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Abstract

In this communication we present the design, simulation and implementation of
a floating flux-controlled meminductor emulator based on the Riordan gyrator.
Firstly, the circuit is presented theoretically, from its original version to emulate
inductors to its adaptation for floating meminductors. Once its theoretical
equations are presented, using SPICE simulations, we demonstrate the feasibility
of this implementation by means of off-the-shelf components and a memristor, or
a memristor emulator, for different inputs signals and frequencies in both
grounded and floating configurations. Finally, a low-frequency breadboard-level

implementation is included to prove its practicality.
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1. Introduction

Nearly 50 years ago, Prof. Leon Chua presented for the first time the passive
circuit element which established the relation between flux (¢, time-integral of the
input-voltage) and charge (q) [1]. This element was called memristor (memory-
resistor) since it demonstrated that, for a given voltage, its resistance at an instant
t = t1 depends not only on the current at t;, but also on the current through the
device from t = -0 to t = t1, hence presenting a memory characteristic. However,
it was not until 2008 that a group of researchers from Hewlett-Packard Labs (HP)
reported the first solid-state device exhibiting memristive behavior [2]. It was then
when the concept of memristor ushered in unprecedented electronic devices and
applications, extending from ReRAMs (Resistive Random-Access Memory) to
realistic neural networks [3]. Thus, the memristor, and its non-volatile memory
effect, has raised as one of the more substantial revolutions in the field of

electronic circuits theory since the invention of the transistor [4].

In 2009, after the great interest aroused by memristive devices, M. Di Ventra,
Y.V. Pershin and L. Chua generalized the concept of memory devices to
capacitors and inductors, thus defining the memcapacitor and the meminductor
[5]. In these devices, both capacitance and inductance, as in the case of
memristors, present a non-volatile memory effect which depends not only on its
present state but also on the history of the device. In this way, apart from the
definition of memristor (Ru, Eq.1), they defined the concepts of memcapacitor
(Cwm, Eq. 2), as the nt"-order system that establishes a nonlinear relation between
the charge (q) of the device and its voltage (V); and the meminductor (Ly, Eq. 3),
as the nt"-order system which establishes the nonlinear relation between current

(1) and flux (¢) [6].
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V(t) = Ru(xy, 1,0) - 1(t) (1)

q(®) = Cy(xy, V, 1) - V(1) (2)
() = LyGn, L, 1) - 1(1) (3)

Being xy a vector representing the n internal state variables of the system.

These devices, memcapacitor and meminductor, are expected to cause a
disruption in the field of electronics, which has led to several studies on diverse
applications, such as neuromorphic and quantum computation [7], [8], logic gates
[9], [10], self-adaptative filters [11]-[13] or chaotic circuits [14]-[18]. However, in
contrast to memristors, which can be already fabricated relying on different
materials and resistive switching mechanisms [2], [19]-[21], solid-state

memcapacitors and meminductors are yet elusive.

For this reason, in recent years many SPICE models as well as some practical
implementations of memcapacitors and meminductors emulators have been
proposed. These circuits follow different alternatives to achieve the same goal:
satisfying the constitutive equations of the emulated device. These alternatives
can be grouped into two main groups; i) those using another mem-device (in
particular a memristor) to mutate its behavior to the desired mem-device and ii)
those not based on mem-devices. Thus, many of the different memcapacitors
and meminductors emulators use a memristor (or a memristor emulator) to
transform its constitutive equations into the constitutive relation of the mem-
device emulated [22]-[28], as it is done in this work, while the rest of them make
use of classical voltage-mode op-amps (VOAs), current feedback operational
amplifiers (CFOAs), operational transconductance amplifier (OTAs) and/or

current conveyors to emulate the desired mem-device [14], [29]-[36].
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However, the implementation of most of these circuits limits the emulated device
to grounded configurations, hence reducing their potential applications. In order
to avoid this, in this work we present a simple and low-cost floating meminductor
emulator based on a modification of the Riordan gyrator, typically used to emulate

floating inductors and whose design is based on classical op-amps [37].

The manuscript is structured as follows: after this introduction, Section 2 presents
the theoretical modifications over the Riordan gyrator to achieve a meminductive
behavior, together with SPICE simulations demonstrating the feasibility of the
proposed circuit for floating and grounded configurations. After that, a simple low-
frequency breadboard-level implementation using off-the-shelf components is

presented in Section 3 and, finally, the main conclusions are drawn in Section 4.

2. Meminductance and the modified Riordan gyrator.

As defined by Chua [6], the meminductive systems can be either current-
controlled or flux-controlled depending on the relation of the meminductance with
these parameters. This work is focused on flux-controlled meminductive systems,

which are described by the following equations:

I(t) = LX/Il(Xp le ""xn' ¢' t) : d)(t) (4)
A%y :
W - f(xN' (p' t) ( )

being t the time, xy the N-component vector defining the N state variables of the

system and f a continuous n™-dimensional vector function.

A particular case of this general definition is the flux-controlled meminductor, a

meminductive system with one single state variable whose meminductance
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depends only on the input flux. In that case, Eq. 4 and Eq. 5 can be reduced to

Eq. 6 [6]:
t
I1(t) = Ly} [ ¢(T)dfl - ¢(t) (6)
to

provided that f_t‘;o ¢(t)dt = 0. Note that a flux-controlled meminductor is not only

an inductor whose inductance depends on the time integral of the input flux, but
also whose current—flux characteristic presents a pinched hysteresis loop (in

which the current is zero whenever the flux is zero) [6].

On this basis, here we demonstrate that the Riordan gyrator [37], after certain
modifications (see Figure 1), is suitable for the emulation of floating flux-controlled

meminductors.

(b)

Rs

Figure 1. (a) Modified Riordan gyrator using an impedance Z3 whose value
depends on the double time integral of the input voltage. (b) Adaptation of the
circuit shown in (a) to emulate flux-controlled meminductors. (c) Circuit equivalent

to the one shown in (b).
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Firstly, for a floating impedance, the input current at terminal one must be equal

to the output current of terminal two:
L =-1 (7)

Neglecting the input bias current of the op amps, the input current at terminal one
corresponds to the current through the impedance Z+, and therefore, it can be

obtained as indicated in Eq. 8.

_Vin, — V5

L= Z—1 = (VIN1 - VINZ)

2,2, 7,7,
ZsZsZ, N ZsZ37,

(8)

In the same way, the current at terminal two corresponds to the sum of the current

through Zs and Zs, which can be derived as expressed in Eq. 9.

_ Viny =Vin,  Vin, = Ve

I, = + =V (
2 ZS Z6 IN

Z YAYAVA 1
7 244ty ) 9)

ZeZs  Z3ZsZeZs Zs

Thus, in order to satisfy Eq. 7, the circuit shown in Figure 1a needs to fulfill the

following condition:

1 1z

75 Z, ZsZg

(10)

In that case, and considering Zz as a flux-controlled impedance, the value of the
lossless floating flux-controlled input impedance of the circuit can be expressed

as indicated in Eq. 11 in Laplace’s domain.

7,7, (¢(S)> Zs

s
ZyZy

Z152(p(s)) = (11D

This impedance, after the substitutions shown in Figure 1b, can be directly related
to a flux-controlled inductance (see Eq. 12) considering Ry = R, = Rg = R =

R, = Rg = R, and a resistance R;(p) controlled by the time integral of the flux (p).
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Z1-2(p(5)) = SRC,R; (‘pf)) = sl (d’(s)) (12)

S

This also makes feasible the circuit of Figure 1b satisfies the constitutive equation

of a meminductor, given that:

1 L =90 (13)
1 =" = 1 = —

RC,R; (—d’gs)) s L(p)
Moreover, if we further analyze this circuit considering close to ideal operational

amplifiers, it can be derived that the voltage across R3(p) can be expressed as a

function of the input flux (¢) (Eq. 14).

1 1 t
Ve (8) = Vs (8) — Vs (1) = EJ(Vinl(t) — Vi, (1))dt = R:C, Vin (D) dt = % (14)

Therefore, given that the resistance R3(p) changes its value according to the time-
integral of the input flux (p), itis really changing its value as a function of the time-
integral of its own input, hence behaving as a voltage-controlled memristor [6].
On this basis, R3(p) could be replaced by a voltage-controlled memristor, as
illustrated in Figure 1c, which would allow to formulate Eq. 12 in terms of

memristance, as indicated in Eq. 15.

Z152(p(s)) = SRC4Ry = sL(p(s)) (15)

To prove the feasibility of the circuit to emulate a meminductor, we have
considered the simple two-states meminductor implementation depicted in Figure

2.
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Figure 2. Two-states meminductor emulator based on the Riordan gyrator.

In the circuit of Figure 2, the value of the time integral of the input flux is obtained
by integrating the input voltage twice (e.g., using differential op-amp voltage-
mode integrators [39]). This value is then used to control a voltage-controlled
switch that will connect (or not) the additional resistor to the feedback loop. Under
this configuration, the flux-controlled inductance given in Eq. 12 can be expressed
as follows:

R*C if p<pry

L(p) = {R%C (16)

N if p = pru

where p;y is the defined threshold value which triggers the switch.

This bistable configuration has been simulated with SPICE in order to confirm its

meminductive behavior. For that, we considered the following configuration: R =
1 kQ, C = 47 nF and pmw = 0 V-s2, which results in the following values of
inductance according to Eq. 16: L(p) =47 mH for p <0 and L(p) =23.5 mH for p

>0.
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Current (mA)

Time-integral Flux (Wb-s)
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Time-integral Flux (Wb-s)

Time (ms)

Figure 3. Simulation of the two-states meminductor emulator using a sinusoidal

input signal with a frequency of 1 kHz (a) and a square input signal of 500 Hz (a).

The results shown in Figure 3 demonstrate that the circuit proposed behaves as
a two-states meminductor regardless of the input signal. As seen, the emulator
satisfies the constitutive equation of the meminductor (Eq. 6), since the input
current is zero whenever the input flux is zero and its waveform is a function of
the input flux and the state of inductance (which in turn depends on the time-
integral of input flux as indicated by Eq. 16). In the same way, the meminductive
behavior is also manifested in the closed pinched hysteresis loop of its i-¢
characteristic (Figure 4), which has been obtained using a sinusoidal input signal
with different frequencies (1 kHz and 10 kHz). In addition, the i-v characteristic of

Rs(inset of Figure 4) also proves that the voltage-controlled resistor behaves as



175 a memristor, hence demonstrating the feasibility of the implementation shown in

176  Figure 1c.
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177

178  Figure 4. Closed pinched hysteresis loop of the i-¢p characteristic obtained using
179  a sinusoidal input signal at different frequencies. Inset shows the closed pinched

180  hysteresis loop in the i-v characteristic of the voltage-controlled resistor.
181 3. Example in a floating configuration.

182  In order to probe de feasibility of the proposed meminductor emulator to be used
183 in floating configurations, in this section we shown a simple low-pass filter based

184  on the circuit shown in Figure 5.

_ R
Ly e =T

w
Vin oAy Vour - 1HG0)| = ———
R

w? + w?

4 H(jw) = —arctan (wi)

c

185 =

186  Figure 5. Low-pass filter based on a meminductor and a resistor connected in
187  series. Equations correspond to the cutoff frequency (wc) and the modulus

188  (JH(jw)|) and phase (£H(jw)) of the transfer function in the frequency domain.
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For this implementation we have considered the same circuit as the one used in
the previous sections but replacing the two-states memristor by a continuous
states memristor (Ru) described by Eq. 17, where Ro = 1 kQ, and k=500 Q is a
scale factor of the double integration of the voltage between the meminductor’s

terminals.
Ry =Ry+k:-p 17)

The circuit was simulated using a R = 1 kQ and an input signal with a frequency
of 1 kHz, thus obtaining directly from the meminductor emulator the signals
shown in Figure 6a. Note that under this configuration, the emulator also behaves
as a meminductor, although in this case as a continuous-states meminductor, as

the pinched hysteresis loop of Figure 6b indicates.

(a) : : 2

1+
05¢

0

Flux (Wb)
Voltage (V)

Time-integral Flux (Wb-s)

0 0.5 1 15 2 25 3
Time (ms)

057

Current (mA)
% : o

N

Lo

o7
o

0 0_‘5
Flux (Wb)

Figure 6. (a) Meminductor signals and (b) closed-pinched hysteresis loop of the

i-¢ characteristic under the low-pass filter configuration.



203  Therefore, according to Eq. 15 and Eq. 17, the meminductance takes continuous
204  values in the range Lm = [24, 56.5] mH as a function of the time-integral of the
205 input-flux (Figure 7a). The continuous change in the meminductance, in turn,
206 makes that cut-off frequency of the low pass filter change over time (see Figure
207  7a), indicating that both magnitude and phase of the output signal will depend not
208 only on the amplitude and frequency of the input signal, but also on the
209 instantaneous value of meminductance. This effect is represented in Figure 7b,
210 where it can be seen how the delay between both input and output signals

211  increases as the cut-off frequency decreases.
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213 Figure 7. (a) Meminductance and cut-off frequency of the filter over time. (b) Input

214  and output signals and delay between them over time.
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4. Experimental results.

A simple breadboard-level implementation has been carried out in order to
demonstrate the feasibility of this circuit by means of experimental results. For
the sake of simplicity, to obtain the double time integral of the input voltage, we
have considered the implementation shown in Figure 8, which allows to test the
meminductor emulator for sinusoidal input signals (if the waveform of the input is
of the type sin(wt), then the waveform of its double time integral corresponds to

the type -sin(wt)).

R

YA'A A
Rg
Figure 8. Meminductor emulator based on the Riordan gyrator for sinusoidal
input signals. Inset shows the in-house voltage-controlled resistance used for this

implementation.

In this case, the voltage-controlled resistance was implemented using a LED
optically coupled to a photo resistance, as shown in the inset of Figure 8. Under
this configuration, the brightness of the LED changes according to the time

integral of the input flux, and therefore so does the resistance R3. Moreover,
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Vortset must be set to ensure that the LED never turns off, hence avoiding that the

current through R3 takes values close to zero [36], [40].

The values of the passive circuit elements were chosen as follows: R1 = R2=Rs
=Rs = R7=Rs=10kQ and C =47 nF, besides, LM-741 were used to implement
all op-amps configurations. A sinusoidal signal was applied to the input of the
circuit with an amplitude of 50 mV and a frequency of 13 Hz (to ensure the proper

response of the photoresistor), whereas Vorset Was setto 1.8 V.

Figure 9 shows the experimental signals extracted from the meminductor

emulator under the configuration previously described. In this case, the input

voltage corresponds to V*r;, whereas V r; helps to obtain the meminductor input

current (neglecting the input bias current of the op-amps).

[ [@ 100V 20.0m: 1 . . -
-, J[zo,nms J [so,oksgs Jﬁ T-41.6mv
(®T_50.0GV 40.0ms ) (10K points | [,
Save Recall Recall ign File (23 0ct 2020)
|:reenlmage“ waveform | Setup ‘ waveform Setup utilities ﬁg‘;;?mo

Figure 9. Experimental results of the meminductor emulator for an input signal
with an amplitude of 50 mV and a frequency of 13 Hz. Signals were acquired with
a Tektronix MSO 4104 mixed signal oscilloscope in high-resolution mode with a

record length of 10k point (sampling rate: 50 kSamples/s).
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The input flux can also be derived from the input voltage. Since this latter follows
a sin(wt) function, its integral waveform will correspond to the type -cos(wt), or in
other words, the input flux will have a delay of -17/2 rad with respect to the input
voltage (which corresponds to a time delay of At = -0.02 s for the frequency used).
On this basis, it is possible to plot the input current as a function of the input flux,
as shown in Figure 10, demonstrating that the meminductor emulator of Figure 8
presents a continuous closed pinched hysteresis loop in its i-¢p characteristic, and

hence proving its meminductive behavior.

Finally, the same experiments were performed using a Vorset Of 1.7 V instead of
1.8 V, as also shown in Figure 10. Note that in that case the current through the
LED is lower than in the previous case, resulting in a lower brightness, and
therefore, in higher values of R3. Since Rj3 takes higher values, so does the
meminductance (see Eq. 9), which in turn produces a decrease of the input
current with respect to the input flux, as defined by the constitutive equation of

the meminductor (Eq. 6).

0.3}
Voffset =18V

0.2
01}
O L

o1k Voffset =17V

Current (mA)

0.2+

0.3+

-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Flux (Wb)

Figure 10. Experimental closed pinched hysteresis loop of the i-¢ characteristic

of the meminductor emulator for different values of Voffset.
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5. Conclusions.

In this communication the feasibility of a modified version of the Riordan gyrator
to emulate floating meminductive systems has been demonstrated. The circuit
proposed has been firstly described theoretically, from the modifications on the
classical Riordan gyrator to its connection with the constitutive equations of flux-
controlled meminductors. The theoretical approach has been supported with
SPICE simulations using different inputs signals and frequencies for a simple two-
states meminductor implementation as well as for a meminductor-based low-
pass filter. Finally, a breadboard-level implementation of a continuous states
meminductor demonstrates the simplicity, practicality and versatility of the

emulator proposed.
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