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Abstract: Memristors, as new electronic elements, have been under rigorous study in recent years,
owing to their good memory and switching properties, low power consumption, nano-dimensions
and a good compatibility to present integrated circuits, related to their promising applications in
electronic circuits and chips. The main purpose of this paper is the application and analysis of the
operations of metal-oxide memristors in logic gates and complex schemes, using several standard
and modified memristor models and a comparison between their behavior in LTSPICE at a hard-
switching, paying attention to their fast operation and switching properties. Several basic logic
gates—OR, AND, NOR, NAND, XOR, based on memristors and CMOS transistors are considered.
The logic schemes based on memristors are applicable in electronic circuits with artificial intelligence.
They are analyzed in LTSPICE for pulse signals and a hard-switching functioning of the memristors.
The analyses confirm the proper, fast operation and good switching properties of the considered
modified memristor models in logical circuits, compared to several standard models. The modified
models are compared to several classical models, according to some significant criteria such as
operating frequency, simulation time, accuracy, complexity and switching properties. Based on the
basic memristor logic gates, a more complex logic scheme is analyzed.

Keywords: metal-oxide memristor models; modified window function; OR; AND; NOR; NAND;
XOR; LTSPICE library models; logic gates

1. Introduction

The memristor element, predicted by Chua in 1971 and formed in 2008 by Stanley
Williams, is a nano-size, passive, two-terminal and highly nonlinear electronic element with
good switching and memory properties [1,2]. The first material memristor prototype was
built on amorphous titanium dioxide (TiO,), incompletely saturated by oxygen vacancies.
It could hold its conductance after switching the sources off. Its resistance is altered by
external current or voltage pulses [2,3]. Together with the various types of memristors,
such as polymeric, magnetic tunnel, spintronic and others, the memristors founded on
transition metal oxides are preferably analyzed, due to their better memory and switching
properties, stable parameters and characteristics [2]. Memristors are applicable to many
different electronic circuits and devices, such as neural networks, non-volatile memories,
digital and analog reconfigurable circuits, logical gates, in-memory computing schemes and
many others [4-7]. The manufacturing of such electronic schemes requires accurate and
high-speed functioning SPICE (Simulation Program with Integrated Circuits Emphasis) [8]
memristor models, and this is the main reason that several of the standard metal-oxide
memristor models, such as those of Biolek [9,10] and Lehtonen—Laiho [11], can be im-
proved by modifications and by applying different window functions [6,11,12]. This paper
is motivated by the necessity of realization of high-speed logic gates [13-15] and more
complex digital logical schemes with a large number of memristors in chips [16], which
are very important for the realization of electronic circuits with artificial intelligence. They
are successfully applicable in the electronics industry and are based on the present Com-
plementary Metal Oxide Semiconductor (CMOS) integrated circuits technologies, where
the metal-oxide memristors are effectively used, due to their nano-size dimensions, lower
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power consumption, the possibility of operation in a hard-switching mode, representing
rectifying effects and good switching and memory properties, and a comparison of their
basic classical and modified models, according to their behavior and switching properties
in the SPICE environment. For the realization of the main logical functions NOT, OR,
AND, and more complex logic schemes such as NOR, NAND and XOR, the metal-oxide
memristors are used together with CMOS transistors in complete structures. In this work,
the LTSPICE (Linear Technology SPICE) software [17,18] is used, because it is an open and
free environment, very convenient for electronic circuits simulations and analysis, and is
preferred by many research engineers and scientists.

In Section 2, a brief description of metal-oxide memristors and their basic models is
presented. Section 3 discusses the realization of metal-oxide memristor models in LTSPICE.
Section 4 represents the considered memristor-based logic gates and circuits and their behavior.
A more complex logic scheme, based on the fundamental AND, OR and NOT logical elements
is analyzed in the LTSPICE environment in Section 5. In Section 6, a comparison of the
considered memristor models, according to several important criteria, is presented. The
results are discussed in Section 7. The concluding remarks are presented in Section 8.

2. Metal-Oxide Memristors and Their Modeling

In this section, a brief introduction to metal-oxide memristors and their modeling is
presented, for the better understanding of their operation and applicability in logic schemes.
Two main types of such memory elements are filament-type and interface-type memristors.
Together with their advantages, such as good memory and switching properties, low
energy consumption, and nano-size dimensions, the memristors have some disadvantages,
according to CMOS elements, such as comparatively low OFF to ON ratio, not very high
endurance and other specific effects. However, the memristors have many promising
applications in non-volatile memories with very high density, in neural chips and other
electronic devices with artificial intelligence. Although the memristors are under intensive
investigations and analyses, they are still manufactured in small-size laboratories and
the created prototypes of memristor integrated circuits and chips are not applied in mass
production at the present moment. However, the manufacturing, modeling and engineering
of memristors and memristor-based schemes are key points in the design and generation of
novel electronic devices and circuits with optimized performance and various applications.

2.1. Basics of Metal-Oxide Memristors and Their Modeling

The widely applicable and analyzed metal-oxide memristor elements are based on
titanium, hafnium, niobium, tantalum and other transition metals [2]. The metal oxide
memristor element has two terminals—anode and cathode, sometimes denoted as top
electrode (te) and bottom electrode (be) [2,19]. A thin layer of metal oxide partially doped by
oxygen vacancies is placed between the electrodes. In the doped region of the oxide material,
a certain amount of oxygen vacancies with a positive charge are available. Their quantity
is proportional to the resistance of the memristor element, also known as a memristance
and usually denoted by M [1]. The memory effect of the memristor element is based
on accumulating electric charges, proportional to the time integral of the electric current.
The switching properties of the memristor are related to the change of its memristance
between a minimal and a maximal value, denoted by Rpoyn and Rorr. The state variable
of the memristor is usually denoted by x and is expressed as a ratio between the sizes of
the doped region and those of the whole memristor. Its change is proportional to the time
integral of the applied voltage [1].

Several related standard memristor models, such as those of Williams-Strukov [1],
Joglekar [4], Biolek [9] and Lehtonen-Laiho [11] are used and analyzed in the present paper.
Some modified and improved metal-oxide memristor models are applied as well [20,21].
Each metal oxide-based memristor model contains at least two or more basic equations.
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The first one represents the state-dependent relationship between the memristor current I
and the applied voltage v [1,6]—Equation (1):

i=G(x)-v 1)

where the conductance of the memristor G(x), also known as a memductance, changes
between its OFF-state and ON-state limiting values—Gopn and Gorr. Their reciprocal values
are denoted as Rpony and Rppr and are known as ON-state and OFF-state memristances.
When the OFF and ON resistances of memristors have high values, then the memory
element has lower power consumption. The second and the other equations of the metal
oxide memristor model, if available, relate the time derivative of the memristor state
variables (in the present case—the quantity x) and the current [1,6]—Equation (2):

dx .
E:kw-f(x) )

In Equation (2), k is a physical constant, dependent on the ionic dopant mobility y, the
specific resistance of the memristor element, and its sizes, and f(x) is a window function, en-
suring the restriction of the state variable x in the range [0, 1] and representing the boundary
effects for a hard-switching operating mode [6,9,16]. The solution of Equations (1) and (2)
leads to the deriving of the current—voltage relationship of the memristor, dependent on
the initial value of the state variable x( [6]. In most cases, these equations are numerically
solved, using a suitable software environment. In the next sub-section, two standard
memristor models (Biolek and Lehtonen-Laiho) and two improved models, denoted by By
and B, and based on the Biolek and Joglekar models, are described.

2.2. A description of the Applied Metal-Oxide Memristor Models

In the first part of this sub-section, the classical memristor models of Biolek [9] and
Lehtonen-Laiho [11] are discussed.

The memristor model proposed by Biolek [9] is frequently used for analysis of titanium
dioxide memristors and memristor-based circuits and is presented by Equation (3). The
first equation includes the memristor state variable x and expresses the current—voltage
dependence, while the second one presents the relationship between the time derivative of
the state variable x and the memristor current i [9]:

i=0v-[Ronx+ Ropr(1 —x)]7!

dx k-i-fp(x,i) o
d t - B 7

According to the first equation, the structure of the memristor could be represented as
a series connection of the doped and the un-doped regions. The window function f(x,i),
proposed by Biolek and included in Equation (3) is presented by (4) [9]:

fo(x,i) =1—[x —stp(—i)]**
. (4)
stp(i) = { ‘1) z;g

where p is a positive integer, and the expression stp(.) is the standard Heaviside step
function [9]. The classical Biolek window is able not only to restrict the state variable
x in the interval [0, 1], but also to suitably represent the boundary effects for a hard-
switching mode [6,9]. The classical Heaviside function stp(.) is a simple one, but it is
a non-differentiable math expression and sometimes leads to convergence problems in
the SPICE environment [2,9]. As a complete structure, the Biolek model is a simple and
very good one, but it could not completely express the change in the ionic mobility for
higher-level signals and usually operates at low- and middle-frequency signals.
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The standard Lehtonen-Laiho memristor model [11] is frequently used for analysis
of titanium dioxide and hafnium dioxide memristors and is represented by Equation (5).
The first equation, relating the memristor current and the voltage, includes two math terms.
The first one is an exponential dependence on the voltage, and the second term contains
the state variable and a sine-hyperbolic dependence on voltage [11]. The second equation
relates the time derivative of the state variable x and the voltage v. The standard Biolek
window function fp(x,i) [9] is used in the state differential equation:

i = xlexp(yv—1)] +x"-B-sinh(a v)

dx N m ©)
i a-fp(x,i)-v

The coefficients v, x, 1, B, «, a and m are used for tuning the memristor model,
according to experimental current-voltage characteristics of metal-oxide memristors [6,11].
The Lehtonen—Laiho model is a comparatively complex one, and includes a large number
of elementary math operations. It requires a high amount of computer resources for the
simulation of devices and circuits with many memristors [6]. This model has very good
accuracy, it is flexible, and could successfully express the alteration of the ionic dopant drift
mobility with the applied memristor voltage.

In the following second part of this paragraph, two modified memristor models [20,21]
are discussed. The first modified metal-oxide memristor model, which will be denoted
by B [20], is based on the Biolek model and uses a modified window function with an
additional sinusoidal component. It is expressed by the next Equation (6).

i =v-[Gorr(1—x) + Gon¥]

= 0,Jo] <oy
dx . N2 .2 (6)
5= k- z-{[l— (x — stpp(—1i)) p} + [m(sin (nx))}} m+1,|v| > Vg

stpp(i) = 1 [i(i2 +5) 0oy 1}

The first equation of the considered modified memristor model B; represents the
relationship between the current and voltage, and the quantities Gorr and Gy are the OFF-
state and ON-state conductances of the memristor, connected in parallel. A modified Biolek
window function, based on the improved analog of the classical Heaviside step function,
uses an enhanced version of the standard Biolek window. The included activation threshold
vy, allows the operation of the memristor model in different modes—hard-switching and
soft-switching, and also as a linear resistor with a constant value. If the memristor voltage
is lower than the activation threshold vy,,, then the state variable x remains with its initial
value and the memristor behaves as a linear resistor [6,20]. Otherwise, the state variable
x changes proportionally to the time integral of the applied voltage. At a hard-switching
mode, the state variables reach their boundary values and the memristor behaves as a
semiconductor-rectifying diode. In logic gates and schemes, the memristors usually operate
in a hard-switching mode and the memristance changes in a very broad interval.

A smooth and differentiable step-like function stpp(.) is expressed by the final equation
of the memristor model and is applied instead of the standard Heaviside function. This
sigmoidal function is applied for a partial avoidance of convergence problems in the SPICE
environment. Its sharpness in the region of switching is controlled by the coefficient s. This
modified memristor model has a good accuracy; a little bit lower, but very near to those
of the Lehtonen-Laiho model [11]. The modified model [20] is simplified, with a reduced
number of the mathematical operations, and due to this it operates faster than the original
Lehtonen-Laiho memristor model.
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The second modified metal oxide memristor model B, [21] is based on the standard
Joglekar and Biolek models and on a modified window function with an additional polyno-
mial component. It is presented by Equation (7). The first equation of the modified model

relates the memristor current i and voltage v:

v =1i-[RonX + Ropr(1 — x)]

dx

=0 0] < oy )
dx . . A\ 2p

o=k i {1 = (x = stpp(=i))? + [4x(1 = 2)]| }, o] = ony

The state differential equation takes into account the nonlinear ionic dopant drift,
dependent on the memristor voltage, and also includes the activation threshold, separating
the basic operating modes of the metal oxide memristor. The used modified window
function is based on both Biolek and Joglekar windows and has a high nonlinearity. It
changes in a broad range and ensures the operation of the model at low-level and high-
frequency signals [21]. The considered modified memristor model includes an activation
threshold, separating its operation as a linear resistor and as a memory element.

The adjustment of the described memristor models is based on a comparison to the
experimental current-voltage relationships of metal-oxide memristors and minimization of
the Root Mean Square (RMS) error between them in a Simulink and MATLAB environment.
The optimization procedure is based on a gradient descending algorithm [6,11]. The
trajectories of the parameters of the Lehtonen-Laiho memristor model are presented in
Figure 1a for a representation of the tuning processes of such models. Similar procedures

are used for tuning the other considered memristor models. After obtaining the optimal
values of the parameters, the memristor models are analyzed in a sinusoidal mode, and the
time diagrams and the respective current-voltage characteristics are presented in Figure 1b
for comparison of the results. According to the error, the Lehtonen-Laiho model has the
minimal RMS error, followed by the models By, B; and the Biolek model. Additional
experiments at sine-wave signals with different frequencies confirm that all the considered
models express shrinking the current—voltage hysteresis loops with increasing the frequency,
which is one of the main fingerprints of the memristor elements [1,6].

Time diagrams of i and v
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Figure 1. (a) Parameters’ trajectories during a tuning process of a metal-oxide memristor model de-
noted by Ks; (b) Time diagrams of the simulated and experimental memristor current according to the
Lehtonen-Laiho model denoted as K5 and the modified memristor model B;, and the corresponding

current-voltage relationships.
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In the next section, the LTSPICE realization of the described standard and modified
metal-oxide memristor models is considered, paying attention to the integration of the
time derivative of the memristor state variable and a technique for a partial prevention of
convergence problems.

3. LTSPICE Memristor Models’ Realization

Compared to the other SPICE products for analysis and simulations of electronic
circuits and devices, such as OrCAD PSpice, HSPICE, CADENCE and others, the LTSPICE
software is considered preferable by many researchers and scientists due to its open and free
license, the simple and user-friendly interface and improved convergence [8,18]. These are
the main reasons for this software to be applied in the present research. LTSPICE software
was initially created by Linear Technology and is now developed by the Analog Devices
Corporation [8]. This software could be freely downloaded and installed on Windows and
Mac operating systems, using the following link: https://www.analog.com/en/design-
center/design-tools-and-calculators /ltspice-simulator.html (accessed on 12 October 2022).
The LTSPICE environment allows a simplified generation of new and user-defined elements
and schematics and their analysis at different operating modes.

An equivalent LTSPICE schematic of a metal-oxide memristor model is presented in
Figure 2a for discussion and explanation of its operation. It is based on the corresponding
mathematical models of metal-oxide memristor elements. The main terminals of the
memristor are denoted as te (top electrode, anode) and be (bottom electrode, cathode). The
terminal Y is an optional one, and its electric potential is proportional to the memristor
state variable x [18]. The current of the dependent source G, represents the time derivative
of the memristor state variable, according to the respective state differential equation of the
memristor model. This current is integrated by the capacitor C; to obtain the memristor
state variable x. The resistor R; has a very high resistance and partially prevents the
occurrence of convergence problems in the SPICE environment. The transition of the
voltage across the capacitor changes more smoothly, when the resistor R; is connected in
parallel to it, and in this way the convergence in SPICE is improved. The dependent source
G, is controlled by the voltage across the memristor, the current of which flows through the
source Gp. The symbol of the memristor model By in LTSPICE environment is presented in
Figure 2b for an expression of its visualization in electronic circuits and schemes [12,18].

The applied analyses of memristor models and many other standard and modified
models’ LTSPICE codes with detailed explanations for generation and use are freely acces-
sible at the following link: https://github.com/mladenovvaleri/Advanced-Memristor-
Modeling-in-LTSpise (accessed on 18 October 2022) [12].

[t » Y
G1 G2 ui
R1 c1 be ——
= = 100G 3 te
G G
B1
|be> =
a) b)

Figure 2. (a) An equivalent schematic of the LTSPICE memristor model; (b) A symbol of a memristor
model in LTSPICE environment.

4. Memristor-Based Logic Gates

In this section, several basic and commonly used memristor-based logic gates [22-24]—
AND, OR, NAND and NOR—are considered and analyzed, applying the previously discussed
standard and modified metal-oxide memristor models. An XOR logical scheme with a large
number of memristors, based on the main logic gates, is also considered and analyzed, and
the successful and fast operation of the modified metal-oxide memristor models is confirmed.
Various types of memristors, such as interface-type and filament type, are applicable to logic
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circuits and schemes [25-28]. The memory effects of metal-oxide memristors are based on
different conductive mechanisms and the accumulation of electric charges in the nanos-
tructure [1,2]. In logic gates and schematics, based on CMOS elements and memristors, a
switching mechanism is applied [28]. When the resistances of the switching elements in ON
and OFF states have high values, then the power consumption is decreased. In this sense,
the engineers and scientists make a lot of effort, together with professionals in different
fields of science, such as physics, chemistry and technology, to optimize the manufacturing
technology of memristor-CMOS based integrated circuits, paying attention to the develop-
ment of new materials and techniques for increasing the OFF to ON ratio, for improvement
of the switching and memory properties and the endurance of memristor elements.

4.1. Memristor-Based AND Gate

The considered AND logic gate with three inputs is shown in Figure 3a, and its
LTSPICE realization in Figure 3b for additional discussion on its structure and principle
of operation [23,24]. The schematic is based on the standard diode-resistor logic gate
AND [23,24], by replacement of the semiconductor diodes with metal-oxide memristors,
denoted by M1, My and Mj in the first sub-figure and by U;, U, and Uj in the LTSPICE
schematic presented in Figure 3b. The signal of logical unity is presented by a voltage
pulse with a positive polarity and a level of 1 V. The duration of the pulses is about 90 ns.
The logical zero is coded by pulses with the same duration and a level of —1V, due to
the necessity of a hard-switching operation of different types of metal-oxide memristor
elements—filament and interface-type memristors [25-27]. The resistance R is about 700 Q).
If all the input signals are unities, then the memristors are in the OFF state and the output
voltage signal corresponds to logical unity. In all other cases, the output voltage signal
corresponds to logical zero.

R4
inl

U3

M ] te b: X1 t
+ vi K3
PWL file=aprim.txt
1{ in2
uzbe I
M2 ° te X2
va <} ¢;R1
10t
vinZ (o, : g g Vv @ PWL file=bprim.txt )
out
in3
u1be i I
te .
M3 | va K3 .
in3 E - ? PWL file=cprim.txt

Jtran 0 40u 0 100p é

a) b)

Figure 3. (a) Memristor-based logic gate AND with three inputs; (b) LTSPICE realization of the
three-input memristor logic gate AND.

Figure 4a—c represent the time diagrams of the input voltage signals v;;,1, v;;;» and
v;y3; the respective memristor state variable x; is shown in Figure 4d and the output signal
vout in Figure 4e, according to the behavior of the applied metal oxide memristor models.
The memristor state variables according to the used classical and modified models alter
between unity and zero, but with different switching times. Observing the change of the
memristor state variable in the zoomed time diagram—Figure 4d—it is visible that the
Lehtonen-Laiho model corresponds to the lowest switching time, followed by the modified
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memristor models By, By and the standard Biolek model. The time diagram of the output
signal, presented in Figure 4e, confirms the proper operation of the three-input logic gate,
realizing the logical function AND.
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Figure 4. (a) Time diagram of input signal v;,1, (b) the input signal v;,,5, (c) a diagram of the input
signal v;,3, (d) the memristors state variable xp, and (e) the output signal vy, for the three-input logic
gate AND.

4.2. Memristor-Based OR Gate

The schematic of a memristor-based OR gate with three inputs is presented in Figure 5a
for a description of its structure and functioning [24]. Its LTSPICE realization, needed for
analysis and simulations, is shown in Figure 5b. If some of the signals v;;,1, v, or vj;,3 or all
of them are logical unities, then the respective memristors are in ON-state and the output
signal has a high value, corresponding to logical unity. Only if all the input signals are
zero, will the output voltage have a very low level and correspond to logic zero. The time
graphs of the input signals are shown in Figure 6a—c, the state variable x; is depicted in
Figure 6d and the output signal is presented in Figure 6e for further discussion. From the
time diagram shown in Figure 6e it is visible that the output signal corresponds to logic
function OR.

The state variables of the memristors, according to the applied standard and modified
models, varies between zero and unity, owing to the operation of the memristor elements
in a hard-switching mode. The considered standard and modified memristor models
express different switching times. From the curves presented in the zoomed time diagram
in Figure 6d, it is visible that, according to the variation of the state variable, the Lehtonen—
Laiho memristor model has the shortest switching time, followed by the modified models
B4, B> and the standard Biolek memristor model.
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4.3. Memristor-CMOS Based NAND and NOR Gates

In this paragraph, NAND and NOR logic gates, based on CMOS transistors [22,23] and
metal-oxide memristors, are considered and presented in the left-hand side of Figure 7a,b
for further description and explanations. In these logic circuits, the memristors are respon-
sible for the realization of logical operations AND, OR, while the CMOS transistors are used
for the logic operation NOT. The transistor T; is an n-channel MOSFET of type Si4866DY, and
the element Tj is a p-channel MOS transistor of type IRE7210. The respective time diagrams of
the input and output signals are presented in the right-hand-side of Figure 7 for confirmation
of the correct operation of the applied memristor models—Biolek, Lehtonen-Laiho, B; and B,
and the considered logical schematics in the LTSPICE environment.
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Figure 7. (a) Memristor-based NAND gate with CMOS transistors and the corresponding time
diagrams of input and output signals; (b) memristor-CMOS NOR gate and the time graphs of the
input and output signals.

5. A Complex Memristor-Based Logic Circuit

In this section, a XOR logical scheme based on a large number of memristors and
CMOS transistors is considered and shown in Figure 8a for additional explanation and
discussion. The input signals of the logical scheme are denoted by v;,,; and v;,», and the
output signal by vo,t. The XOR logical function is realized, using the elementary logic
operations AND, OR and NOT [23]. The considered schematic is realized using two logic
gates NOT, two logic gates AND, and a logical element OR. The first invertor is created
by the MOSFET transistors T; and T, and the second one by the MOS transistors T3 and
T4. The first AND element is created by the memristors M; and M, and the second logical
element AND by the metal-oxide memristors My and Ms. The OR logic gate is represented
by the memristors M3 and M.
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Figure 8. (a) A memristor-CMOS based XOR logic circuit, realized by two invertors (including the
transistors Tq, T and T3, T4), two AND logic gates (realized by the memristors My, M, and by My,
Ms, respectively), and a logic element OR (realized by the memristors M3, Mg); (b) Time diagrams of
the input signal v;,,1; (c) a graph of the input signal v;,5; (d) time diagram of the output signal vy,

The time diagrams of the input signals v;,1, v;;2, and the output signal v,,, are
represented in Figure 8b for confirmation of the proper operation of the considered complex
logic circuit with many memristors and the applied classical and modified metal-oxide
memristor models. Considering the time diagram of the output voltage v,,, presented
in Figure 8d, it is visible that the logical function XOR is successfully realized by the
considered CMOS-memristor based logical scheme.

In the next section, a brief comparison of the applied LTSPICE memristor models,
according to their behavior, switching properties and several basic criteria, is presented.

6. A Comparison of the Applied Memristor Models

The metal-oxide memristor models, used for analysis of the considered logic circuits,
are compared according to their behavior in the analyzed logical circuits and using several
main criteria for comparison—simulation time, switching properties, operating frequency,
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RMS error, accuracy and complexity [6,16]. The results are summarized in Table 1 for
comparison of the metal-oxide memristor models.

Table 1. A comparison of the applied memristor models—the standard models of Biolek and
Lehtonen-Laiho, and the modified metal-oxide memristor models By and B,

Memristor Model Biolek Lehtonen-Laiho Bq B,
Simulation time, ms 16.6 18.4 17.1 17.5
Switching properties Middle Good good good
Operating frequency low, middle High high high

RMS error, % 5.86 3.62 3.93 3.81
Accuracy middle High high high
Complexity low High low low

The simulation time of a memristor model is proportional to the amount included
in its equation’s elementary mathematical operations. In the present case, the standard
Biolek memristor model has the lowest simulation time and, owing to this, the highest
operating speed, followed by the metal-oxide modified memristor models B; and B, and
the standard Lehtonen-Laiho model.

The complexity of a memristor model is proportional to its simulation time and
depends on the number of math operations included in the model. According to the
complexity, the modified metal-oxide memristor models B; and B; are simpler than the
classical Lehtonen-Laiho model, which has the highest complexity. The enhanced models
By and By have high accuracy and operating frequency, very near to those of the Lehtonen—
Laiho memristor model. Owing to their reduced complexity, the modified models B; and
B, are appropriate for the analysis of complex electronic circuits and devices with a large
number of memristor elements.

The switching properties of a metal oxide memristor model are related to the rapid
change of the memristance and the respective state variable under applied voltage or
current pulses. In the present case of consideration, the Lehtonen-Laiho model has the best
switching properties, followed by the modified metal-oxide memristor models By, B; and
the classical Biolek memristor model.

The operating frequency of a memristor model depends on its ability to properly
express the change of the state variable and the memristance, proportionally to the applied
voltage signals. For metal oxide-based memristor models, low frequency is between 0.5
Hz and 1 kHz; middle frequency between 1 kHz and 100 kHz, respectively; and high
frequency no lower than 100 kHz. The Lehtonen-Laiho memristor model has the highest
operating frequency, followed by the modified metal-oxide memristor models B,, B; and
the standard Biolek model.

The root mean square (RMS) error of a metal-oxide memristor model is expressed as a
sum of the squared differences between the values of the memristor current, according to
experimental and simulated current-voltage relationships.

The accuracy of a metal-oxide memristor model is inversely proportional to its RMS
error. It represents its capability to correctly express experimental current-voltage relation-
ships with a minimal error. When the RMS error is not higher than 4%, the accuracy of the
memristor model is high, the middle accuracy of a memristor model corresponds to an
RMS error between 4 and 6%, and the low accuracy is related to an RMS error higher than
6%. The standard Lehtonen-Laiho memristor model has the best accuracy, followed by the
improved models By, By and Biolek’s standard memristor model.

7. Discussion

In this work, several memristor-CMOS based logic schemes are considered and ana-
lyzed. For the emulation of the logical functions AND, OR, a hard-switching operation of
the memristor elements is required. For the realization of the basic logical function NOT,
CMOS transistors are applied for inversion of the input signal. The analysis of the con-
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sidered memristor-CMOS based logic gates AND, OR, NAND, NOR and a more complex
digital circuit with many memristors, realizing XOR logic functions in LTSPICE, confirms
that the applied modified and improved metal-oxide memristor models, together with the
standard Lehtonen-Laiho model have better switching properties than the standard Biolek
memristor model. The standard Biolek model and the applied modified memristor models
have faster operation in the SPICE environment, owing to their simplified expressions, and
they are successfully applicable for analyses of complex digital memristor-CMOS-based
logical electronic circuits.

8. Conclusions

After the conducted analyses of several memristor-CMOS based logic gates and more
complex digital schemes with many memristor elements, realizing AND, OR, NAND, NOR
and XOR logical functions in LTSPICE environment, it could be concluded that the applied
modified and improved metal-oxide memristor models, together with the standard Lehtonen—
Laiho model, have better switching properties and a little bit lower operating speed than the
classical Biolek model and are effectively applicable in complex logical electronic schemes.
When applied in the memristor models” smooth and differentiable step-like function, the mod-
ified window functions, based on the improved sigmoidal function and the use of LTSPICE
environment, prevent the occurrence of convergence problems during the simulations and
analyses. The modified memristor models have faster operation than the corresponding stan-
dard memristor models and, owing to this, they are suitable for the analysis and engineering of
digital circuits and devices with a large number of memristors. The engineering and design
of memristor-CMOS based logical electronic circuits in LTSPICE, applying simplified and
improved memristor models, is realized and this is an important step in the realization of
optimized, low-power and high-density digital integrated electronic chips, with various
applications in analog and digital electronic schemes and circuits with artificial intelligence.
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