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Highlights
« This paper focuses on a memristor-based sawtooth signal generators.
« A new application area for the Self-Directed Channel (SDC) Carbon-based Memristgg€’is suggested.
* The performance of the signal generator has been examined with simulations and i

Article Info Abstract
It is possible to use the new electronic“cifgui or in analog applications.
Received: 09 Aug 2022 Memristors or memristor emulators have alreqgy been icd,ih analog applications such as
Accepted: 28 Nov 2023 amplifiers, filters, oscillators, and chaliti t has been recently demonstrated
that a memristor-based sawtooth sign ilt utilizing a memristor emulator and
simulations with various memristor models. wtooth signal generator needs experimental
Keywords verification with a memristgf. Self-Directed Chanf@R(SDC) Carbon-based Memristors are in the
Memristor, market now. Once, the mémgiistor technology is mature enough, its applications may also follow

Memristor-based signal soon. Any memristor applicagjon should be realized with a memristor, not an emulator. Knowm
generator, memristor has not design a sawtooth signal generator in the literature previously.
Carbon-based at a sawtooth signal generator can be made using a Self-Directed
memristor,
Sawtooth waveform,
Frequency behavior i varying its operatiig frequency. The simulation and experimental results are
that its waveforms can be predicted well up to 350 kHz and its high-
dicted well above 350 kHz by the memristor model used.

1. INTRODUCTIO

syste i Sg5s similar characteristics to memristors have been defined in [2]. A thin-film TiO;

me d between Platinum contacts is demonstrated to act as if it were a memristor for
some Qi ange [3,4]. Memristive systems and memristors have become hot research areas
nowada iews on memristor and memristive systems are given in [5-9]. Most of the work on

theoretical studies in which researchers are trying to figure out how to use memristors in the
best way possible or find new application areas [5-9]. Analog application areas of memristors are also
currently a hot topic [8], [10-13]. In 1971, even when the memristor was only a speculative circuit element,
Chua predicted that a memristor-based staircase signal generator application might be possible [1]. In [1],
It has been claimed that oscillators that cannot be made using traditional circuit components could have
been made with it. It may be possible to adjust not only frequencies but also threshold parameters
automatically in memristor-based oscillators [10,14]. It is possible to make reactance-less oscillators with
memristors [15-18]. Memristor-based Duffing oscillators and their dynamics are examined in [19-21].
Memristor-based relaxation oscillators are examined in [10,22-24]. Some of the memristor applications
have focused on the Wien-bridge oscillators [25-29]. In [30], it is demonstrated that a memristor-based
sawtooth signal generator (MBSSG) can be built. In [30], the HP memristor model is used to simulate the
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MBSSG, and an HP memristor emulator is used in the experiments to prove the concept. The MBSSG is
inspected using several memristor models and with the Simulink™ toolbox of the Matlab™ program [31].
Memristor models are not mature enough. That’s why any memristor application requires experimental
verification of its performance. Knowm company has already started selling DIP packaged memristors
[32]. It is expected that in the future more companies may produce memristors sold in the market [33]. A
Knowm memristor is used to demonstrate chaos experimentally [34]. To the best of our knowledge, a
Carbon-based Knowm memristor has not been used in such a sawtooth signal generator in the literature,
yet. In this study, an MBSSG is made using a carbon-based memristor produced by Knowm company for
the first time in the literature [31], its performance is examined with simulations and experimentally, and
its frequency response is also studied. The MBSSG is simulated with the Biolek memristor model. The
simulation and the experimental results are compared to each other.

The study is structured as follows. In the second section, basic information on the Sglf-Diregted Channel
(SDC) Carbon-based memristor is given. In the third section, the MBSSG is by
simulations are presented. The experimental results of the MBSSG are give

study is concluded with the last section.

within the active layer to change the device memristance. Th& carbo emristor topologies are
proving and optimizing of

IP package [32]. Tt contains 8 memristors. Hysteresis
itation and usually, sinusoidal signals are used for this
istors is excited with a sinusoidal wave and its zero-
can be seen in Figure 2 to illustrate its memristive
ro-crossing hysteresis loop shrinks which is a

The Knowm memristors have a 16-pin ceramj
curves of a memristor are obtained under AC e

crossing pinched hysteresis curves for 1 an
behavior. With increasing frequengy, the area of
fingerprint of memristive syste 5].

\

Figure 1. SDC material stack [32]
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3. THE MEMRISTOR-BASED SAWTOOTH SIGNAL GENERAT MULATION

The MBSSG circuit given in [30] is shown in Figure 3. The Knowm jfie bo] given in [32] is not
used in this study. Chua’s memristor symbol is preferred and us it since it is well-
known. The generator consists of an opamp-based relaxationgscil d a memristor-based
inverting amplifier (MBIA) as seen in Figure 3. The OBRA proviles the ed sgllare waveform. Resistor-

Memristor (R-M) inverting amplifier examined in [36]. i resistance of the Knowm
memristor increases for the current direction given in : series résistor Rs seen in Figure 3 has

B

Rix)

or,

b (1)

Figure 3. The MBSSG circuit [30]

of the OBRA is equal to the input voltage of the MBIA. The voltage is written as the
ise function:

Voarr 0 <t <
Vin = T (1)
—Vsat > <t<T

where T is the electrical period and V,; is the magnitude of the voltage of the OBRA. The frequency of
the relaxation oscillator is equal to

1

I = Sinre 2)
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The input current of the MBIA;

V. T
sat 0<t<5

_Vin _ Ry
Iin_R1_ _ Ysar Z<t<T (3)
R, 2

where R; is the resistance of the protection resistor and R, is the input resistance of the MBIA. A
memristor model with nonlinear dopant drift is described as

v(t) = R(x)i(t) \ 4)
AL

dx vwRon =
=B iOf (%) ©)

T [u\N

where D is the total length of the memristor layers, u,, is the dopant mobility, v(t) is the memristor voltage,
i(t) is the memristor current, R(x) is the memristor memristance, w is the oxidized length of memristor,

x = % is the normalized oxidized length of memristor, f(x) is the memristor’s window function, and Rgy is
the minimum memristance of the memristor. The memristance of the memristor can be given as

N w7

R(x) = Rorr — (Rorr — Ron)x
(6)

where Rgpr 1S the memristor’s maximum memristance.

x(t) ranges from O to 1. Therefore,

Ron = R(x) < Ropr v (7
A window function is a measure o‘fhow close a memristor gets to being an ideal memristor. p modifies the
shape of the window function and the rate of change of the memristor state variable are defined by the
parameters, D, Roy, and u,,.

Y
In this section, to simulate the MBSSG, Biolek’s window function is used [37]. Biolek window function is
current-dependent and it is given as

(8)

dx _ pRoni 41— (x =D , i(t) <0 9
at p* 1-()*  , i(t)>0

The input current of the MBIA is also equal to the memristor current. Its output voltage is

ut — Ry Ry

Ve = R(x)+Rs V= — (Rs+Rorr—(Rorr—Ron)x(t)) Vi (10)
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The MBSSG circuit is modelled and simulated using LTspice. The circuit elements whose parameters are
given in Tables 1 and 2 are used for its simulation. Biolek memristor model parameters, which give similar
and the closest hysteresis curves to the experimental ones given in Figure 2, are used in the simulations and
given in Table 1. More information about Biolek model can be found in [37]. LM358 opamp is chosen due
to the fact that it is cheap and easy to find. The input resistance of the inverting amplifier is chosen 560 KQ
high enough to limit the current of the Carbon-based memristor to prevent its destruction. Normally, in
[32], a protection resistor between 50 and 100 K< is suggested to be used in series with the carbon-based
memristor but a 47 KQ resistor is used as the protection resistor since the memristor current is already
limited with the high-value input resistor.

A memristor must have three fingerprints: a) it must have zero-crossing frequency-depgndent pinched

parameters of the memristor model given in Table 1 and operation frequ
memristor’s hysteresis loop.

Table 1. Memristor model parameters

Parameter Symbol | Value

Minimum memristance or resistance Ron 125 KQ

of the memristor

The memristor maximum Rorr 1250 KQ

memristance or resistance

The dopant mobility u 40.10-14
m?/V.s

Physical length of the memristive D 10 nm

element

Power parameter of the Biolek p 2

window function

Table 2. The componén d MB
Device Symbol | Value
Resistance of Rs 47 KQ
Protection Resistor
Input Resistance of R1 560 KQ
Inverting Amplifier
Opamp Op1, Op2 | LM358
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Figure 4. Hysteresis Loops of memristor model for 0.5, 1, and

results of the MBSSG are shown in Figures 5. Its output voltage is not i asymmetric
current dependency of the Biolek window function. If a memristor’s istangg value takes'its minimum
or maximum value and stays constant even though a current flo and Ks polarity does not
change, the memristor is said to be in saturation. The time in whic i its resistance from
its minimum value to its maximum value or from its maxim m value is called the
memristive or resistive switching time. At low frequencies, the turatés since the electrical half

period is higher than memristive or resistive switchin i takes its minimum and/or
maximum value in an electrical period. Its output volta pezoidal at 50 kHz since an alternance
comes saturated as shown in Figure

produces a nice-looking sawto al at the frequency range from 150 kHz to 500 kHz.
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Figure 5. Input and output voltages of the MBSS@&for a) 5Q, b) 100,9) 150, and d) 500 kHz

4. EXPERIMENTAL RESULTS

LM358 operational amplifiers are used in the sighal generator shown in Figure 3. The circuit is mounted
on a protoboard, and experiments are perfdig M358 operational amplifiers are used in the circuit. The

=1l
8= 1l
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G SBBns

) high value, and at 1.09 MHz, the negative peak voltage value falls down
he negative peak voltage value is not monotonous. There occurs an unexpected

Oopamp’s rbon-based memristor’s capacitive behavior. The triangular waveform is given as a
special case e sawtooth waveform in the literature. If its fall time is equal to its rise time, a sawtooth
waveform tufns into a triangular waveform. According to the experimental results, the fall time and the rise
time are never equal to each other as can be seen in Table 3. That’s why, according to the literature, the
signal generator’s waveforms can be called sawtooth waveforms.
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Table 3. Some properties of the output signal the MBSSG

Frequency Rise Time Fall Time | The Positive Peak The Negative
Voltage Value Peak Voltage
Value
43.95 kHz 2.2 us 3.8 us 1.3V -1.6V
50.26 kHz 2.1 ps 5.6 us 1.3V -1.7V
101.42 kHz 2.1 us 6.5 us 1.5V -1.8V
122.56 kHz 2.7 us 5.5 us 0.9v -1.3V
138.09 kHz 2.6 us 4.7 us 1.0V -1.2V
149.78 kHz 2.5 us 4.1 us 1.1V -1.1V
489.87 kHz 0.67 us 1.35 us 0.22Vv -0.32V
1.09 MHz 0.32 us 0.6 us 0.14Vv -0.75V

At low frequencies, memristor saturates, i.e., the electrical half period is higher t
switching time and memristance takes its minimum. Memristor saturation ¢ 6a and
a sawtooth wave most are shown in Figures 6¢ and 6g.

In [31], it was claimed that output waveform of the MBSS
parameters properly. Using the Knowm memristor and the ciggui i in Table 2, the best-

d experimental cases under
the simulated behavior. At
Figure 6d, there is a strange ripple in output voltage that it I dicted by the simulations. A similar
in Figure 5b. The ripple may result

ns given in [29,30], it was expected that it would look
increases. However, the experiments showed that if

t cannot be called a sawtooth waveform anymore. This
ies 489.87 kHz and 1.09 MHz rising time, falling time,
y low. In this case, it looks more like output voltage ripple
ave negative voltage values, too. We have found two reasons

output voltage of the sig
of arectifier witha D

In [30,31], it is claimed that a MBSSG can be made. The MBSSG given in [30,31] is examined
experimentally using a carbon-based memristor in this study. The MBSSG is simulated with LTspice. The
simulated and experimental MBSSG waveforms are compared. It has been inferred that the MBSSG
waveforms behave differently than the simulation results given in [29,30] using the system model with
Biolek’s window functions predicts. Also, the experiments have shown that a nice-looking sawtooth wave
is obtained at frequencies as high as 400 kHz even though the waveform is tapered a bit.

In [31], it has been claimed that, when memristor is out in the markets, it becomes feasible to make MBSSG
circuits and, if the new component is mismodeled, this causes its application circuits also mismodeled. The
experimental study revealed the prediction as true. For example, the rise time, the fall time, and the peak
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voltage values of the output signal vary in unexpected ways by operation frequency over 150 KHz. Such a
thing maybe indicating that there are capacitive effects either due to the opamp or the memristor. We
suggest that a MBSSG performance should always be examined experimentally while designing one until
the memristor models get matured enough. For this reason, the companies which aim to make memristors
marketable should also provide their models describing them accurately to ease their usage in such
generators. In the literature, to the best of our knowledge, there is not any carbon-based memristor model
with explicit mathematical equations and parameters in which the capacitive effects are considered for the
carbon-based memristors. In [38] and [39], equivalent circuits for Carbon- and Tungsten- based memristor
topologies are suggested and it is predicted that the nonlinear capacitive effects can perhaps be of
memcapacitive nature, but a methodology is not given for how to calculate the capacitive gffects. There
is a need for better Carbon-based memristor models which take capacitive effects into a nt, especially
for high-frequency operation regions. Such a model may include a nonlinear capacit@f or a flgemcapacitor
connected in parallel with a memristive element. The charge of the nonlinear capaci
may be an additional state variable in such a model. Also, a methodology mu
capacitor parameters of the needed model. Such a methodology may be m

for the tapering of the waveform, they can be used to modify the outpu or the best performance
in the future.
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