighbouring cells when selecting a designate
cell within the arrays. To avoid sneak-path currents, riégen Il. MOTIVATION
complementary resistive switches (CRS) were proposed [10] Crossbar array based resistive memory architecture has
which consist of two anti-serial memristive elements. Sudbeen recently proposed for its efficiency and high packing
Authors are affiliated with the Department of Computer Soggrtniversity density [8]. Fig. 1 S.hOWS a typical Smgl? memns.to.r. based
of Bristol, UK, e-mail: {yy12407,csxjm @bristol.ac.uk. crossbar array architecture. In the following, the limdas
Manuscript received Feb xx, 2013 of this architecture during write and read operations are
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To facilitate the calculation of memristance and its state
é/&lriable, a memristor model can be analyzed in two behalviora
parts as shown in Fig. 2(b). Paitis the main circuit for
calculating the memristance of the system. It consists of
A. Write Operation a voltage source, a re§|§t0R((f»f) and a state vanabl¢

i i ) ] ] ] controlled resistor. Parti is the state variable calculation

To write logic ON state (i.el) into a selected (i.e. circled) gjrcyit, consisting of a capacito€,) and a voltage controlled
memristor based crossbar cell, a positive voltdggi.. Or  cyrrent sourcel(s). As can be seen, these two parts contribute
Vet is applied in the select row for a given duration (Fig. 1jyo major currents7; from the voltage source is used for
keeping other rows floating. With this voltage the memris&n gate variable calculation (pa) and,, which flows through
(i.e. resistance of the re_zS|st|ve-var|abIe deylce) charfg8m (e resistor of the memristor (pafl. The total current of a
Rofy 10 Ron, WhereR,, is the ON state resistance aid; s memristor isl = I, + I ~ I, sincely > I [12]. Note
is the OFF state resistance of the memristor. To write a 10gi¢4t the resistor of a memristor in partan be modeled as a
OFF state (i.0), a negativel/yrite Of Veiear is applied across seyjg) resistorr, ; ; minus a state valuablecontrolled resistor

the device long enough for the memristance to increase fro0 Hence. the supply voltagd’(¢)) can be expressed as
R t0 R, r¢. Such state control, however, exhibits higher OFF V() : R(x) x I(t) = (Roys —w A R) x Iy 1)

voltage {eicar) compared td/;., when state transits from ON \nere o — x/D is the ratio of state variablez) derived

Fig. 1. Traditional memristor based crossbar architecture

highlighted, which motivates our research on an improv
CRS based model (Section 1lI).

to OFF since the state derivative decreases sharply. from the state variable calculation in pait(Fig. 2) and dope
q , length of the memristor[). The state variable in (1) can
B. Read Operation be calculated from pant as a charged voltage acroSs as

To read the logic stored in a selected memristor cell, a 1t
positive voltage V,...q) is applied across the cell (encircled r= C, 0 Ipdt. ©
in Fig. 1). Due to this voltage, the dopants will drift to then (2), C, can be defined in terms of dope lengih)(of the
direction of the voltage, generating a current in the cellisT memristor and the dopant mobility.{) as [5]
current is then compared with thg.; by the sense amplifier; C, = D ' 3)
if it is more than I,.; the read logic will be ON state, , . Ropp i )
otherwise it will be OFF state. However, if the neighbouringeplaqmgcm value in (3), the state variable (defined in (2))
states are in ON state (i.e. low resistance), the currertién erivative can be exrgl;essed %S
selected cell will accumulate the sneak path currents from i oy —21g. (4)
these cells (Fig. 1). The accumulated current, known asksneg (4), the state transitions can'Be defined with differertrgl
path current, reduces the noise margin significantly, c@usicurrent (). Since I is evaluated as a voltage dependent
the sense amplifier to sense ON state erroneously [10].I¢leagurrent, it can be expressed by Butler-Volmer equation fk2]
high write voltage (Section II-A) and sneak path issue dyrin Ip = ksinh [V (¢)] (5)
read operations (Section 1I-B) are major limitations ofgéén The Butler-Volmer equation in (5) gives a I-V charactedsti
memristor based crossbar architectures [7]. To addres® thyr a certain class of memristors with symmetrical highly
issues, we propose a novel Verilog-A based CRS model. fgn-linear current-voltage characteristics with varalipro-
the best of the authors’ knowledge, this is also the first sugamming thresholds. Thie and« in (5) are state-dependent

model, suitable and inter-operable in EDA tools. constants used to characterize the state of the memriggoB8 F
. P M shows |-V characteristics of the memristor model defined
- PROPOSEDMODEL by (1) (in black lines). From the |-V characteristics, it can

Fig. 2(a) shows our proposed CRS based crossbar argfé- seen that the currenf({)) increases linearly between
tecture with two anti-serial (i.e. complementary) menaist the approximately symmetric threshold voltages. Howeasr,
while Fig. 2(b) shows the memristor model on which it iSV(t) is reduced below a threshol&{.,.), I(¢) drops sharply
based. The crossbar array architecture consists of vertigice the memristance decreases frigy, to Rof¢-. At this
and horizontal conductive lines with a pinched hysteresiwint, any negative voltage change will retain the memmista
resistive material separating them, similar to [12]. Neke gt Rosf. On the other hand, whei (¢) increases from a
memristor model is described, followed by details of thgositive threshold (otherwise known as set voltage;) I(t)
proposed Verilog-A based CRS model.
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(approx.2R,,), effectively causing a high current. However,
] when the applied voltage is larger thady,,, the CRS will
et change to statd, causing the total resistance to be high

- o inear Mol From[7] again (approxR, ), reducing the cell current. With negative
T —— applied voltages, CRS exhibits similar transitions fromtest
As T stee T e seee oo to ON and then td) (when >V;;,). Note that, the proposed
Fig. 3. -V characteristics of a memristor CRS model exhibits high OFF resistancdg.f;) for states
clement A 0 and1 and low resistances {2,,) only when CRS reaches

High Low} Low High!

state ON. This can drastically reduce the sneak path cument
read operations. For example, when a selected CRS is in state

Low Low! High! High!

element B ks . 1, a negative voltagel4,3) can be applied to change the state
@ FEO saeon [ oSEel saeor 1 to ON. During this state change, other CRS will retain their
Fig. 4. () A CRS cell, and (b) four states of CRS states (in states or 0), resulting in high resistance in them [9],

increases sharply as the memristance increases fgyp to [10]. Similarly, if the selggted CRS s in stats an applied
: voltageV;;,,3 cannot turn it into ON state, making statesnd

R,,. Any positive voltage in this state will again retain its’~ <9~ " . .
memristance afi,,. To further validate our proposed model? distinguishable with drastically reduced sneak path cusce

given |-V characteristics are compared with those in the- noW'th these states, the read currents for St(ércadout,) and

linear model proposed in [7] (shown in red dotted line). Ad (I"e“d"gtl) ir: a crossbar array ;vitlr;]x;zﬁ:R_S cells (i.en
can be seen, both models have similar |-V characteristits w[OWs andn co umns), are given by the following

1\2
a statistical closeness of approximation defined-byalue of I,.qd0ur, = Vread Vrcaa X (n — 1) (6)
0.989 (2>0.95 usually gives an acceptable hypothesis). (RO"V+ Rogy) (2’;_ 1) X( (Ronl)'g Rogy)
* (n —
Ireadout1 = read + read (7)
(2x Rop) =~ (2n—1) X (Ron + Rofy)
B. CRS Model From (6) and (7), it can be seen that during statihe CRS

To solve the issue of sneak path currents (Section II-B), wesistance i$R,,, + R,¢¢), while during state the resistance
propose a crosshar array architecture with two memristorsis (2R,,,), both being biased with negative voltabg... For
each cell with opposite polarities organized as compleargnt other CRS cells, the resistances are given By, + Rory).
resistive switches, as also shown in [10], [11]. Moreowegd- To further validate our CRS model, the I-V characteristics
dress the high write voltage problem (discussed in Section &re compared with those in the physical CRS model [10]
A), our CRS model uses the memristor model with voltagshown in red dotted line). As can be seen, both models have
based state control (Section IlI-A). Fig. 4(a)-shows amepia the similar Vi1, Vine, and Vi (with a combinedr?=0.95).
cell in the our proposed CRS model, while Fig. 4(b) showsote that there is an offset il;,4 by approx. 0.2V, caused
the four possible CRS states. As can be seen, two memristoxainly by lower current given by (5). This offset, however,
elements A and B) are connected in complementary fashiordoes not affect the overall non-linear state transitioralveir.

With such arrangements, statefor the cell is defined by

e!ementA being in low resi_stance state and elemBrtieing in C. Verilog-A CRS Model

high resistance state or vice versa. When both elementsiare i
low resistor state or high resistor state, CRS is definedads st NS » . . ; o
ON or state OFF, respectively. Usually, for CRS applicatior?s shown in Fig. 6 to facilitate simulation and integrabilit

state OFF is not used for cells. However, if a CRS cell is iWith design automation tools. For demonstration purposes,

OFF state, a voltage larger thaw,,, or smaller thar2V;,, oply |m|cajort§mdt des?rlpt?ns are sgo;{vn.dAs tcalr|1 b‘lﬁf segn, tge
can be applied to cause the cell to change to siate 1, as step and windows functions are defined initially (line 2 an

shown in the I-V characteristics of a CRS cell in Fig. 5 (blacl%neS 4-5), while the main CRS model is defined in lines 4-

lines). The I-V characteristics are obtained through satiohs 15. The tCES mod:l;ecinssts gf éwo arjl_t;]-sertlai memnsltors,
in Cadence Virtuoso applying a sinusoid voltage to the C expected, name POS andxb.pos. The stale variable

cell. From Fig. 5, other state transitions among stateésand erivative, similar to (4).is defined in lines 6-7, while the

ON can can also be explained. For example, with given initigf:t%Jal states are evaluat_ed n !lne 8 following (2). Theatest
CRS state of (i.e. elementd in R,;;), an applied voltage variables are then quantized (line 9) and the resultingeciisr

betweenV;,; and V;,, can cause the CRS state to chan 5) and reS|stanc§ vaIueRg_ and R for xA_posande_pos
to ON state. In this state CRS will have the low resistanct ements) are estimated (lines 10-12). Finally, the elemen
10, states are updated as shown in lines 14-15 (Fig. 6). Due to

With the above CRS model, a Verilog-A model is developed

2o0) fﬁ;ﬁ"] memristor based CRS modelling in Verilog-A (as shown in
o v wn f Fig. 6) there is no convergence issue for small to mediunescal
Sl | ser 1 - CRS arrays. However, for larger array sizes (i.e66fx 64

B I [P P —— or above) there are minor convergence issues, which can be

L0} s T e resolved efficiently by splitting into small arrays.

-1.2%

T T T 1
-1 L) 1 2
v

Fig. 5. 1-V Characteristics of a CRS
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nmodul e CRS( p,
/lin: p, out:
anal og begin
f _wi ndowA = 1- pow XA/ D-stp(-1bA),
f_wi ndowB = 1- pow xB/ D-stp(-1bB),
dxdt A=uv*Ron/ D+ | bA*f _wi ndowA;
dxdt B=uv*Ron/ D+ | bB*f _wi ndowB;
xA=i dt (dxdt A, xo0A); xB=idt(dxdtB, xoB);
.. I/lquantize xA and xB to [D, 0]
I bA= k=*si nh(al phaxVA); |bB= k*sinh(al pha*VB);
RA=( xA/ Dx Ron+( 1- XA/ D) *Rof f ) ;
RB=( xB/ Dx Ron+( 1- xB/ D) * Rof f ) ;
VA=l (p, n) *RA; VB=-1(p, n)*RB;
I(p,n) <+ V(p,n)/(RA+RB);
Met r (XA_pos) <+ xA; Metr(xB_pos) <+ xB;
end
endnodul e

n,
n,

XA_pos,
XA_pos,

xB_pos) ;

xB_pos; define step function;
2xp_coeff);
2xp_coeff);

BoeNoaRhwONE

Fig. 6. Verilog-A description for proposed CRS model (Sawtlll-B)
IV. SNEAK PATH ANALYSIS

different crossbar array architectures. For single meoris
based crossbar array, the read current is highly dependion
content of the crossbar cell. However, for CRS based crossba
array, the read current is independent of the content.

The sneak path current measurements were also carried
out using the CRS model proposed in [10] for comparative
evaluations (not shown due to space constraints). Our gezpo
Verilog-A based CRS model showed up to 10% variations in
the sneak path current measurements when compared with the
current measurements obtained from CRS model in [10].

To further evaluate the impact of sneak path in terms of
current noise margin, the ratios of sensing current margins
and read currents (i.eAI/Al...q) are estimated for a CRS
cell. AT is the difference betweef};,; andI;,; , while

read

. X off
Al.qq is the difference current betwedp.qq,,, ancf Lrcad, ;s

To evaluate the effectiveness of our proposed Verilog-hen crossbar array size is 1. Table | shows A&/ AT,cqq

based CRS model (Section Ill), a number of experiments as¢ single memristor arrays compared with that of crossbar
carried out showing sneak path currents for a crossbar arggyays implemented with proposed CRS model for different
architecture implemented using our proposed CRS maodel. a'ﬁay sizes (columns 6-7). As can be se@,/Al,..q for
measure these currents we apply read voltage for the seleggle memristor based crossbar arrays decrease from 0.8 to

row and measure the read current in the selected columdme. Such low values make statesind 1 indistinguishable
keeping other cells floating. Cadence Virtuoso is used E3AT/AL.q.q~0.1 due to high sneak path currents. However,

simulate the CRS model assuming a load resistaitg, {)

in our proposed CRS model based crossbar arkdy,A7.cqq

of 10042, OFF resistanceH, ) of 310k(2 and ON resistance s approximatelyl, giving significantly higher noise margin
(Ron) of 46012, as also used in [11]. The resulting currents angetween the states and reduced sneak path currents.

measured and compared using two different read curremts: re

currents when the cell is in OFF state{(.q4,,,) and ON state

V. CONCLUSIONS

(Iread,,)- The sneak path current during OFF and ON statesa \sgrilog-A based complementary resistive switch (CRS)
(Alread,;; @ndAlreaa,, ) can be calculated as the differencef,ogel is proposed. Extensive simulations and analyses have

between currents in the best case and the worst case [8]

been carried out in EDA tools to demonstrate the effectisene

b . : .
Alread,yy :Uefzdoff - Irgadoff- (8)  of this model. We showed that with explicit voltage basetesta
AlLeaa, = 1", —1IC.. . (9) control our model exhibited desired non-linear behaviahwi

Table | shows the comparativAl,..q and Al cad,,

off

symmetrical ON/OFF voltages. Moreover, due to high noise

values for single memristor and CRS based crossbar array@rgin sneak path current was drastically reduced. Ongoing
Column 1 shows the increasing crossbar array sizes, coluni@search includes process variation-aware CRS model.

2-3 show the comparativiAl,c.q,,, values, while columns

4-5 show the comparativAl,..q,, values estimated in the

crossbar architectures (Fig. 1 and Fig. 2(a)). As can be sesen [1]
TABLE |

(2]

COMPARISON OF SNEAK PATH CURRENTS AND NOISE MARGIN

the array size increaseAl,cqq,,, in single memristor based
crossbar array increases significantly (approximatelyngsi
from size (1 x4) to (16 x 16) in column 2, Table I). However, in
the case of proposed CRS model (Section IIl) based crossBat
array,Alrcad,,, is significantly lower, which remains approx-
imately similar for different array sizes (column 3, Tab)e | [12]
Similar observations can be made fAd,..q,, for the two

[10]
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