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ABSTRACT

A novel technology Memristor is one of the most promising in the view of their low power consumption, good
scalability, and state retention without need of power supply, simple cell structure, nonlinear functionality and
compatibility with CMOS technology. From circuit model designer's point of view, any model is to be simple and at the
same time, it is as complex as to produce the device properties and applications. The memristor modeling is challenging
task because of the linear and nonlinear complexity of the mechanism. we design, reliable SPICE memristor models with
threshold switching functionality by using physical parameters and mathematical equations that works based on quantum
tunnelling phenomenon provides nonlinear dopant drift and exhibits threshold voltage switching effect with accurate
memristor simulation characteristics over a wide range of input voltage and frequency.
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INTRODUCTION

In 1971, Leon Chua formulated equations for
electric circuit elements links with the basic physical
quantities of charge, current, voltage, and flux. He
postulated new equation between the charge and flux, it is
considered as the fourth basic element called memristor

[1].
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Figure-1. Physical quantities and their relation with
fundamental electrical circuit elements.

In 1978, memristor concept was extended to
devices and systems design by Leon and Kang [2]. In
2008, memristor was implemented by hardware by HP lab
[3]. This gives good clue on working functionality of
memristor to more scientists and researchers and they
increased their efforts on modeling of memristor and
architectures. Memristor fancier a new hope to bring a
wave of revolution in electronics. Memristor technology
will not totally replace with transistors, but supplement in
logic circuits and memories, and also useful in
applications of information processing. Implementation of
the memristor is not only with TiO,but also possible with
other materials, each material has its own switching

thresholds, hence different memristor modes are available
[4]-[12]. Most models implemented without threshold
voltage and some suffer from ‘backing problems’.
Threshold voltage switching is an important feature of
memristor and responsible for logic operations and non-
volatile storage. For switching operation, atomic migration
is more responsible for resistance switching i.e change in
resistance. Reliable and accurate SPICE model of the
memristor is necessary for designing circuits and analysis
of complex memristive circuits in biological process and
systems. Models have many fitting parameters due to
different memristive structures, typical operation and
implementation of different materials. Our Model provides
nonlinear dopant drift and exhibits threshold voltage effect
with accurate memristor simulation characteristics over a
wide range of input voltage and frequency. This model is
developed to be incorporated in any electronic CAD
works. This model is highly parameterized and have the
flexibility to change the parameters according to the
material properties.

Physical memristor model

Memristor consist of two layers with thin ion
oxide is sandwiched between the two terminal electrodes
as shown in Figure-2. The top layeris doped with oxygen
vacancy and it acts as a semiconductor and bottom layer of
ion is undoped layer able to liberate elections when current
passed through it, acts as a resistor. The oxygen deficit has
charge, they act as positive ions. The slow drift of dopants
does not effect on change in resistance i.e contribution of
current through the memristor but changing the boundary
between the doped and undoped regions is considered as
signs of change in resistance. The oxygen deficiency
present in TiO, able to vary resistance. The total resistance
of oxide layer is the sum of contributions of doped region
resistance (Ohmic Resistance - R) and undoped region
resistance (Tunnelling Resistance - Rt). On other words
boundary position of the two layers. If the external power
supply applied, then the dopants moved in bi-directionally
[3]. For positive applied voltage the total resistance
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decreased, i.e. the oxygen deficiency (dopants) moves
from the top layer to bottom layer, due to this increases the
doped region length. For negative applied voltage the
resistance is increased and the doped region shrinks,
mostly the oxide layer appears as undoped. The non-
volatile behaviour of resistance is used as a state variable
to implement the model. In this model, we deliberate on Rt
because there is a significant difference between R and Rt.
ie. Rt >> R. It retains low resistance state or high
resistance state by removing or generating oxygen
deficiency in the oxide layer. The width of the doped and
undoped layers must be in nanometers because this dopant
tunnelling process is one million times more effective than
the dopant process at the micrometer scale. Memristive
dopant process observed not only in titanium dioxide [14]
- [17] but also in other materials [18] - [21]. The physical
memristor exhibits threshold voltage property in which the
hysteresis is not seen if the applied voltage is less than
threshold voltage [22]. The speed of movement of the
boundary from doped region to undoped region varies
gradually to zero. This phenomenon is called non-linear
dopant drift. Non-volatile resistance 1is primarily
associated with oxide channel. Understanding the oxide
layer nature and switching dynamics is a crucial task.
Valance Change Mechanism is triggered by channel
assisted oxygen anions drifted and valence change of
cation sublattice. Based on this mechanism SET and
RESET threshold voltage operation performed.

Model equations of memristor

Memristor model works based on state and port
equations. For voltage controlled memristor state and port
equations are given below (2) and (3) respectively [2].
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M
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Figure-2. Memristor symbol and physica
internal structure.

The current passing through the memristor is
calculated as the product of voltage v, between its
terminals and the memductance under the applied
voltage v(t).

X=fxvt) 3)

The quantities Gy, and Ry, denotes memductance
(state  dependent conductance) and memristance

respectively. The corresponding physical units are
Siemens and Ohms. The function Gy (.) the function
governs the non-linear behaviour and the function f(.)
governs how state variable x changes overs time t. v and i
are the voltage and current passing through the memristor
in the time (f) interval. x represents the single state
variable (internal memristor state), which is the thickness
of tunnel barrier of undoped oxide layer. The time
derivative of state (X¥) of voltage controlled memristive
system is derived from voltage passing through the
memristive port. It represent the movement of barrier
between the two layers. The state variable is proportional
to tunnelling resistance. If the state variable increases then
tunnelling resistance is increases, hence it value is
anticipated with boundary under applied polarity of
voltage. The derivative of state is controlled by voltage,
however such memristor is denoted as Flux Controlled

d
(Gu(p) = ﬁ .

The input voltage should be masked in our model
to work within the boundary limits at hard switching
condition by a function H such that flux is always with in

boundaries. The masking function of voltage controlled
memristor is defined as

v, if RM € (Rmin 'Rmax)
0, else if v does not pass zero.

H(w) = { )

The above equation disregarded any excess
applied voltage applied to the memristor. Once it reaches
the value of boundary resistance, it hold that resistance
regardless of input amplitude. It bring back to the resistive
region [23].

The Gy and f are also the functions the various
constants related to memristor model initial state and
physical properties of memristor. This all depends on the
physical realization of memristor and the sway how the
device is used to design hardware synapses.

x(v,t) = x, [1 . ] ()

y(,t)

The parameter x, represents the maximum value
that x can attain in the oxide layer. Tunnelling barrier
width (x) is within the restricted range only, hence fitting
constant m and function y(v,t) is used to determine the
boundaries such that the function x(v,t) gives expected
response under applied voltage. The function y(v, t) gives
the dynamics and current position of barrier with in the
specified boundaries of initial values of y,,;, and Yax
such that y < yu,in O'Y > Ypmae. To avoid backing
problem [4], [23], [24], in the equation (5) the parameters
set as Ymin # 0 and(p/ymin) < 1. The parameter Yy
corresponds to X in the oxide region, hence the tunnelling
resistance is set as maximum such that the memristor is in
OFF state (Rpgp) or its value is set to minimum such that
the memristor is in ON state (Ryy ).
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Sigmoid function performs switching operations
at threshold voltages (Vips, Venr) and perform nonlinear
operation (‘s’ shape curve). The derivative of sigmoid
function makes use of quotient rule. This function add or
subtracts from the numerator, hence it act as memory feed
farward activation function. This divide the voltage -
current plot characteristics region into linear and
nonlinear, below and above the |v,;| respectively.

Bv' v E [_vthr' vths]
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The fitting constant parameter o, 3 and y are used
to change the rate of memristance by setting a>>f and vy
between ‘0’ and ‘1’. Based on the material properties this
model parameters are changed for switching rates (rate of
change of tunnel barrier width) and different thresholds.
When B = 0, state change not occurs until the applied
voltage reaches threshold.
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Figure-3. Schematic circuit of Memristor SPICE Model.

Spice model of memristor

Spice simulator model has been used mostly to
simulate, analysis and testing complex circuits before
actual experimental circuit implementation, thus a lot of
time and fabrication cost reduced. The mathematical
model equations as mentioned in the previous section is
divided into port equations (port block) of memristor and
the differential equations for state variable (state
block).Spice model depends on the state and port
equations as mention above. The port block interact with
external environment via its two terminals voltage or
current passing through it [5], [25].The port of memristor

is modeled by current source (,,. The port current is

equal to the ratio of terminal voltage to memristance. i.e.
state equations controls the port current of memristor. The

current source (,, generate memristor current according
the voltage on the memristor Cx.

The state equations are modelled by using the
integrator concept. The integrator is implemented parallel
combination of G-type current source and capacitor with
initial value, this initial value represent the initial state of

memristor either in ON state or OFF state. The G, denotes
memductance it is the parameter of memristor and its
value depends on the flux (temporal integral of voltage)
and threshold. The flux in the model is represented as the
voltage at node x. The node x voltage is obtained by
integrating the terminal voltage with respect to the time.

The nodal voltage of node X will represents the numerical

value of state variable X. i.e. voltage at node x is equal to
the memristance. The port voltage of the model is
determined by variable resistance, which is modelled via

voltage controlled source at node X. This voltage is used
to simultaneously evaluate port voltage. In state block, if
current source value is equal to the value which is
integrated, then the voltage of the capacitor is equal to the
calculated integral during the transient analysis.

In the state block, two voltage controlled current

sources Ggpr and Gppger are connected in parallel to the
capacitor Cx. The voltage across the capacitor is the node
voltage at x, which is equal to the value of the

function X (v, t). The RESET operation of memristor is

modeled by charge feeding into capacitor from Gyggerand
the SET operation is performed by letting reversed

connected Ggppr by charge draining away from the
capacitor Cx[26].

The function f(.) generate pulse when the
memristor voltage exceeds threshold voltage. For positive
pulse the memristor spice model integrated the value at
node x until the value at node x reaches ROFF. At this
instant the current source Gx is set to ‘0’ and the
memristance value becomes ROFF. The memristor
remains in this state until the voltage across the memristor
is negative threshold voltage and the function f(.) becomes
negative and also the current source Gx becomes negative,
then the integral decreases the value at node x and finally
this value equal to the RON.

The capacitor is shunted with shunting resistor
with large resistance in order to define DC path to ground
such the simulator calculate initial dc operating point, it
has no effect on simulation results due to its large
resistance. The ideal diodes clips the function of
memristor when the memristor voltage is greater the
threshold voltage. The diode D1 and D2 provide voltage
masking (4), either when capacitor voltage is lower than
SET or capacitor voltage is greater than RESET voltage,

so that the node voltage X is within the boundary
conditions for hard switching operations.
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RESULTS AND ANALYSIS

The objective of this work is to design and
implementation of memristor model with fairly accurate
characteristics of physical memristor by solving boundary
problems and it is used as a basic circuit element in
designing memristor circuits and architectures. To
consider a model as memristor model that must satisfy the
fallowing fingerprints of memristor. [3], [27], [28].

a) The V-I characteristics of the model must form
lissajous (hysteresis) curve pinched at origin when
bipolar voltage or current passed through the model.

b) Pinched hysteresis each side lobe area is reduced as
the frequency increases.

c) The applied signal frequency tends to infinity, then
hysteresis loop degenerates to a straight line through
the origin.

This proposed spice model was tested using
LTSpice simulation environment successfully and the
simulation results of this model is depicted as shown in
Figure-4.
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Figure-4. (a) Sinusoidal signal with amplitude 1V and
frequency SHz applied to memristor. (b) Current passing
through the memristor. (c) Memristance of memristor
along with the time for applied voltage. (d) V-I
characteristics of memristor.
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Figure-5. switching dynamics of memristor model at
500Hz.

Here we applied sinusoidal signal with amplitude

of 1v at frequency 5hz to our model, the current passing
through the memristor is shown in Figure-4(b), here we
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observe that when the applied voltage is greater than the
applied voltage then the current flows through the
memristor and when it reaches the RESET voltage (-0.7V)
then there is no current flow until applied voltage reaches
SET voltage (0.7V). The change in memristance is
observed as shown in Figure-4(c) according to the applied
sinusoidal signal. The most important characteristic of
memristor hysteresis curve is observed in Figure-4(d),
from the hysteresis we observe the operating conditions of
memristor, linear and nonlinear operations of memristor
and switching behaviour of memristor (Figure-5). Hence
our memristor model satisfied the first property of
memristor fingerprints.
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Figure-6. V-I characteristics of memristor model at 750
Hz, 1K Hz and 2K Hz's frequencies.

Next we test the effect of frequency on memristor
when applying different frequencies stating from 5 Hz’s to
10K Hz’s of sinusoidal signals to the memristor, the
results are shown in figure 6,the side lobes area in the V-I
characteristics are decreasing as frequency is increases as
shown in Figure-6. At 750 Hz, 1K Hz and 2K Hz’s
frequency of sinusoidal signal. When the frequency of
signal is increases the V-I characteristics curve form
straight line at high frequency as shown in 3D
representation of frequency related V-I characteristics,
hence our memristor model fallows three memristor
fingerprints. In the spice model the convergence problems
can be solved by using proper model design rules [5], [29].
Concrete analysis of parameter, proper program options
and settings [30] can perform for resolve imperfections
and nonconference issues.

Figure-7. 3D view of VI characteristics of model at
different frequencies.

CONCLUSIONS

The simulation results of this model match with
the characteristics of the memristor and close to the results
of different published memristormodels. Changing the
fitting parameters, simulate the device for different
physical structures. This model provides boundary
assurance, does not require any special window function
for setting the boundary and nonlinear drift effect because
the model equations itself reflect all device characteristics
along with nonlinear drift effect i.e. The nonlinear kinetics
of movable dopants are within the boundaries of device.
This model is flexible to design different circuits for
different areas of applications.
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