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Abstract. The topic of memristive circuits is a novel topic in
circuit theory that has become of great importance due to its
unique behavior which is useful in different applications. But
since there is a lack of memristor samples, a memristor emulator is used instead of a solid state memristor. In this paper,
a new simple floating voltage-controlled memductor emulator is introduced which is implemented using commercial off
the shelf (COTS) realization. The mathematical modeling
of the proposed circuit is derived to match the theoretical
model. The proposed circuit is tested experimentally using
different excitation signals such as sinusoidal, square, and
triangular waves showing an excellent matching with previously reported simulations.
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1. Introduction
The history of mem-elements was initiated by postulating the existence of the memristor (M) by Chua in his seminal paper in 1971 [1] despite the fact that the memristive behavior was experimentally discovered two centuries ago [2].
Then the basic concept of the memristive devices was introduced by Chua and Kang in 1976 [3]. Later in 2008, a team
in HP labs announced that the first solid state memristor was
discovered and they introduced the first model of the memristor based on the measurements [4]. The memristor represents the missing relation between the charge q(t) and the
flux linkage ϕ(t) that has different characteristics than the
well-known elements: resistor (R), capacitor (C) and inductor (L).
Memristive based circuits can participate in very vital applications such as nonvolatile resistive random access
memory (ReRAM) [5], [6], analog circuits [7], [8], digital circuits [9], [10], relaxation oscillators [11], [12], [13],
chaotic generators [14], and neuromorphic synaptic networks [15].

SPICE models of memristor are essential to design and
analyze the complex circuits [16], [17], [18]. New memristive circuit ideas are commonly validated using SPICE
models of the memristors first before doing any measurements using solid-state samples [16], [18], [19]. These models study the effect of the boundary of the memristor which
models the real solid state memristors.
Due to the lack of commercially available solid state
samples, emulator circuits are used to physically mimic the
nonlinear dynamics of the mem-elements in various applications. Although, there are many SPICE models which are
very useful only for circuit simulation, emulators are needed
to be realized in labs in order to enable experimental measurements. Recently, there has been a very intensive research on mem-elements emulators for example, the memristor emulator [20], [21], memcapacitor emulator [22], [23]
and meminductor [24]. These emulators were introduced depending on current-, charge- and current-controlled models
respectively. The previously published memristor emulators
are developed based on current-controlled models but there
is no potential research on voltage-controlled models. So, in
this work, we are introducing the voltage-controlled memductor emulator for the first time in addition to validation
using different excitation signals. In addition, the previous
emulators are built using bulky components such as current
mirrors, multipliers and dividers. In this work, however, the
emulator is built using two simple discrete components and
some resistors and capacitors.
This paper is organized as follows: Section 2 discusses
the voltage-controlled model of the memductor based on
previously reported models as well as the basic building
blocks of the memductor. In Section 3, the circuit realization of the memductor is presented with the mathematical
modeling of the circuit. In Section 4, the PSPICE simulation
and experimental measurements of the proposed circuit are
introduced for different voltage excitation signals.

2. Memductor Model
The current-controlled memristor model was discussed
in [4] where the constitutive relationship is between the
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charge q and the flux-linkage ϕ; and the memristance is a
function of the state variable, current and time. Similarly
the model of the memductor was discussed in [25] where the
transconductance Gm changes depending on the the accumulated flux so it is called memductor (short for memory +
conductance). The change rate of memductance Gm is given
as follows:
Ġm (ϕ) = αH(ϕ)vm
(1)
where α is the proportionality constant (Ω−1V −1 s−1 ) and
H(ϕ) is considered as a normalized window function having the non-idealities of the memductance change rate. For
the sake of simplicity, let’s assume that H(ϕ) = 1 representing the linear model of the memductor. By integrating both
sides relative to time, the memductance is given by
Gm = Gmo + αϕ(t)

(2)

where Gmo is the initial memductance. The memductance is
linearly proportional to the accumulated flux.

Obviously, both models give the same modeling equation for
the memductor where α = Gs /(TVre f ).
Numerical simulations up on changing different parameters of the memductor are shown in Figs. 1 and 2 for sinusoidal input voltage v(t) with 1 V amplitude and Gmo =
10−3 Ω−1 . Fig. 1a shows the current-voltage characteristics of the memductor for three different frequencies where
the area inside the hysteresis loops decreases by increasing
the applied signal frequency. Moreover, Fig. 1b shows the
current-voltage characteristics for three different values of α.
Also, it is noted that the hysteresis loops size is dependent on
the value of α where the hysteresis loops shrink by decreasing α until it tends to zero and the memductance tends to
its initial value Gmo . Otherwise, the maximum memductance is given by Gm = Gmo + 2α ωA for sinusoidal input. The
maximum value of the memductance Gm is shown in Fig. 2,
for a range of α spanning from 0.001 to 0.1 and for the frequency range of the input signal from 0.01 Hz to 100 Hz.

Besides, in [20], the authors introduced a simple double hysteresis model for the mem-elements where the voltage controlled memductor equation is given by
im = Gs vm +

Gs v m
ϕ(t)
TVre f

(3)

where Gs is the initial transconductance, T is the integration
factor, and Vre f is an arbitrary reference. So the memductance is given by
Gm = Gs +

Gs
ϕ(t).
TVre f

(4)
Fig. 2. The maximum memductance for different frequencies
and α.
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In oder to implement the memductor in which the behavior of memductance is controlled by flux-linkage, a voltage controlled transconductance is needed in addition to
a differential voltage integrator to integrate the voltage
across the transconductance and generate the flux which controls the transconductance as shown in Fig. 3.
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Fig. 3. Behavioral model of linear memductor.
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Fig. 1. I-V hysteresis of the memductor for Gmo = 1
for
different a) frequencies at α = 0.01 and b) α at 1 Hz frequency.

Otherwise, the non-ideal model of the memductor can
be implemented by adding a window function H(ϕ) after the
integrator to reshape the control voltage and boundary effect
of the model.
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3. Proposed Emulator Realization
The voltage-controlled transconductance is implemented using LM13700 [26] which is connected as shown
in Fig. 4 to implement a floating voltage controlled transconductance Gm where Gm is proportional to the control voltage
Vc where its transconductance is given by
Gm = 9.6IABC

RA
R

(5)

The integrator circuit is built as shown in Fig. 5, where
an inverting integrator is used and two buffer amplifiers to
prevent the loading effect of the integrator on the transconductance circuit. By substituting into Gm , the transconductance is given by
RA
RA
(8)
Gm = 0.64
ϕ(t) + 8.6885 (mΩ−1 ).
RR1C1
R
The previous equation emulates the memductor’s equation where Gmo = 8.6885 RRA (mΩ−1 ) and α =
0.64 RRR1AC1 (mΩ−1V −1 s−1 ).

where IABC represents the transconductance amplifier bias
current. From the PSPICE simulation, it is found that IABC is
linearly proportional to the control voltage (IABC = aVc + Io )
M13700
where a represents the reciprocal of the control resistance
4.
Experimental Results
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emulator, a series resistor is connected where the input current is proportional to the voltage difference across it VR with
gain equals to the inverse of the resistor’s value R as shown
in Fig. 6(c). In the following measurements, a 1 kΩ resistor
is used.
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Fig. 4. Floating voltage controlled transconductance implementation using LM13700, adopted from [26].

By comparing (2) and (6), the control voltage Vc should
represents the flux linkage of the memductor. The flux linkage can be obtained by integrating the difference voltage of
the memductor terminals (Vp ,Vn ) and is given as follows:
Vc =

1
R1C1

Z t
−∞

(Vp −Vn )dτ =

1
ϕ pn (t).
R1C1

(7)
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Figure 32. Voltage Controlled Low-Pass Filter
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Fig. 6. Printed circuit board of voltage-controlled memristor
emulator and circuit setup.

In case of the memductor series with a resistor R, the
voltage across the memductor vm = Vin /(1 + Gm R) where vin
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stituting into (2), integrating both sides, and simplifying the
Vn
resulting equation. The memductance is given as follows:
r
2 2α
1
1
Fig. 5. Generation of the flux control circuit of the memductor.
Gm = − +
+ Gmo +
ϕ(t).
(9)
R
R
R
C1
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The memductance is a function of the time integral of
the applied voltage signal , flux, so it is very important to
study the effect of the basic analog signals: sinusoidal signal
and periodic signal such as square and triangular waveforms.
Then, substituting the flux to (9) leads to a closed form expression for the instantaneous memductance. In case of applying a sinusoidal signal with amplitude Ao and frequency
ω, the flux is given by
ϕ(t) =

2Ao 2 ω
sin ( t) + ϕo .
ω
2

(10)

signal with amplitude ±0.5 Volt with 10 Hz frequency is applied as shown in Fig. 8 where the transient voltage vm (blue
line) and current (VR /R) (green line) showing a high functionality of the emulator to be used in memristor based relaxation oscillators [12], [13]. The voltage across the memductor increases / decreases for positive / negative pulse where
the memductance decreases / increases respectively. Moreover, Fig. 9 shows the response of the triangular wave excitation with amplitude ±1 Volt with 10 Hz frequency and I-V
hysteresis in case of triangular excitation.
0.2

where τ = mod(t, T ). These equations give similar results to
the experimental results using appropriate values of Gmo and
α.

Current (mA)

Moreover, in the case of a square signal with A1 amplitude for positive half cycle and A2 amplitude for negative
half cycle with zero average value, the flux is given by

A1 τ
τ ≤ Th ,
ϕ(t) = ϕo +
(11)
(A1 + A2 )τ − A2 Th
Th < τ ≤ T
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Fig. 8. Emulator response under square wave signal at frequency
10 Hz; a) transient voltage and current, and b) corresponding I-V hysteresis.
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Fig. 7. Emulator response under sinusoidal signal at frequencies
10 Hz and 50 Hz.

The proposed emulator is tested using different voltage
excitation signals: sinusoidal signal with frequency 10 Hz
and 50 Hz, square wave signal with frequency 10 Hz and triangular wave signal with frequency 10 Hz. Figures 7(a) and
7(b) show the transient voltage Vm (blue line) and current VR
(green line) of the emulator for sinusoidal signal with amplitude 1 volt, also Figs. 7(c) and 7(d) show the corresponding
double-loop pinched I-V hysteresis of the memductor which
shrinks with increasing the input frequency.
Besides, It is very important to study the effect of periodic signal on the proposed emulator especially square wave
signal because of hard switching effect. So a square wave

(b)

Fig. 9. Emulator response under triangular wave signal at frequency 10 Hz; a) transient voltage and current, and b)
corresponding I-V hysteresis.

5. Conclusion
This paper discussed a new simple voltage-controlled
memductor emulator circuit where its mathematical model
was derived. The effect of changing the emulator parameters was discussed. Moreover, the emulator was assembled
experimentally and its functionality was verified for different
excitation signals.
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