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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 Memristors is suggested. 

• The performance of the signal generator has been examined with simulations and experimentally. 
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Abstract 

It is possible to use the new electronic circuit element memristor in analog applications. 

Memristors or memristor emulators have already been applied in analog applications such as 

amplifiers, filters, oscillators, and chaotic circuits. In literature, it has been recently demonstrated 

that a memristor-based sawtooth signal generator can be built utilizing a memristor emulator and 

simulations with various memristor models. Such a sawtooth signal generator needs experimental 

verification with a memristor. Self-Directed Channel (SDC) Carbon-based Memristors are in the 

market now. Once, the memristor technology is mature enough, its applications may also follow 

soon. Any memristor application should be realized with a memristor, not an emulator. Knowm 

memristor has not been used to design a sawtooth signal generator in the literature previously. 

The aim of the study is to show that a sawtooth signal generator can be made using a Self-Directed 

Channel (SDC) Carbon-based Memristor and to examine it experimentally. The performance of 

this sawtooth signal generator is evaluated. The waveforms of the proposed circuit are also 

examined by varying its operating frequency. The simulation and experimental results are 

compared. It has been found that its waveforms can be predicted well up to 350 kHz and its high-

frequency behavior is not predicted well above 350 kHz by the memristor model used.    
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1. INTRODUCTION 

 

A memristor is a nonlinear circuit element that has been envisioned in [1]. The resistance or memristance 

of an ideal memristor does depend on its charge which is equal to the integral of its current in the time 

domain. That’s why it has a memory, i.e., it remembers its resistance when its supply is cut off. Memristive 

systems which possess similar characteristics to memristors have been defined in [2]. A thin-film TiO2 

memristive system placed between Platinum contacts is demonstrated to act as if it were a memristor for 

some of its operation range [3,4]. Memristive systems and memristors have become hot research areas 

nowadays. Some reviews on memristor and memristive systems are given in [5-9]. Most of the work on 

memristors has focused on making memristors, investigating memristive materials, making memristor 

emulators, and 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 SimulinkTM toolbox of the MatlabTM 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 Self-Directed Channel 

(SDC) Carbon-based memristor is given. In the third section, the MBSSG is briefly explained, and its 

simulations are presented. The experimental results of the MBSSG are given in the fourth section. The 

study is concluded with the last section.   

 

2. SELF DIRECTED CHANNEL (SDC) CARBON-BASED MEMRISTOR 

 

The Knowm Self-directed channel (SDC) memristor material pack, which is a metal ion-conducting device 

often referred to as an electrochemical metallization cell (ECM), depends on Ag+ movement into channels 

within the active layer to change the device memristance. The carbon-based memristor topologies are 

shown in Figure 1 [32].  Dopants such as W, SN, CR, and C are used for improving and optimizing of 

Knowm memristor properties therein. More information about Knowm memristors can be found in [32].  

 

The Knowm memristors have a 16-pin ceramic DIP package [32]. It contains 8 memristors. Hysteresis 

curves of a memristor are obtained under AC excitation and usually, sinusoidal signals are used for this 

purpose. One of the Carbon-based Knowm memristors is excited with a sinusoidal wave and its zero-

crossing pinched hysteresis curves for 1 and 10 kHz can be seen in Figure 2 to illustrate its memristive 

behavior. With increasing frequency, the area of the zero-crossing hysteresis loop shrinks which is a 

fingerprint of memristive systems [35]. 

 

 
Figure 1. SDC material stack [32]  
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(a)                                                                 (b) 

Figure 2. Hysteresis loops of a Carbon-based memristor under sinusoidal excitation for a)1 kHz and 

b)10 kHz   

 

3. THE MEMRISTOR-BASED SAWTOOTH SIGNAL GENERATOR AND ITS SIMULATION 

 

The MBSSG circuit given in [30] is shown in Figure 3. The Knowm memristor symbol given in [32] is not 

used in this study. Chua’s memristor symbol is preferred and used in the MBSSG circuit since it is well-

known. The generator consists of an opamp-based relaxation oscillator (OBRA) and a memristor-based 

inverting amplifier (MBIA) as seen in Figure 3. The OBRA provides the needed square waveform. Resistor-

Memristor (R-M) inverting amplifier examined in [36]. The memristance or the resistance of the Knowm 

memristor increases for the current direction given in Figure 3. The series resistor Rs seen in Figure 3 has 

been used to protect the Knowm memristor as suggested in [32]. 

 

 
Figure 3. The MBSSG circuit [30]  

 

The output voltage of the OBRA is equal to the input voltage of the MBIA. The voltage is written as the 

following piecewise function: 

 

𝑉𝑖𝑛 = {
𝑉𝑠𝑎𝑡, 0 < 𝑡 <

𝑇

2

−𝑉𝑠𝑎𝑡,
𝑇

2
< 𝑡 < 𝑇

                                            (1) 

 

where 𝑇 is the electrical period and 𝑉𝑠𝑎𝑡 is the magnitude of the voltage of the OBRA. The frequency of 

the relaxation oscillator is equal to 

 

𝑓 =
1

2𝑙𝑛(3)𝑅𝐶
                            (2) 
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The input current of the MBIA;  

 

𝐼𝑖𝑛 =
𝑉𝑖𝑛

𝑅1
= {

𝑉𝑠𝑎𝑡

𝑅1
, 0 < 𝑡 <

𝑇

2

−
𝑉𝑠𝑎𝑡

𝑅1
,
𝑇

2
< 𝑡 < 𝑇

                                  (3) 

 

where 𝑅𝑠 is the resistance of the protection resistor and 𝑅1  is the input resistance of the MBIA. A memristor 

model with nonlinear dopant drift is described as 

  

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

  
𝒅𝒙

𝒅𝒕
=

𝝁𝒗𝑹𝒐𝒏

𝑫𝟐 𝒊(𝒕)𝒇(𝒙)                                                                (5) 

 

where 𝑫 is the total length of the memristor layers, 𝝁𝒗 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 =
𝒘

𝑫
 is the normalized oxidized length of memristor, f(x) is the memristor’s window function, and 𝑹𝑶𝑵 is 

the minimum memristance of the memristor. The memristance of the memristor can be given as  

 

𝑹(𝒙) = 𝑹𝑶𝑭𝑭 − (𝑹𝑶𝑭𝑭 − 𝑹𝑶𝑵)𝒙       

                                       (6) 

where 𝑹𝑶𝑭𝑭 is the memristor’s maximum memristance. 

𝒙(𝒕) ranges from 0 to 1. Therefore, 

 

𝑹𝑶𝑵 ≤ 𝑹(𝒙) ≤ 𝑹𝑶𝑭𝑭                                           (7) 

 

A window function is a measure of how 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, 𝑹𝑶𝑵, and 𝝁𝒗. 

 

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 

 

𝑓(𝑥) = {
1 − (𝑥 − 1)2𝑝 , 𝑖(𝑡) ≤ 0

1 − (𝑥)2𝑝 , 𝑖(𝑡) > 0
                              (8) 

 

Submitting Eq. (8) into Eq. (5), it turns into 

 

𝑑𝑥

𝑑𝑡
=

µ𝑅𝑜𝑛𝑖(𝑡)

𝐷2 {
1 − (𝑥 − 1)2𝑝 , 𝑖(𝑡) ≤ 0

1 − (𝑥)2𝑝 , 𝑖(𝑡) > 0
                 (9) 

 

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

 

𝑉𝑜𝑢𝑡 = −
𝑅(𝑥)+𝑅𝑠

𝑅1
𝑉𝑖𝑛 = −

(𝑅𝑠+𝑅𝑂𝐹𝐹−(𝑅𝑂𝐹𝐹−𝑅𝑂𝑁)𝑥(𝑡))

𝑅1
𝑉𝑖𝑛                                                          (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 KΩ 

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 KΩ is suggested to be used in series with the carbon-based 

memristor but a 47 KΩ 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-dependent pinched 

hysteresis curves, b) With increasing frequency, the area of its hysteresis curve should decrease, and c) At 

very high frequencies, it should turn into a single value function. Simulated hysteresis loops of the 

memristor model are given in Figure 4 and it shows the three fingerprints. The frequencies are chosen as 

monotonously increasing to illustrate that the memristor model has all the needed fingerprints. Both the 

parameters of the memristor model given in Table 1 and operation frequencies define the shape of the 

memristor’s hysteresis loop.  

 

Table 1. Memristor model parameters 

Parameter  Symbol Value 

Minimum memristance or resistance 

of the memristor  

RON 125 KΩ 

The memristor maximum 

memristance or resistance 

ROFF 1250 KΩ 

The dopant mobility µ 40.10-14 

m2/V.s 

Physical length of the memristive 

element  

D 10 nm 

Power parameter of the Biolek 

window function 

p 2 

 

Table 2. The components used in the MBSSG 

Device Symbol Value 

Resistance of 

Protection Resistor 

Rs 47 KΩ 

Input Resistance of 

Inverting Amplifier 

R1 560 KΩ 

Opamp Op1, Op2 LM358 
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Figure 4. Hysteresis Loops of memristor model for 0.5, 1, and 5 kHz  

 

The sawtooth signal generator is simulated for several different frequencies using the model. The simulation 

results of the MBSSG are shown in Figures 5. Its output voltage is not symmetric due to the asymmetric 

current dependency of the Biolek window function.  If a memristor’s memristance value takes its minimum 

or maximum value and stays constant even though a current flows through it and its polarity does not 

change, the memristor is said to be in saturation. The time in which a memristor switches its resistance from 

its minimum value to its maximum value or from its maximum value to its minimum value is called the 

memristive or resistive switching time. At low frequencies, the memristor saturates since the electrical half 

period is higher than memristive or resistive switching time and memristance takes its minimum and/or 

maximum value in an electrical period. Its output voltage is almost trapezoidal at 50 kHz since an alternance 

is higher than the resistive switching time, the Knowm memristor becomes saturated as shown in Figure 

5a. MBIA input current is almost trapezoidal and can be considered to be almost constant in each alternance. 

The output voltage of the MBSSG is almost trapezoidal at 50 kHz due to the fact that the memristor gets 

saturated at low frequencies which can be seen from the intervals in which the output voltage stays constant 

as shown in Figure 5a. The output voltage resembles more to a sawtooth waveform than a trapezoidal 

waveform at 100 kHz as shown in Figure 5b. Both of the output voltages are sawtooth waveform as shown 

in Figures 5c and 5d. The result of the simulations given here shows that the sawtooth-signal generator 

produces a nice-looking sawtooth signal at the frequency range from 150 kHz to 500 kHz. 
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(a)                                                                                   (b) 

  

(c)                                                                                  (d) 

Figure 5. Input and output voltages of the MBSSG for a) 50, b) 100, c) 150, and d) 500 kHz 

 

4. EXPERIMENTAL RESULTS 

 

LM358 operational amplifiers are used in the signal generator shown in Figure 3. The circuit is mounted 

on a protoboard, and experiments are performed. LM358 operational amplifiers are used in the circuit. The 

experimental waveforms given in Figure 6 are acquired.  

 

  

(a)                                                     (b) 

  

(c)                                                     (d) 
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(e)                                                 (f) 

  

(g)                                        (h) 

Figure 6. Signal Generator Input and Output Voltages  

 

The rise times, the fall times, and the amplitude values of the generated output signal of the MBSSG circuit 

obtained from Figure 6 have been given in Table 3. As seen from Table 3, under 100 kHz, the rise time is 

almost constant and around 2.1 µs, the rise time is also almost constant and around 2.6 µs between 100 kHz 

and 200 kHz, the rise time falls down with increasing frequency above 100 kHz. The fall time is not 

monotonous, it varies with respect to time, and it is hard to find a region in which it can be regarded as 

almost constant. The positive peak voltage values are constant below 100 kHz while the negative peak 

voltage values are almost constant. The positive peak voltage value becomes maximum and the negative 

peak voltage value becomes (mathematically) minimum at 101.42 kHz. At 122.56 kHz, the positive peak 

voltage value decreases and the negative peak voltage values increases. Between 138.09 kHz and 149.78 

kHz, both the positive and the negative peak voltage values keep increasing. At and above 489.87 kHz, 

the positive peak voltage values fall down significantly. At 489.87 kHz, the negative peak voltage value 

takes a very (mathematically) high value, and at 1.09 MHz, the negative peak voltage value falls down 

again. The variation of the negative peak voltage value is not monotonous. There occurs an unexpected 

phase difference at frequencies above 149.78 kHz that can be explained by the existence of either the 

opamp’s or the Carbon-based memristor’s capacitive behavior. The triangular waveform is given as a 

special case of the sawtooth waveform in the literature. If its fall time is equal to its rise time, a sawtooth 

waveform turns 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 

Voltage Value 

The Negative  

Peak Voltage 

Value 

43.95 kHz 2.2 µs 3.8 µs 1.3V -1.6V 

50.26 kHz 2.1 µs 5.6 µs 1.3V -1.7V 

101.42 kHz 2.1 µs 6.5 µs 1.5V -1.8V 

122.56 kHz 2.7 µs 5.5 µs 0.9V -1.3V 

138.09 kHz 2.6 µs 4.7 µs 1.0 V -1.2 V 

149.78 kHz 2.5 µs 4.1 µs 1.1V -1.1V 

489.87 kHz 0.67 µs 1.35 µs 0.22V -0.32V 

1.09 MHz 0.32 µs 0.6 µs 0.14V -0.75V 

 

At low frequencies, memristor saturates, i.e., the electrical half period is higher than memristive or resistive 

switching time and memristance takes its minimum. Memristor saturation can be seen in Figures 6a and 

6b. In these cases, the output waveform is not a sawtooth waveform. The output waveforms which resemble 

a sawtooth wave most are shown in Figures 6c and 6g.  

 

In [31], it was claimed that output waveform of the MBSSG can be optimized selecting its circuit 

parameters properly. Using the Knowm memristor and the circuit parameters given in Table 2, the best-

looking sawtooth waveforms at the output is obtained in the range of 100-350 kHz as they can be seen in 

from Figures 6c through 6g. The sawtooth output is similar for both simulated and experimental cases under 

350 kHz. However, above 350 kHz the experimental behavior deviates from the simulated behavior.  At 

Figure 6d, there is a strange ripple in output voltage that it is also predicted by the simulations. A similar 

ripple is also predicted by the simulations at 50 kHz and can be seen in Figure 5b. The ripple may result 

from the nonlinear dopant drift within the memristor, and it is predicted that it depends on the due to the 

power parameter in the Biolek’s window function. Output voltage of the generator does not always 

resemble a sawtooth waveform. Due to the simulations given in [29, 30], it was expected that it would look 

like a square waveform while the operation frequency increases. However, the experiments showed that if 

the frequency gets around 1 MHz, then, the output waveform turns into a smoothened sawtooth waveform 

as shown in Figure 6h and therefore the output cannot be called a sawtooth waveform anymore. This 

phenomenon can be seen in Tablo 3. At frequencies 489.87 kHz and 1.09 MHz rising time, falling time, 

output voltage of the signal generator is relatively low. In this case, it looks more like output voltage ripple 

of a rectifier with a DC offset which makes it have negative voltage values, too. We have found two reasons 

for it: a) the bandwidth of the used opamp and b) the carbon-based memristor also behaves as an R-C circuit 

at high frequencies and the capacitive effects are perhaps the main reason for tapering, which will be 

addressed more in a future study.  The simulations done in this study show that the memristor model predicts 

the generator behavior well at the frequencies up to 350 kHz. However, the simulations are not able to 

predict the experimental behavior for frequencies above 350 kHz. Therefore, there is a need for better 

carbon-based memristor models especially for high frequencies. It may also be possible to utilize the 

capacitive effects are to shape the output waveforms. 

 

5. CONCLUSION 

 

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 effects.   There 

is a need for better Carbon-based memristor models which take capacitive effects into account, especially 

for high-frequency operation regions. Such a model may include a nonlinear capacitor or a memcapacitor 

connected in parallel with a memristive element. The charge of the nonlinear capacitor or the memcapacitor 

may be an additional state variable in such a model. Also, a methodology must be given for obtaining the 

capacitor parameters of the needed model. Such a methodology may be more complex than the one given 

for memristors [40] but it may be a starting point. If the capacitive effects are found to be the main reason 

for the tapering of the waveform, they can be used to modify the output waveforms for the best performance 

in the future. 
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