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Abstract: Following the discovery of a thin-film memristive system behaving as a memristor in 2008, memcapacitor and memcapacitive 
systems have also been described and become hot research areas.  Tungsten-based SDC (Self-Directed Channel) memristors are already 
in the market and have already been used in circuit applications. They are modeled with the mean metastable switch memristor model 
in the literature. A memristor must have the three fingerprints described by Chua et al. In this paper, it is shown that the behavior of 
the Tungsten-based memristors is more complex than a memristive system and they do not always meet the three fingerprints of the 
memristor. It has been experimentally found that the capacitive effects are dominant at low frequencies when it is excited with a square 
wave voltage source when the Tungsten-based memristor is connected in series with a capacitor. It is important to model the new circuit 
element memristor accurately. “The Tungsten-based memristors” cannot be modeled just as a memristive system and only with the mean 
metastable switch memristor model. It is suggested that, perhaps, it can be modeled considering memcapacitive effects.
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Obstoj kapacitivnih učinkov v memristivnem 
sistemu SDC na osnovi volframa
Izvleček: Potem ko je bil leta 2008 odkrit memristivni sistem s tanko plastjo, ki se obnaša kot memristor, so bili opisani tudi 
kondenzatorji in memkapacitivni sistemi.  Memristorji SDC (Self-Directed Channel) na osnovi volframa se že uporabljajo v komercialnih 
vezjih. V literaturi so modelirani z modelom srednjega metastabilnega stikala memristorja. Memristor mora imeti tri prstne odtise, ki 
so jih opisali Chua et al. V članku je prikazano, da je obnašanje memristorjev na osnovi volframa bolj zapleteno kot memristivni sistem 
in ne izpolnjujejo vedno treh prstnih odtisov memristorja. Eksperimentalno je bilo ugotovljeno, da pri nizkih frekvencah prevladujejo 
kapacitivni učinki, ko je memristor na osnovi volframa vzbujen z napetostnim virom s kvadratnim valovanjem in je zaporedno povezan 
s kondenzatorjem. Pomembno je, da se novi element vezja memristor natančno modelira. „Memristorjev na osnovi volframa“ ni 
mogoče modelirati samo kot memristivni sistem in samo z modelom srednjega metastabilnega stikala memristorja. Predlagano je, da 
ga je morda mogoče modelirati ob upoštevanju memkapacitivnih učinkov.  

Ključne besede: memristor, memristivni sistemi, krivulja histereze z ničelnim prehodom, memkapacitivni učinki, mem-kondenzator
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1 Introduction

Memristor was claimed as a missing nonlinear fun-
damental circuit element in 1971 [1]. In 1976, it was 
shown that there were systems with similar properties 
to memristors and they are called memristive systems 
[2]. A thin-film TiO2 memristive system was shown 
to behave as a memristor in 2008 [3].  Memristor is a 

highly nonlinear circuit element, and its electromag-
netic theory is elusive unlike other circuit elements [4]. 
It has emerged as a popular nonlinear circuit element 
in the last two decades [5]. The memristive effects are 
quite common in nano dimensions [6, 7]. Some mem-
ristor research has focused on finding new materials 
behaving as memristors [6, 7]. Resistive RAMs are also 
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regarded as memristors [8]. Memristors may cause new 
analog and digital circuit applications to be found [5, 
9]. Programmable circuit applications of the memristor 
are also promising [10, 11]. An ideal memristor has not 
been found yet [12]. Nowadays, memristive systems are 
also called memristors [12]. An ideal memristor must 
have a zero-crossing hysteresis curve [2].  The three fin-
gerprints of memristors are commonly used to identify 
them [13]. Some memristor research focused on mod-
eling nonlinear dopant drift memristors with window 
functions [14-20]. Such memristor models possess the 
three fingerprints of memristors. 

A memcapacitor is a flux-dependent capacitor and a 
memcapacitive system is a system with similar proper-
ties to memcapacitors [6, 21]. An ideal memcapacitor 
or a memcapacitive system is also a nonlinear circuit 
element [21]. An ideal memcapacitor’s charge-voltage 
characteristic or hysteresis loop is also frequency-de-
pendent [21, 22]. The memcapacitive effects are also 
common in the literature [6, 23, 24]. The capacitance 
of some memcapacitive systems may be negative [25]. 
Memcapacitive effects can also be found in nanopores 
[26]. Solid-state memcapacitors can be used to make 
circuits that cannot be made with LTI capacitors [27]. 
Memcapacitive effects are shown to exist in an HP 
TiO2 memristor [28]. An Au/Ti–HfO2-InP/InGaAs diode 
needs both memristive and memcapacitive effects 
to be modeled correctly [29]. A memcapacitor device 
showing chaotic behavior is described in [30]. Memca-
pacitors can be used in oscillator circuits [31-32]. There 
are already memcapacitor-based chaotic oscillators 
made in the literature [33-35]. In opposite to memris-
tors, memcapacitors store energy and their charging 
efficiency can be polarity-dependent [36]. Memcapaci-
tors can also be used for computing [37]. 

The market has already seen the emergence of Carbon- 
and Tungsten-based memristors [38]. They are also re-
ported to have zero-crossing hysteresis curves [38] and 
have already been used in chaotic circuits and for edu-
cational purposes [39-40]. They are suggested for use 
in a machine-learning circuit [41]. The usage of Knowm 
memristors in threshold logic circuits is examined in 
[42]. These memristors are suggested to be used with 
a series protection resistor [38]. According to [1], the 
equivalent circuit of a memristor connected in series 
with a resistor is also a memristor. That’s why a Knowm 
memristor with a protection resistor is also a memris-
tor. The Mean Metastable Switch Memristor Model 
(MMSMM) is presented for Tungsten-based Knowm 
memristors in [43]. In [44], the model is modified to 
include chaotic dynamics. The model in [43-44] gives 
a zero-crossing hysteresis curve. The models in [43-44] 
should be able to predict the waveforms of the circuits 
in which the Tungsten-based memristors are used.

A memristor-capacitor circuit can be found in a pro-
grammable filter [11]. A memristor-capacitor discharge 
circuit is examined in [14].  HP memristor-capacitor se-
ries circuit under DC excitation is examined analytically 
in [45]. In [46], it is shown that the Lambert W function 
can be used to analyze the charging and discharging 
of memristor-capacitor circuits. An analytical and ex-
perimental examination of a parallel memristor-capac-
itor circuit is made using the memristor’s flux-charge 
characteristic [47]. To the best of our knowledge, the 
charging and discharging of the Tungsten-based 
memristor-capacitor circuit have not been examined 
experimentally. In this paper, we report the experimen-
tal results that were observed while examining a Tung-
sten-based memristor-capacitor-protection resistor 
(M-C-Rs) series circuit excited with a square wave signal, 
it has been found that the Tungsten-based memristors 
exhibit a non-zero crossing hysteresis curve, it is inter-
esting that the same memristor has a zero-crossing 
hysteresis curve when excited with a sinusoidal wave 
or even a square wave, and this means that hysteresis 
behavior of a Tungsten-based memristor may not have 
zero-crossing hysteresis curve depending on its usage 
with other circuits. The implications of the experimen-
tal results are also discussed. This study is important 
because there is no other study in the literature exam-
ining the effect of the polarity of the memristor on the 
charging of the capacitor in an M-C-Rs circuit experi-
mentally.

The paper is arranged as follows. The memristive and 
memcapacitive systems are briefly introduced in the 
second section. Information on a Tungsten-based Self-
Directed Channel Memristor is given in the third sec-
tion. Experimental results are given in the fourth sec-
tion. The experimental results are discussed in the fifth 
section. The last section concludes the paper.

2 Memristive and memcapacitive systems

In this section, the memristive and memcapacitive sys-
tems are briefly explained.

2.1 Memristor and memristive systems

Memristive systems can be classified as either current-
controlled or voltage-controlled. In [21], Ventra et al. 
have described an nth degree voltage-controlled mem-
ristive system as

� � � � � �� � � �, , .i t G x t v t t v t�    (1)

 � � � �� �, , t
dx f x t v t
dt

�     (2)
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where ν(t), i(t), and G(x(t), ν(t), t) are the voltage, the cur-
rent, and the electrical conductance or the memduc-
tance of the memristive system, respectively, and x(t) is 
the set of n state variables describing the internal state 
of the memristive system, that may be dependent on 
ν(t) and x(t).

If (x(t) is the flux of the system and its memductance 
is only dependent on it, the system describes an ideal 
memristor [2, 21]. The memristor symbol, which is de-
fined in [1] and shown in Figure 1.a, is nowadays used 
for both memristors and memristive systems.

                          

1                     (a)                                               b)
Figure 1: a) Memristor and b) Memcapacitor symbols.

For a memristor, the memductance must be always 
positive:

 � � � �� �0 , v t ,G x t t� � �    (3)

A memristor cannot store energy and it is a power-
dissipating circuit element [1]. Memristive systems also 
dissipate power and do not store energy.

� � � � � � 0p t v t i t� �     (4)

Under AC excitation, a memristor or a memristive sys-
tem must have a zero-crossing hysteresis loop that has 
been first described in [2]. In [13], the claim has been 
made that all memristors or memristive systems must 
have the three fingerprints. They are given as:
- A memristor’s current and voltage must be both 

zero at the same time or it must have a zero-cross-
ing hysteresis loop under AC excitation.

- The hysteresis loop must be frequency-depend-
ent, i.e., its shape varies with frequency. Its area 
decreases when frequency increases.

- The hysteresis loop converges to a single value 
function when the frequency becomes very high.

2.2 Memcapacitive systems

Some nonlinear capacitors obey the memcapacitive 
system definition [21]. Ventra et al. have described a 
voltage-controlled memcapacitive system as

 � � � � � �, ,c cq t C x v t v t�    (5)

 � � � �� �, v t , t
dx f x t
dt

�     (6)

where q(t), νc(t), and C(x, νc , t) are the charge, the volt-
age, and the nonlinear capacitance (memcapacitance) 
of the memcapacitive system, respectively, and x(t) is 
the set of n state variables describing the internal state 
of the memcapacitive system, that may be dependent 
on νc(t) and x(t). 

If x(t) is the flux of a memcapacitive system and equal 
to the integral of its voltage with respect to time, the 
system describes an ideal memcapacitor, i.e., a memca-
pacitor is a special case of a memcapacitive system [21]. 
The memcapacitor symbol, which is defined in [21] and 
shown in Figure 1.b, is nowadays used for both memca-
pacitors and memcapacitive systems. 

If there is only one state variable, the current of a mem-
capacitive system can be calculated as

 
� � � �

dt

c
c

dq t
i t � �

 
 (7)

 

 (8)

2.3 Mean metastable switch memristor model

The Tungsten-based Knowm memristor symbol and 
the equivalent circuit of the MMSMM model are shown 
in Figure 2. A Tungsten-based Knowm memristor is 
modeled as a Schottky diode connected in parallel 
with a memristor or a memristive system, and Φ is a 
parameter that determines the contributions of these 
parallel connected circuit elements. The mean meta-
stable switch memristor model (MMSMM) of a Tung-
sten-based Knowm memristor [43] is given as

 
� � � � � � � � � � � �� �1 2

1
1  

v t v t

ON OFF

xxi t v t e e
R R

� ��� � �� ��
� � � �� �� �
� �

 (9)

� � � � � �
1 1 1

1 1
1 1ON OFFv V v V

dx x x
dt e e� �� � � � �

� �� �� � � �� �� �� �� �� �
(10)
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Where ν(t) and i(t) are the voltage and current of the 
Tungsten-based memristor, x(t) is the state variable 
of the Tungsten-based memristor, RON and ROFF are the 
minimum and maximum memristance of the memris-
tive memory element shown in Figure 2, α, β1, and β2 
are Schottky parameters, τ is a time constant that de-
fines the rate of change of the state variable, VON is the 
positive threshold voltage, VOFF is the negative thresh-
old voltage, β is a temperature dependent parameter, 
reciprocal to thermal voltage, VT, and equal to

 1 e

TV kT
� � �                    (11)

Where k is the Boltzmann constant, e is the electron 
charge, and T is the absolute temperature.

Figure 2: The equivalent circuit of a Tungsten-based 
Knowm memristor [43].

The state variable x(t) ranges from 0 to 1. Tungsten-
based memristor current considering the equivalent 
circuit shown in Figure 2 is given as

 � � � � � � � �, , 1m si t I x v t I v�� � � �                 (12)

Where Im(x, ν, t) is the current of an ideal memristor and 
IS(ν) is the current of an ideal Schottky diode. 

Φ is a positive parameter between zero and one. If Φ=1, 
the Schottky diode current is zero, and the equivalent 
circuit in Figure 2 turns into an ideal memristor. If Φ=0, 
the equivalent circuit in Figure 2 turns into a Schottky 
diode. 

In [44], the threshold of the memristor is given as

 � � � �� �0,1 4 / 1,7  

0.14
1 10

ON

cos x x
V

x

� �
� �

�
       (13)

The chaotic memristor model given in [44] was not 
used in this study since the memristor was not exam-
ined at above the threshold voltages. 

Considering Eq.s (9) and (10) and the three fingerprints 
of a memristor, the current and voltage of a Tungsten-
based memristor must become zero at the same time 

since the MMSMM model also obeys memristive sys-
tem equations. 

3 Tungsten-based self-directed channel 
(SDC) memristor

The Self-Directed Channel (SDC) Tungsten-based 
Knowm memristor structure is shown in Figure 3.a. 
The integrated circuit shown in Figure 3.b, which has 8 
Tungsten-based Knowm memristors in a 16 pin ceram-
ic DIP package, is used in this study. More information 
about Knowm memristors can be found in [38]. The 
pin connections of the memristors are given in Figure 
3.c. Knowm memristors require using a series protec-
tion resistor to limit its current [38]. One of the Knowm 
memristors is placed in series with a protection resistor 
and excited with a sinusoidal signal as shown in Figure 
4. A series resistor and a memristor also behave as a 
memristor as explained in [1].  The series resistor is used 
to measure the memristor current since its voltage and 
current are proportional. All of the operational Tung-
sten-based memristors are used in the experiments but 
only the results of one of them are given due to space 
considerations. Its current and voltage waveforms and 
its zero-crossing pinched hysteresis curves acquired for 
three different frequencies and are shown in Figures 5 
and 6, respectively. It can be seen that with increasing 
frequency, the area of the hysteresis loop gets smaller 
in size which is a fingerprint of memristive systems [13]. 
The Tungsten-based Knowm memristor is also excited 
with a square wave and its current and voltage wave-
forms and hysteresis curves are shown in Figures 7 and 
8, respectively.

Figure 3: a) The Tungsten-based Knowm Memristor 
Topology [38], b) The SDC Tungsten(W)-based Knowm 
Memristor Integrated Circuit, and c) its pin connections 
[38].

(a) (b)

(c)
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Figure 4: The Tungsten-based Knowm memristor ex-
cited with a signal source.

(a)

(b)

(c)

Figure 5: The time-dependent current and voltage 
waveforms of the Tungsten-based memristor fed with 
a a) 30, b) 50 Hz, and c) 100 Hz and a 2 V peak-to-peak 
sinusoidal voltage.

(a)

(b)

(c)

Figure 6: The hysteresis curve of the Tungsten-based 
memristor fed with a a) 30, b) 50 Hz, and c) 100 Hz and 
a 2 V peak-to-peak sinusoidal voltage.
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(a)

(b)

(c)

Figure 7: The time-dependent current and voltage 
waveforms of the Tungsten-based memristor fed with 
a a) 20 Hz, b) 50 Hz, c) 100 Hz and an approximately 2.4 
V peak-to-peak square voltage.

Figure 8: The hysteresis curve of the Tungsten-based 
memristor fed with a a) 20 Hz, b) 50 Hz, c) 100 Hz, and 
an approximately 2.4 V peak-to-peak square voltage.

(a)

(b)

(c)

4 Experiments

In this section, the experimental results of the Tung-
sten-based memristor-capacitor-protection resistor 
(M-C-Rs) series circuit shown in Figure 9 are given. A 
series protection resistor is used in all the experiments 
as suggested in [38] for protection and measuring the 
memristor current as shown in Figure 9. The circuit pa-
rameters are given in Table 1. With the M-C-Rs series 
circuit, the charging and discharging of the capacitor 
through the protection resistor and the memristor was 

investigated using an oscillator as a square wave volt-
age source and an oscilloscope. A square wave can be 
described as

 
� � p

p

     V               ,       0 / 2
V t   

    V               ,       / 2

t T
T t T
� ��

� � � � ��
    (14)

where Vp  and T are the amplitude and the period of the 
square wave, respectively.
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Figure 9: The Tungsten-based memristor-capacitor-
protection resistor (M-C-Rs) series circuit excited with a 
square wave voltage source.

Table 1: The circuit parameters

Parameter Value
C 200 nF
RS 99.8 kΩ

The square wave is chosen due to having both polari-
ties which makes the examination of the polarity-de-
pendent charging possible. The experimental results 
are shown in Figure 10. It can be seen that the current 
of the Tungsten memristor becomes negative for a 
while when the Tungsten memristor voltage is positive 
or vice versa. Also, the circuit’s charging behavior is not 
exponential.

As seen in Figure 10.a, at 2 Hz, the SDC Tungsten-based 
memristor current and the voltage at node D2 do not 
always have the same polarity. The current also goes 
negative when the voltage at node D2 is positive or 
vice versa. The negative maximum value of the device 
current gets is low compared to the positive maximum 
value. The current looks like a critically damped circuit 
current and has a bump at the bottom.  At the begin-
ning of the positive half period, the current is maximal, 
then, it falls down and becomes zero, it takes negative 
values after that, it becomes minimal, and then it starts 
increasing again. The polarity of the voltage at node D2 
changes before the current becomes zero or changes 
its polarity again. A similar description can also be 
made for the negative half period. The memristor cur-
rent and the voltage at node D2 do not have half wave 
symmetry. 

As seen in Figure 10.b, at 5 Hz, the SDC Tungsten-based 
memristor current and the voltage at node D2 do not 
always have the same polarity. The current also goes 
negative when the voltage at node D2 is positive or 
vice versa. The negative maximum value the device 
current is low compared to the positive maximum 
value. The current looks like a critically damped circuit 
current and has a bump at the bottom.  At the begin-
ning of the positive half period, the current is maximal, 

Figure 10: The current of the Tungsten-based mem-
ristor and the voltage waveform at node D2 when the 
M-C-Rs series circuit is fed with a a) 2 Hz, b) 5 Hz, c) 20 
Hz, and d) 1 kHz, and a 2 V peak-to-peak square wave 
voltage.

(a)

(b)

(c)

(d)
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it falls down, it becomes zero, it takes negative values, 
it becomes minimal, then it starts increasing again, and 
the polarity of the voltage at node D2 changes before 
the current becomes zero or changes its polarity again. 
A similar description can also be made for the negative 
half period. The current and the voltage at node D2 do 
not have half wave symmetry. The bump width seen in 
Figure 10.b is almost around the half period since the 
frequency of the signal is increased from 2 Hz to 5 Hz 
and its period is decreased. 

As seen in Figure 10.c, at 20 Hz, the SDC Tungsten-
based memristor current and voltage have the 
same polarity. The capacitive current also exists in 
this case. This can be explained by the fact that be-
fore the capacitive current component starts tak-
ing negative values, the polarity of the voltage 
changes. As seen in Figure 10.d, at a frequency high 
enough, at 1 kHz, in this case, the SDC Tungsten-based 
memristor starts behaving as a nonlinear resistor as de-
scribed with one of the three fingerprints of a memris-
tor.

Using MATLAB with the acquired data, the memristor 
current is calculated using Ohm’s law:

� � � �
SR

S

v t
i t

R
�                    (15)

The memristor current and voltage are shown in Figure 
11. When excited with a sinusoidal or a square wave 
voltage source, the Tungsten-based SDC memristor 
has a zero-crossing curve as seen in Figures 6 and 8. 
However, when the M-C-Rs series circuit is excited with 
a square wave voltage source, the hysteresis curve of 
the memristor is not zero-crossing and its behavior is 
capacitive as seen in Figure 11. This phenomenon has 
not been reported in the literature or the datasheet 
until now [38]. More data on the polarity-dependent 
charging and discharging of capacitor circuits contain-
ing Tungsten- and Carbon-based Knowm memristors 
and using square waves and clock signals for forward 
and reverse polarities can be found in [48].

5 Discussions and model suggestions

The experimental waveforms show that a Tungsten-
based SDC memristor is actually not a memristor and 
even not a memristive system due to lacking a zero-
crossing hysteresis curve [2, 13]. Chua has described a 
memristor as a power-dissipating circuit component 
[4]. According to Chua, a memristor dissipates power 
and should not provide power. Also, the hysteresis of a 
memristor should only exist in the first and third quad-

rants [2, 13]. The Lissajous curves in Figure 12 show that 
the SDC Tungsten-based memristive system behaves as 
a nonlinear capacitive system since its hysteresis curves 
or v-i characteristics also exist in the second and the 
fourth quadrants where the system supplies power in-
stead of consuming since, in the second and the fourth 
quadrants, its instantaneous power becomes negative:

� � � � � � 0p t v t i t� �                   (16)

Its hysteresis curves are also in the second and fourth 
quadrants of the Cartesian coordinate system as shown 
in Figure 12.

C. Dalmış et al.; Informacije Midem, Vol. 53, No. 3(2023), 121 – 135

Figure 11: The time-dependent current and voltage 
waveforms of the Tungsten-based memristor when the 
M-C-Rs series circuit is fed with a a) 5 Hz, b) 10 Hz, and 
c) 20 Hz, and a 2 V peak-to-peak square wave voltage.

(a)

(b)

(c)
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(a)

(b)

(c)

Figure 12: The hysteresis curve of the Tungsten-based 
memristor when the M-C-Rs series circuit is fed with a 
a) 5 Hz, b) 10 Hz, and c) 20 Hz, and a 2 V peak-to-peak 
square wave voltage.

The constitutive law of a capacitor is given as

 
� � � �

dt

c
c

dv t
i t C�                   (17)

A presumed current and voltage waveform of a capaci-
tor is shown in Figure 13. The intervals where the deriv-
atives of the memristor current are positive or negative 
have been marked in Figure 13. A capacitor current is 
positive when its voltage increases, or it charges and 
vice versa. If the derivative of the capacitor voltage is 
positive, its current is positive, and vice versa. Figure 
13 is quite similar to the waveforms shown in Figure 

11. However, there is a small shift at the point where 
the capacitor current becomes zero. This also means 
the memristive or resistive current component is quite 
low, compared to the capacitive current component. 
The Tungsten-based SDC memristor is actually a more 
complex system since it also shows a capacitive effect. 
Considering the voltages and currents shown in Figure 
11, the Tungsten-based SDC memristor device has a 
capacitive behaviour. The current becomes negative 
even though the memristive behaviour does exist. We 
propose the following circuit model given in Figure 14 
that explains all the phenomena. The model is made of 
a memristor and a memcapacitor connected in parallel.

Figure 13: The representative capacitive behavior of 
the Tungsten memristor.

It should be examined where the capacitive current or 
the capacitance comes from. The simplest solution is to 
assume that the Schottky diode shown in the equiva-
lent circuit given in Figure 2 has a capacitance. It is 
well-known that, assuming that Schottky barriers were 
formed at the top and bottom interfaces, the capaci-
tance of a Schottky diode [49, 50] can be represented 
by:

 

� �
2

0
 

2 V   

i D
m

bi

q N AC
V

� �
�

�
                  (18)

Where ND is the donor density, εi is the relative permit-
tivity of the interfacial layer, ε0 is the permittivity of 
vacuum Vbi, is the built-in voltage, and V is the applied 
voltage.

The capacitance is dependent on the Schottky diode 
voltage. The lower the Schottky-diode voltage, the 
higher the Schottky-diode capacitance. More informa-
tion on Schottky diode capacitance can be found in [49, 
50]. As seen in Eq. (18), Schottky diode capacitance has 
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a nonlinear dependency on the Schottky diode voltage. 
Therefore, it is a nonlinear capacitance. The SDC Tung-
sten-based memristor topology and the Schottky diode 
topology in [49, 50] are not the same. That’s why Eq. (19) 
cannot be used for calculation of the capacitance of the 
SDC Tungsten-based memristor but the Schottky diode 
capacitance of the SDC Tungsten-based memristor can 
still be assumed to be a nonlinear capacitance. A new 
equivalent circuit with it is given in Figure 14.a.

(a)

(b)

Figure 14: The new equivalent circuit of the Tungsten-
based memristor a) with a nonlinear capacitor and b) a 
memcapacitor connected in parallel with the memris-
tive element and the Schottky diode.

The threshold voltages of the SDC Tungsten-based 
memristor is given in Table 2. The forward threshold 
voltage of the SDC Tungsten-based memristor, ranges 
from 0.15 V to 0.35 V, and the reverse threshold volt-
age of the SDC Tungsten-based memristor, ranges 
from -0.27 V to -0.05 V according to [38]. Considering 
the voltage level of the SDC Tungsten-based memristor 
is less and around the threshold voltages in Figures 11 
and 12, the capacitive effect may be higher if the volt-
age of the SDC Tungsten-based memristor is low or less 
than the threshold voltages. 

Table 2: The threshold voltages of the SDC Tungsten-
based memristor [38] W, Sn, C Types

Characteristic Condition Min Typ Max
Forward 
Threshold

DC/Quasi-
static

0.15V 0.26V 0.35V

Reverse 
Threshold

DC/Quasi-
static

-0.27V -0.11V -0.05V

Cycle  
Endurance

1.5Vpp, 500Hz 
sine wave, 
series resistor

50M 100M 5B

The existence of the polarity dependence of the mem-
ristor voltage and current can be seen in Figures 11 and 
12. The current and voltage waveforms shown in Figure 
11 also lack half-wave symmetry. The hysteresis curves 
are not symmetric with respect to origin as seen in Fig-
ure 12. 

A Schottky diode capacitor’s current is given as

     (19)

where q is the Schottky diode charge. 

The Schottky diode capacitance function, Cm(ν), is not 
written explicitly, and it requires further work to find its 
expression. The equation set describing the Tungsten-
based memristor equivalent circuit with the nonlinear 
capacitor is given as

                 (20)

� � � � � �
1 1 1

1 1
1 1ON OFFv V v V

dx x x
dt e e� �� � � � �

� �� �� � � �� �� �� �� �� �
 (21)

The Tungsten-based SDC memristor may be showing a 
memcapacitive effect. The Schottky diode capacitance 
may be dependent on the state variable of the Tung-
sten-based memristor, x(t), besides its voltage. In this 
case, it can be modeled as a memcapacitor as shown in 
Figure 14.b. If there is only one state variable, the cur-
rent of a memcapacitive system can be given as

  (22)

By substituting Eq. (21) to Eq. (22), its current turns into:

          (23)
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As seen in Eq. (23), a memcapacitor is a more com-
plex component than a nonlinear capacitor with only 
voltage dependence given in Eq. (19). Since a Knowm 
memristor is used with a protection resistor, the equiv-
alent circuits given in in Figure 15.

Figure 15: The equivalent circuit of the Tungsten-
based Knowm Memristor. 

The equation set describing the Tungsten-based mem-
ristor equivalent circuit with a memcapacitor and the 
series protection resistor can be given as

                   (24) 

 
� � � � � �

1 1 1
1 1

1 1c ON c OFFv V v V

dx x x
dt e e� �� � � � �

� �� �� � � �� �� �� �� �� �
(25)

 � � � �cc

s

v t v tdv
dt R

�
�                   (26)

Eq. (26), the rate of change of the Tungsten voltage, 
is added to the Tungsten-based memristor system to 
distinguish Schottky diode charge and the memristive 
element charge, which are different or their state vari-
ables might be different or the Schottky diode memca-
pacitance might be dependent on two variables while 
the memristive element has only one state variable. 

Mouttet has described memadmittance systems in 
[51]. Due to the existence of both the memristive and 
nonlinear capacitive or memcapacitive effects, the 
Tungsten-based memristor, in fact, must be called a 

Tungsten-based memadmittance system. Tungsten-
based memadmittance system is abbreviated as 
(TBMS). The TBMS has actually richer dynamics than 
those described by Eq.s (10)-(11) as seen from Eq.s (24)-
(26). The equations describing the behaviour of the 
chaotic circuits given in [39, 40] can also be modified 
or should be rewritten after finding a better model for 
the TBMS.

Since the the Tungsten-based memristor has a differ-
ent topology than a Schottky diode, it is not obvious 
whether its capacitance is maximal at zero voltage. 
Under sinusoidal excitation, a zero-crossing hysteresis 
curve is possible as shown in Figure 6. Under square-
wave excitation as shown in Figure 8, the hysteresis 
curve is in the first and the third quadrants, but the os-
cilloscope is unable to catch the curve passing through 
the origin. In our opinion, the capacitive current does 
also exist under square-wave excitation, but it needs 
further inspection why the hysteresis curve has zero 
crossing. Perhaps, it is not a zero-crossing curve, and 
the capacitive current component is much lower than 
the resistive current component, and the curve only 
looks like a zero-crossing hysteresis curve. If the device 
capacitance satisfies the following condition, the zero-
crossing of the hysteresis curves becomes possible for 
both square and sinusoidal waves. If the device voltage 
ν(t) = 0, the device capacitance is always zero:

 � �, 0, 0  C x t �                    (27)

Therefore, when ν(t) = 0, the capacitive current compo-
nent of the device given by Eq. (22) turns into 

 (28)

This causes the capacitive effect or the current of the 
capacitance of the system to vanish and a zero-cross-
ing of the hysteresis curve to occur when the memris-
tor voltage becomes zero. However, it should be exam-
ined whether this is true or not.

Due to having sufficiently high slopes, the waveforms 
in Figure 11 create a very high capacitive current large 
enough to make the device current become negative. 
This is not possible under square wave excitation since 
the square wave voltage has a very high slope while 
changing polarity but a zero slope after that.

If the capacitive current is much lower than the mem-
ristive current, its effect may not appear in the wave-
forms acquired and this may be the reason why the 
capacitive effects were not discovered and reported in 
the literature previously.
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6 Conclusions

In this paper, the charging of the capacitor placed in 
series with a Tungsten-based memristor, and a resistor 
are examined experimentally by taking the polarity of 
the memristor into account. As a result of the experi-
ments made:
- The charging of the capacitor is analyzed for both 

polarities of the memristor in the M-C-Rs series 
circuit. The charging of the M-C-Rs series circuit is 
found to be polarity dependent.

- In these experiments, it can be seen that the ca-
pacitor is not charged exponentially since the 
memristor current flows also in the opposite di-
rection to the applied voltage for a while. 

- In the literature review we conducted, it was seen 
that the Silver-Carbon-Silver (Ag-Carbon-Ag) to-
pology was reported to behave as a system show-
ing both memristive and memcapacitive effects 
without zero-crossing behavior [52]. We report 
that the tungsten-based memristor used in this 
study also exhibits capacitive or memcapacitive 
behavior.

- One of the findings of the paper is that “the SDC 
Tungsten-based Knowm Memristor” is not an ide-
al memristive system beside not being an ideal 
memristor.

- Another finding is that zero-crossing hysteresis 
curve and three fingerprints of a memristor is not 
always a signature of a memristive system, i.e., 
having the three fingerprints does not guaran-
tee that it is a memristive system. All frequencies 
and voltage levels of a system must be consid-
ered. There may be a need for describing merged 
memristive and memcapacitive systems.

- It has been observed that the tungsten-based 
SDC memristor in the M-C-Rs circuit does not 
exhibit a considerable stochastic behavior as a 
Carbon-based SDC memristor does [48], but it be-
haves like a nonlinear R-C circuit at low frequen-
cies and at the voltage levels examined.

- In this study, it has been found that Tungsten-
based SDC memristor exhibit a capacitive be-
havior and a non-zero-crossing hysteresis curve. 
Therefore, it cannot be described only by the 
MMSMM model. Perhaps, the memcapacitive 
system equations, coupled with the equations of 
the MMSMM model can be used to model such 
a (memristive!) system. Here, we have suggested 
such a model without giving much detail. We 
suggest studying of the details of the memadmit-
tance model as future work.

- The capacitance effects might be more dominant 
below threshold voltages and low frequencies.

- Since the MMSMM model, that does not include 
the capacitive effects, cannot accurately model 

the Tungsten-based memristors, the M-C-Rs se-
ries circuit cannot be analyzed using the MMSMM 
model. 

- It is also true that the nonlinear dopant drift mod-
els [14-20] are not sufficient to model the Tung-
sten-based memristors since the models lack 
capacitive effects.  Therefore, the M-C-Rs series 
circuit cannot be analyzed accurately using the 
nonlinear dopant drift models.

- As future work, the capacitive effects may be in-
cluded using Shottky capacitance equation or 
modifying it to have a state variable dependency 
to include the memcapacitive effects. The behav-
ior of the capacitance may be polarity dependent 
as shown in the experimental results section. 

- Complete analysis of the M-C-Rs circuit can only 
be done after the Tungsten-based memristor is 
understood better and a more accurate Tung-
sten-based memadmitance model emerges. 

- The Knowm memristor is shown to keep its state 
and its resistance can be tuned [38, 53]. This 
means that when its voltage is equal to zero its 
memristance value stays constant. If the condi-
tion given in Equation (27) is true and when the 
device voltage is zero, the memristor keeps its 
state. However, if the device capacitance is not 
zero when the device voltage is zero, this may re-
sult in information loss of the state of the device.  
Due to its importance, we also suggest this as fu-
ture work. 

More experimental data for M-C-Rs charging and dis-
charging circuits with Tungsten- and Carbon-based 
Knowm memristors can be found in [48]. The resistive 
switching device measuring techniques are reviewed 
in [54], and it is implied that the parasitic capacitances 
existent in the test setup systems must also be consid-
ered and their effect on the measurements of the oxy-
gen-ion-based ReRAMs must be minimized. Although 
SDC memristors belong to the metal-ion memristive 
systems, the same techniques suggested in [54] can 
be utilized to obtain better accuracy while acquiring 
the data to model their capacitive behavior by also 
considering the effect of the suggested protection re-
sistor together with the parasitic capacitances on the 
device dynamics. This study can guide the researchers 
who will work in this direction in terms of methodol-
ogy and experimental data. Tungsten-based Knowm 
memristors have complex structures [38]. Circuits such 
as programmable oscillators, comparators, and learn-
ing circuits [11] can be made with them. They need 
accurate models or more complex equivalent circuits 
perhaps involving memcapacitors to obtain the best 
performance from them.
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