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This paper is expected to introduce a novel memductor-based chaotic system. The local dynamical entities, such as the basic
dynamical behavior, the divergence, the stability of equilibrium set, and the Lyapunov exponent, are all investigated analytically
and numerically to reveal the dynamic characteristics of the new memductor-based chaotic system as the system parameters and
the initial state of memristor change. Subsequently, an active control method is derived to study the synchronous stability of the
novel memductor-based chaotic system through making the synchronization error system asymptotically stable at the origin.
Further to these, a memductor-based chaotic circuit is designed, realized, and applied to construct a new memductor-based
secure communication circuit by employing the basic electronic components and memristor. Furthermore, the design principle
of the memductor-based chaotic circuit is thoroughly analyzed and the concept of “the memductor-based chaotic circuit defect
quantification index” is proposed for the first time to verify whether the chaotic output is consistent with the mathematical
model. A good qualitative agreement is shown between the simulations and the experimental validation results.

1. Introduction

With the deep study of the chaotic systems and chaotic
circuits, the concept of memristor was first put forwarded
by Chua in 1971 [1]. Memristor is the fourth circuit compo-
nent after capacitor, resistor, and inductor were coined,
which is actually a nonlinear resistor with natural memory
function. Nevertheless, we did not see significant progress
on relevant research at that time on account of insufficient
attention was paid to the memristor. The immature nanoma-
nufacturing technology and difficult manufacturing of mem-
ristor with real materials all contributed to the slow progress
on memristor [2]. It was not until 2008 that the HP Labora-
tories confirmed the existence of memristor and simulta-
neously a memristor-based real device was coined with its
results published in Nature [3, 4]. Since then, memristor
has become a hot research spot of chaos and it drew much
more eyes from researchers engaged in various areas of

science and engineering [5–10]. It is well known that
memristor has two models, namely, charge control and chain
control. Among them, charge control exports memristor,
while chain control exports memductor. If the memristor is
a constant, it becomes the same concept as resistor. Corre-
spondingly, the physical meaning of memductor is equiva-
lent to conductance. Because the design of memductor is
more convenient than the design of memristor in the design
of chaotic circuits, the model of memductor is studied in
this paper.

As a tunable nonlinear device with small size and low
power consumption, memristor is quite suitable for the
applications of high-frequency chaotic circuit, image encryp-
tion, and chaotic secure communication. It is no wonder that,
in recent years, utilizing memristor to construct chaotic cir-
cuits has attracted close attention of quite a number of
researchers [11–15]. Among them, Itoh and Chua adopted
the memristor with a characteristic curve for the monotone
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rise and piecewise linear to replace the diode in Chua’s circuit
and followed by the chaotic oscillation circuit based on mem-
ristor was derived [6]. Similarly, Muthuswamy and Kokate
replaced the memristor with piecewise linear model instead
of Chua’s diode and analyzed the dynamic characteristics of
the system after replacement. The results indicated that the
chaotic characteristics of the system were more complex than
that of the classical Chua’s [7]. In 2010, Muthuswamy and
Chua proposed the most simple third-order memristor cha-
otic circuit so far and in [8, 9] showed the experimental
results of the corresponding hardware circuit, whose greatest
feature was the simple structure. It was connected in series
simply by a linear inductor, a linear capacitor, and a non-
linear memristor. In addition, Bao et al. carried on the
research on the memristor chaotic circuit and realized a
series of new Chua’s memristor chaotic circuits by using
the smooth model magnetic controlled memristor [10–12].
At present, the proposed memristor chaotic oscillation cir-
cuits of different structure and types [13–23] include the
chaotic circuits with two memristors [16], integer-order
memristor chaotic circuit [18], fractional-order memristor
chaotic circuit [19], and memristor-based circuit for neural
networks [23], whereas most of the researchers focus on
theoretical analysis and numerical simulation for the mem-
ristive chaotic system and the experimental validation of
the hardware circuit is rarely seen because those memristive
chaotic circuits are theoretically established and their feasi-
bility to be implemented by using hardware circuit is still
not known. In particular, it is more difficult to design and
implement a practical circuit for certain more complicated
memductor chaotic systems. Therefore, we construct a novel
memductor-based chaotic circuit and implement the experi-
mental validation of the hardware circuit for above reason.

Moreover, in order to meet the security requirements
of chaotic secure communication, researchers proposed a
method to improve the predictability and complexity of
the system by constructing hyperchaotic systems [24–26]
and memristor-based chaotic systems, since memristor is a
nonlinear component, whose memory ability [27–31] of the
current by convection is not available in conventional chaotic
circuit elements. In this way, it is especially suitable for the
chaotic secure communication field [32–36]. Although the
application research of memristor is just the beginning in
the field of chaotic secure communication, it has great poten-
tials and advantages in improving the confidentiality and
security of chaotic secure communication system. So far,
there is no literature to implement the memductor-based
chaotic secure communication in chaotic modulation way.
In this paper, chaotic modulation is adopted to implement
the memductor-based secure communication based on the
novel memductor-based chaotic circuit.

The contribution of this paper is that a new method
for constructing ordinary chaotic system into memductor-
based chaotic system is proposed by using memristor as
nonlinear term. Then, we perform a detailed analysis, active
control, synchronous stability analysis [37–40], and secure
communication of the novel memductor-based chaotic sys-
tem. The active control is implemented, and the synchroniza-
tion stability results are determined by using Lyapunov

stability theory. The corresponding physical circuit imple-
mentation is also proposed to show the accuracy and effi-
ciency of the memductor-based chaotic circuit. The analog
circuit implementation results match with the Multisim
and MATLAB simulation results. In addition, the concept
of “the memductor-based chaotic circuit defect quantifica-
tion index” is first proposed to verify whether the chaotic
output is consistent with the mathematical model through
deep analysis on the design principle of memductor-based
chaotic circuit. Our research provides important theoretical
and technical basis for the realization of the large-scale inte-
grated circuit with memductor. This paper is expected to
serve as a further step to apply memductor into real-world
secure communication.

This paper falls into 6 parts. In Section 2, a novel
4D memductor-based chaotic system is constructed. In
following Section 3, several qualitative issues about the novel
memductor-based chaotic system, such as the basic dynami-
cal behavior, divergence, stability of the equilibrium set,
bifurcation, Poincaré map, and synchronous stability, are
investigated analytically and numerically. In Section 4,
the proposed memductor-based chaotic circuit is imple-
mented in an analog electronic circuit. After that, a new
memductor-based chaotic secure communication circuit is
proposed based on the novel memductor-based chaotic cir-
cuit in Section 5. Finally, some conclusions and discussions
are drawn in Section 6.

2. The Construction of a Novel Memductor-
Based Chaotic System

2.1. A Specific Memductor Model. Apart from the three basic
circuit components, including capacitor, resistor, and induc-
tor, the fourth circuit component is memristor, which derives
from the magnetic flux and charge in the circuit. And the
resistance value of the memristor varies with the current
flowing through the circuit. When the circuit is powered
down, the resistance value of the memristor still remains
valid before the power is broken. Therefore, memristor is
actually a nonlinear resistor with natural memory function.

The memristor is defined as the relation between the
magnetic flux and the charge quantity, that is,

dϕ =mdq 1

Memristor can be divided into accumulation charge
memristor and magnetic flux-controlled memristor. For a
charge-controlled memristor, ϕ is easily obtained by

ϕ = f q 2

For (2), differentiation can be easily obtained as follows:

dϕ
dt

= df q
dq

dq
dt

3
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Thus, v t can be obtained as follows:

v t = df q
dq

i t 4

According to Ohm’s law, v t is obtained as follows:

v t =m q i t 5

Thus, a memristance value is obtained as follows:

m q = df q
dq

, 6

where m q is the memristance, and its unit is Ohm (Ω). If
the memristance value is a constant, then it becomes the
same concept as resistance. It can also be obtained by a linear
relationship between the current and the voltage.

For the magnetic flux-controlled memristor, q is easily
obtained by

q = f ϕ 7

From i = dq/dt, we can get

i t =w ϕ v t , 8

where w ϕ is the memductance. In the chaotic circuits, the
use of memductor is more extensive. This is because the
design of memductor in chaotic circuits is more convenient
than memristor design.

Here, a magnetically controlled memristor is defined
with a smooth cubic monotonic rise nonlinear characteristic
curve. The model is a nonlinear memductor, and the nonlin-
earity is modeled by using a cubic curve model. The formula
is described as follows:

q ϕ = aϕ + bϕ3 9

Act on the equation ends of the sign with d/dt, that is,

dq ϕ

dt
= d
dt

aϕ + bϕ3 = d
dϕ

aϕ + bϕ3
dϕ
dt

= a + 3bϕ2 dϕ
dt

10

In consideration of dq = idt, dϕ = udt, and ϕ = udt, we
can obtain

i = a + 3bϕ2 u 11

and

i = au + 3bu udt
2

12

Equation (11) is the VAR (volt ampere relation) expres-
sion of the memductor. It makes the physical concept of

memductor more distinct; thus, we can clearly see that the
dimension of a + 3bϕ2 is conductance. Equation (12)
seems useless, but it is very important for engineering design.
The specific circuit of memristor can be directly designed
by (12). Even when the model represented by (10) changes,
we can also design corresponding memductor-based or
memristor-based circuits according to this method.

2.2. Realization Circuit of the Specific Memductor Element.
According to (12), the specific circuit of memristor can be
designed directly. An equivalent memductor-based circuit
consisting of operational amplifier, analog multiplier, resis-
tor, and capacitor is shown in Figure 1.

Here, we assume that the B terminal is connected to
the inverting input of the next-stage operational amplifier,
so the B point has dummy ground and zero level. The A
point is the voltage input, and it is set as uA. The multi-
plier coefficient of analog multiplier is 0.1, and the relation
between input and output voltage is described as uo = 0 1
u2i . It is assumed that the normalized resistance is 10 kΩ.
Then, the output voltage of the operational amplifier is
− 300/RwCw uAdt. And the output voltage of the opera-
tional amplifier after normalization is −300 uAdt. After

the first analog multiplication, the voltage is 30 uAdt
2.

After the second analog multiplication, the voltage is 3uA
uAdt

2. Therefore, the current flowing through Rb is easily
obtained as follows:

iRb
= 3uA uAdt

2

Rb
13

Thus, the current flowing through B point is obtained
as follows:

iB =
uA
Ra

+ 3uA uAdt
2

Rb
14

In the following, the circuit parameter design is car-
ried out.

Rw = 33 3Ω,

Ra =
10 kΩ
a

,

Rb =
10 kΩ
b

15

A

Rw Cw

Ra

Rb

B

−
+

0.1v 2i 0.1v 2i

Figure 1: The alternative circuit of memristor.
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Then, the total current flowing through B is obtained
as follows:

iB = auA + 3buA uAdt
2

16

In this way, the circuit structure and circuit parame-
ter design of the memductance are realized. The equiva-
lent memductor-based circuit with specific parameters is
shown in Figure 2.

2.3. A Novel 4D Memductor-Based Chaotic System. The 3D
chaotic system is described as follows:

x = α y − h x ,
y = x − y + z,
z = −βy,

17

where

h x =m1x +m2 f x =m1x +m2
1
2 x + 1 − x − 1 ,

18

and where x, y, z are the state variables and α, β,m1,m2
are the constant parameters of the 3D system. Here, replace
h x with the memductance w x ; thus, a mathematical
model of a chaotic circuit consisting of a memductor element
is obtained as follows:

x = α y −w x ,
y = x − y + z,
z = −βy,

19

where

w x = ax + 3bx xdt
2

20

Therefore, according to the characteristics of the afore-
mentioned specific memductor element and the specific
realization circuit with memductor, a novel 4D memductor-
based chaotic system is proposed based on the ordinary 3D

chaotic system (17). And the novel 4D memductor-based
chaotic system is presented as follows:

x = α y + ξx − cu − dxu2 ,
y = x − y + z,
z = −βy − γz,
u = x,

21

where x, y, z, u are the state variables and α, β, ξ, γ, c, d are
constant, positive parameters of the novel memductor-
based chaotic system.

When choosing α = 16, β = 15, ξ = 0 25, c = 0 00625,
d = 0 125, and γ = 0 5, there exist typical chaotic attractors
in system (21). That is, after adding 1D memristor to the
ordinary 3D chaotic system, we need to find the appropriate
parameters to satisfy the memductor-based system to pro-
duce new chaotic phenomena. For the constructed novel
memductor-based chaotic system, four parameters ξ, γ, c, d
are added. When the specific parameters are brought in, the
equation becomes

x = 16 y + 0 25x − 0 00625u − 0 125xu2 ,
y = x − y + z,
z = −15y − 0 5z,
u = x

22

However, the numerical solutions of the proposed 4D
memductor-based chaotic system (22) are not able to be
implemented by using general circuit components. There-
fore, in practical applications, it often needs to be varied to
make proper adjustments of these variables. Here, the
method of scale transformation is to replace x, y, z, and u
by 4x, 0 5y, 3z, and u, respectively. After scale transforma-
tion, (22) becomes

x = 4x + 2y + 0 025u − 2xu2,
y = 8x − y + 6z,
z = −2 5y − 0 5z,
u = −4x

23

Thus, the novel 4D memductor-based chaotic system
after scale transformation is easily described as follows:

x = ξx + αy + cu − dxu2,
y = ηx − y + μz,
z = −βy − γz,
u = −ρx,

24

where x, y, z, u are the state variables and α, β, ξ, γ, c, d, η,
μ, ρ are constant, positive parameters of the novel 4D
memductor-based chaotic system. When choosing ξ = 4,

A

33Ω 10kΩ
b

10kΩ
a B

0.1v0.1v 2
i

2
i

Cw = 1

−
+

Figure 2: The alternative circuit of memductor based with specific
parameters.
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α = 2, c = 0 025, d = 2, η = 8, μ = 6, β = 2 5, γ = 0 5, and ρ = 4,
there exist typical chaotic attractors in system (24).

3. Dynamical Analysis of the Novel Memductor-
Based Chaotic System

3.1. Chaotic Attractors. The chaotic attractors with MATLAB
simulation of the novel 4D memductor-based chaotic system
(24) are shown in Figure 3. It can be seen from the numerical
simulation results that the numerical range of each variable
parameter is within −10V to +10V, and it fully conforms
to the requirements of circuit design in practical applications.
That is because the working voltage of electronic components
generally ranges from −15V to +15V in practical electronic
circuits. As a result, it must be the equation of scaling if the
memductor-based chaotic circuit is to be implemented.

3.2. Divergence and Stability of Equilibrium Set. The diver-
gence of the novel 4D memductor-based chaotic system
(24) is easily calculated as follows:

∇ = ∂x
∂x

+ ∂y
∂y

+ ∂z
∂z

+ ∂u
∂u

= ξ − du2 − 1 − γ = 2 5 − 2u2

25

In this way, the system will be dissipative on the condi-
tion that the parameter becomes ∣u∣ > 5/2, because a neces-
sary and sufficient condition for system (24) to be dissipative
is that the divergence of the vector field is negative when the
time tends to infinite. Furthermore, the corresponding
dynamic characteristics will be presented.

Considering x = y = z = u = 0, then the equilibrium equa-
tion of system (24) is easily obtained as follows:

x = ξx + αy + cu − dxu2 = 0,
y = ηx − y + μz = 0,
z = −βy − γz = 0,
u = −ρx = 0

26

Clearly, the set of equilibrium points of the system (24) is
obtained as follows:

E = x, y, z, u ∣ x = y = z = 0, u = σ , 27

where σ is any real constant. That is, the set of points on the u
coordinate is the equilibrium point and the system has an
infinite set of equilibrium points. Through linearizing the
system (24) near the equilibrium point, then the Jacobian
matrix for system (24) at equilibrium point (27) is obtained
as follows:

JE =

ξ − dσ2 α 0 0
η −1 μ 0
0 −β −γ 0
−ρ 0 0 0

, 28

where ξ = 4, α = 2, d = 2, η = 8, μ = 6, β = 2 5, γ = 0 5, and
ρ = 4. Then, the specific Jacobian matrix for system (24)
at equilibrium point is easily obtained as follows:

JE =

4 − 2σ2 2 0 0
8 −1 6 0
0 −2 5 −0 5 0
−4 0 0 0

29

The characteristic polynomial of the Jacobian matrix
(29) is described as follows:

Det JE − λI = 0 30

Therefore, the eigenvalues at the equilibrium point of
the novel memductor-based chaotic system can be
obtained as follows:

λ1 = 5 7332,
λ2,3 = −1 6276 ± 3 0918i,
λ4 = 0 0221,
∣σ∣ > 1 118

31

It can be concluded from (31) that the equilibrium
point set of the system, which accords with the condition
of chaos generation, is unstable.

3.3. Bifurcation, Lyapunov Exponents, and Poincaré Graph.
The calculation of Lyapunov exponent is a method employed
to quantitatively judge the chaos of system. When choosing
ξ = 4, α = 2, c = 0 025, d = 2, η = 8, μ = 6, β = 2 5, γ = 0 5,
and ρ = 4, the initial conditions are chosen as x 0 =
−0 17528, y 0 = −1 0872, z 0 = 1 6368, and u 0 = −3 2852.
The Lyapunov exponents of the novel memductor-based
chaotic system are, respectively, calculated as follows:
L1 = 0 0600, L2 = 0 0065, L3 = −0 0069, and L4 = −10 4012
Figure 4 shows the projection of a chaotic attractor gener-
ated by the novel memductor-based chaotic system on
the x − u plane. It represents the extreme sensitivity of the
memristor-based chaotic system to the initial values [30].
When the initial value varies by 0.00001, there will be such
a prominent difference in the result. It is obvious that the
proposed memductor-based chaotic system is extremely
sensitive to initial values. In Figure 5, the Lyapunov exponent
spectrum of the novel memductor-based chaotic system
is shown. Consequently, it is found that the novel
memductor-based chaotic system is chaotic oscillation from
the chaotic attractors and Lyapunov exponents.

In order to further verify the chaotic dynamical behavior
of the novel memductor-based chaotic system (24), the bifur-
cation diagram and the Poincaré graph are strictly calculated.
Through numerical analysis, the bifurcation diagram with
parameter variation is shown in Figure 6, where α is a vari-
able parameter. It is obvious that the system will undergo a
huge change in topology when α is about 1.1. The Poincaré
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Figure 3: The chaotic attractors of system (24) with MATLAB.
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graph in x − y plane is shown in Figure 7. The law of phase
trajectory can be obtained by Poincaré map. It confirms the
chaotic behavior of the proposed memductor-based chaotic
system for the aforementioned set of parameters.

3.4. Synchronous Stability Analysis Based on Active Control.
Chaotic synchronization means that the trajectory of a
chaotic system converges to another chaotic system and
maintains a consistent dynamic phenomenon from a phys-
ical standpoint [38]. Here, the chaotic drive system or the
transmitter in the secure communication system is defined
as follows:

X =M X, t 32

Then, the chaotic response system or the receiver in
the secure communication system is defined as follows:

Y =M′ Y , t +N , 33

where N is the controller, t is the time, and vectors
are X, Y ∈ Rn. And they have the n-dimensional elements
x1, x2,… , xn and y1, y2,… , yn , respectively. In addition,
the two chaotic systems can be the same or different, but
their initial conditions are different. If the two chaotic sys-
tems are interrelated to some extent through the controller
N , X t ; t0, X0 a and Y t ; t0, Y0 are considered to be the
solutions of system (32) and system (33), respectively,
where they satisfy the smooth condition of the function,
when Rn has a subset of W t0 , and the initial value is satis-
fied to X0, Y0 ∈D t0 , and then when t⟶∞ exists:

ζ ≡ lim
t→∞

X t ; t0, X0 − Y t ; t0, Y0 ⟶ 0 34

Thus, it can be obtained that the chaotic response system
(32) is synchronized with the chaotic drive system (33).

In this way, the active synchronization error system
between the chaotic drive system and the chaotic response
system is defined by e = y − x, which means the asymptotic
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stability at the origin of the synchronization error system
on the basis of the Lyapunov stability theory. It is obvious
that the controller N plays a key role in stabilizing the
synchronization error system at the origin. Consequently,
various synchronization methods will be realized by design-
ing different controllers.

Then, the novel 4D memductor-based system (24) is
rewritten. And we consider the novel memductor-based
drive system which is described as follows:

x1 = ξx1 + αx2 + cx4 − dx1x
2
4,

x2 = ηx1 − x2 + μx3,
x3 = −βx2 − γx3,
x4 = −ρx1

35

When choosing ξ = 4, α = 2, c = 0 025, d = 2, η = 8, μ = 6,
β = 2 5, γ = 0 5, and ρ = 4, the novel memductor-based sys-
tem (35) is chaotic. Thereafter, the novel memductor-based
response system is considered as follows:

y1 = ξy1 + αy2 + cy4 − dy1y
2
4 + u1,

y2 = ηy1 − y2 + μy3 + u2,
y3 = −βy2 − γy3 + u3,
y4 = −ρy1 + u4,

36

where y1, y2, y3, y4 are the states and u1, u2, u3, u4 are the
designed controllers, whereas the synchronization error
based on the active control method is defined as follows:

ei = yi − xi,  i = 1, 2, 3, 4 37

According to (37), the synchronization error system
between the memductor-based drive system (35) and the
memductor-based response system (36) is easily obtained
as follows:

e1 = ξe1 + αe2 + ce4 − d y1y
2
4 − x1x

2
4 + u1,

e2 = ηe1 − e2 + μe3 + u2,
e3 = −βe2 − γe3 + u3,
e4 = −ρe1 + u4

38

Then, the active controller system is designed as follows:

u1 = −ξe1 − αe2 − ce4 + d y1y
2
4 − x1x

2
4 − k1e1,

u2 = −ηe1 + e2 − μe3 − k2e2,
u3 = βe2 + γe3 − k3e3,
u4 = ρe1 − k4e4,

39

where k1, k2, k3, k4 are the control gains, and they are positive
values, respectively. Substituting (39) into (38), the active
synchronization error system is obtained as follows:

e1 = −k1e1,
e2 = −k2e2,
e3 = −k3e3,
e4 = −k4e4

40

Next, the Lyapunov function V is defined as follows:

V = e21 + e22 + e23 + e24
2 41

Thus, it is obvious that V is positively definite. Differen-
tiating V ,

V = e1e1 + e2e2 + e3e3 + e4e4
= e1 −k1e1 + e2 −k2e2 + e3 −k3e3 + e4 −k4e4
= −k1e

2
1 − k2e

2
2 − k3e

2
3 − k4e

2
4

42

According to (42), V = −k1e21 − k2e
2
2 − k3e

2
3 − k4e

2
4 ≤ 0 is

easily obtained. That is to say, V is negatively semidefinite.
Based on the Lyapunov stability theory, if V is positively
definite and V is negatively semidefinite, then the system
is consistent and stable at the origin of the equilibrium state
[38]. Accordingly, the active synchronization error system
(38) is asymptotically stable at the origin. Thus, lim

t→∞
∣e t ∣

⟶ 0 It is proved that the synchronization between the
novel memductor-based drive system and the novel
memductor-based response system is achieved. In the follow-
ing numerical simulations, the initial values of the novel
memductor-based system are chosen as x1 0 = −0 17528,
x2 0 = −1 0872, x3 0 = 1 6368, and x4 0 = −3 2852 The
control gains are chosen as k1 = k2 = k3 = k4 = 10.

The history of the synchronization errors between
the novel memductor-based drive system and the novel
memductor-based response system is shown in Figure 8. It
is clear from Figure 8 that the active synchronization errors
e1, e2, e3, e4 can be asymptotically stabilized at the origin in
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Figure 8: The history of synchronization errors.

8 Complexity



a very short period of time. The active control method is sim-
ple, practical, and easier to be implemented in an electronic
circuit. It can be applied to other complex memductor-
based chaotic systems to implement synchronization and
chaotic secure communication.

4. Circuit Design and
Hardware Implementation

4.1. Circuit Design. Based on the novel 4D memductor-based
chaotic system (23), the normalized resistor is set as
Rnormalization = 100 kΩ in order to design the memductor-
based chaotic circuit. In view of the need for higher accuracy,
the low-power AD633 analog multipliers are chosen in the

chaotic circuits, which enjoy the precision of laser trimming
and remain stable between −10V and +10V. Taking into
considering the convenience of power supply and the feasi-
bility of the circuit, as well as saving components, the selected
operational amplifiers are LF347N and LF353N with the
power supply voltage ranging from −15V to +15V. In
order to prevent the voltage in the circuit from exceeding
the range of operational amplifier, the ranges of the vari-
ables in system (22) have been adjusted appropriately, and
a new memductor-based chaotic system (23) was obtained
after scale transformation. Because the precision provided
by AD633 is 1/10V, the input factor for analog multiplier is
0.1V. Conclusively, the state equation of the memductor-
based chaotic circuit is obtained by rewriting (23):

Thus, the novel memductor-based chaotic circuit sche-
matic is designed as shown in Figure 9 according to (43).
The circuit is divided into two parts: the nonmemristor part
and the independent memristor part. The memristor part is

the red circuit marked in Figure 9. The rest of the circuit is
the nonmemristor part, a linear part. What is seen from
Figure 9 is that the novel memductor-based chaotic circuit
is composed of six operational amplifiers and two analog
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Figure 9: The novel memductor-based chaotic circuit schematic.
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0 05 k × 0 001xu2,
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z = −
100 k
4 k × 0 1y − 100 k

20 k × 0 1z,

u = −
100 k
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multipliers. It outputs four signal waveforms, six phase por-
traits, and stable fourth-order double vortex chaotic signals.
Accordingly, Figure 10 shows the novel memductor-based
chaotic circuit with Multisim.

All of the electronic components are easily available. The
memductor-based chaotic phase portraits of the novel
memductor-based chaotic circuit by Multisim are shown in
Figure 11. It can be shown from the simulation results that
it outputs six chaotic phase portraits of xy, xz, zy, xu, yu,
and zu. Moreover, the Multisim simulation results are con-
sistent with the MATLAB simulation results as shown in
Figure 3. That is, it fully conforms to the requirements of cir-
cuit design in practical applications.

4.2. Hardware Implementation. Most researchers highlight
the study of memristor chaos theory in numerical simula-
tion; in that case, there is a certain deviation in the physical
memristor circuit system. Based on the correct simulation
results shown in Figure 11, with the purposes to verify that
the novel memductor-based chaotic circuit enjoys high
accuracy and good robustness and further study the chaotic
dynamical characteristics of the novel memductor-based
chaotic system (23), a practical electronic circuit is con-
structed by using some general electronic components such
as operational amplifiers, analog multipliers, resistors, and
capacitors according to the circuit model of Figure 9.

It should be noted that the problems easily occurring in
the process of constructing the memductor-based chaotic
circuit should be tackled. For example, the chaotic circuit is
more sensitive to the initial value because of adding the mem-
ristor, and any minor change will lead to unpredictable
results. Therefore, we chose the values of the resistors closer

to the simulation resistor to construct the circuit and test
whether each module of the circuit works properly in the
process of constructing. Afterwards, input voltage to the sys-
tem and access the oscilloscope, the output phase portrait
photos of the novel memductor-based chaotic circuit are
shown in Figure 12. Figure 13 shows the experimental circuit
board photo.

What should be seen from the experimental results
shown in Figure 12 is that the phase portraits of the novel
memductor-based chaotic attractors displayed by oscillo-
scope coincide with the simulation results of MATLAB and
Multisim. That is, it proves true that the memductor-based
chaotic attractors exist in real. The proposed memductor-
based chaotic circuit design method provides a reliable and
straightforward way for realizing memristive chaotic circuits,
and the method plays a significant role in easily handling and
avoiding the output voltage beyond the limitation of the
amplifier linear region efficiency.

4.3. Experimental Results Analysis. Through careful experi-
ments on the proposed memductor-based chaotic circuit
shown in Figure 9, the following important conclusions can
be obtained:

(i) The impact of switching power seems to exist. Once
the chaotic state is entered, the chaotic attractors
begin to become stable. The memductor-based cha-
otic circuit characteristics of this phenomenon are
presented as follows: when the power is turned on,
two attractors contribute to establish a stable state
of the circuit. One is a chaotic attractor, which tells
the fact that the voltage amplitude is less than the
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supply voltage, and no amplitude limiting condition
occurs. The other is the possibility of entering a
state of limiting amplitude and not breaking out
of the limiting amplitude state, but entering the
traditional periodic oscillation, and this oscillation
is a stable oscillation

(ii) The ranges of the physical variables measured in this
experiment are presented as follows: x ranges from
−2.2V to +2.2V, y ranges from −4.4V to +4.4V, z
ranges from −4.4V to 4.4V, and u ranges from
−4.8V to +4.8V. This set of data is easy to be

controlled. So as long as the resistance of the 4K
resistor is adjusted, the amplitude of the chaos var-
ies accordingly and the shape remains unchanged,
which is extremely convenient

(iii) A good memductor-based chaotic circuit must be
designed without defects. One of the defects is the
voltage limit of the regulated power supply. The
defects may appear in designing of the operational
amplifier and inverting integrator. As for the
design defect of operational amplifier, the feedback
resistor of the operational amplifier Rf is greater
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Figure 11: The chaotic attractors of the novel memductor-based chaotic circuit with Multisim.
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than that of the input circuit Rin. That is, the design
defect is presented as

Rf > Rin 44

Moreover, if the operational amplifier is equipped with
two input resistors, the design defect is presented as follows:

Rf >
1

1/Rin1 + 1/Rin2
45

(a) xy phase portrait (b) xz phase portrait

(c) yz phase portrait (d) xu phase portrait

(e) yu phase portrait (f) zu phase portrait

Figure 12: The output phase portrait photos.

Figure 13: Experimental circuit board photo.
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Therefore, both of these conditions may cause amplitude
limiting distortion, which makes the design of memductor-
based circuits deviates from the original intention of chaotic
mathematical model.

And as for the design defect of the inverting integrator,
the normalized resistance of the inverting integrator is set
as Rnormalization; thus, the possible defect of the memductor-
based circuit design is presented as follows:

Rin < Rnormalization, 46

which is hard to achieve, since in some cases, the mathemat-
ical model itself is involved, and it is not just the circuit
design but also the circuit model involved. Therefore, the
reason why the steady phase portraits have not been
debugged is that the design of the operational amplifier
violates (44) or (45).

(iv) Here, a new concept, called “the memductor-based
chaotic circuit defect quantification index”, is first
proposed. The new concept of quantification con-
sists of two parts logically. First of all, the single-
stage defect coefficient is considered. For a stage
operational amplifier, if the operational amplifier
does not violate (44) and (45), the defect coefficient
of the memductor-based chaotic circuit is equal to
zero. If (44) and (45) are violated, the defect coeffi-
cient of the operational amplifier is defined as

εdefect =
Rf

Rin
− 1 =

Rf − Rin
Rin

47

Secondly, the defect coefficient of the whole memductor-
based circuit system is the sum of the defect coefficient at

all levels of the unit circuit. Physical experiments in this
paper show that the chaotic output of the memductor-
based circuit with the parameters shown in Figure 9 is the
most stable, and they are consistent with the MATLAB and
Multisim simulation results.

5. Application of the Proposed Memductor-
Based Chaotic Circuit

Since the memductor-based chaotic signal is more sensitive to
the initial value than the ordinary chaotic signal, it is especially
suitable for the secure communication field. In order to
improve the security of secure communication system, it is
considered that the novel memductor-based chaotic system
should be selected as the chaotic system. In the proposed
memductor-based chaotic secure communication scheme,
the memristive secure communication circuit is implemented
by using some electronic components containing analog mul-
tipliers, operational amplifiers, resistors, and capacitors with a
novel 4D memductor-based chaotic system as chaos genera-
tor. Based on the proposed memductor-basede chaotic circuit
shown in Figure 9, the memductor-based secure communica-
tion circuit schematic by Multisim is shown in Figure 14. Its
circuit principle is carefully presented as follows:

It consists 14 operational amplifiers together with 4 ana-
log multipliers. Its basic circuit is composed of two proposed
identical memductor-based chaotic circuit units with a little
change. The left side of the circuit is the transmitter and the
right side of the circuit is the receiver. The inverting input
end of transmitter-modulator is connected with the trans-
mitted signal to be transmitted. The same phase input end
is connected with the x output terminal of the novel
memductor-based chaotic circuit. In this way, the receiving
system and the transmitting system are easier to maintain
synchronization, and the robustness of the memductor-
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Figure 14: A novel memductor-based secure communication circuit by Multisim.
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based chaotic circuit is also maintained. This method pre-
vents effective information from being intercepted in the
secure communication process.

In what follows, the simulation experiments are pre-
sented to verify whether two identical parameters of the
memductor-based chaotic circuits can effectively achieve
the signal transmission and reception without distortion.
Suppose an input sine wave with amplitude of 1V and fre-
quency of 1 kHz is given in the circuit simulation, the trans-
mitting and receiving signal waveform by Multisim is shown
in Figure 15. The synchronous phase portrait is shown in
Figure 16. And Figure 17 shows the superimposed signal
waveform of the modulation and demodulation signal. It is
obvious from the simulation results that, no matter what
kinds of signals are input, the two identical memductor-
based chaotic circuits entirely maintain synchronization with
each other if the component parameters of the transmitting
circuit are exactly the same with the receiving circuit. Almost
no distortion can be seen.

Subsequently, the hardware circuit experiments of the
proposed chaotic secure communication circuit based on
the memductor-based chaotic circuit are implemented suc-
cessfully. To verify the above Multisim simulation results,
accordingly, an input sine wave with amplitude of 1V and
frequency of 1 kHz is taken in the practical electronic circuit
experiment. It should be noted that the transmitting and
receiving signal waveform photo is shown in Figure 18.
Figure 19 shows the modulation and demodulation wave-
form subtraction. It is evident that the difference between
the two waves (i.e., noise) is only 10 microvolts when the
most sensitive gear of the oscilloscope is 10μV. The synchro-
nous phase portrait photo is shown in Figure 20. Figure 21
shows the superimposed signal photo of the modulation
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and demodulation waveform. Figure 22 shows the transmit-
ting modulation signal and the receiving demodulation sig-
nal waveform photo on the oscilloscope. According to the
experimental measurement results of the memductor-based
chaotic secure communication circuit, it is obvious that the
transmitting and receiving signal waveform photo and the
synchronous phase portrait photo displayed by oscilloscope
coincide with the Multisim simulation results.

Nevertheless, the memductor-based chaotic circuits com-
posed of conventional operational amplifiers and analog
multipliers still have some limitations, mainly because of
the frequency limitations of the operational amplifiers. As
already shown in [38], the operational amplifiers allow us
to implement any type of circuit that is useful in analog

processing applications. However, its performance in realiz-
ing chaotic circuits is limited. In work [38], the signals can
be transmitted from 1Hz to 500 kHz without distortion for
the hyperchaotic secure communication circuit. When the
signal frequency exceeds 500 kHz, the signal distortion will
be very obvious. Thus, in order to transmit high-speed data,
the chaotic attractors should work at high frequency. In addi-
tion, high frequency should be enhanced from the aspect of
improving the security and confidentiality of chaotic secure
communication circuits.

6. Conclusion

In this paper, a novel memductor-based chaotic system is
proposed by adding a one-dimensional memristor equation
to a particular three-dimensional chaotic system according
to the physical nonlinear characteristics of memductor
through looking for suitable parameters. And this paper is
an attempt to investigate the dynamical behaviors and syn-
chronous stability of the novel memductor-based chaotic
system and realize these dynamics in a new physical circuit.
What can be seen from the simulation results and experi-
mental results is that they do not only output six phase
portraits but also output stable fourth-order double vortex
chaotic signals, respectively. In order to enhance the secu-
rity performance of transmission signal and improve the
vulnerability of the novel memristive system, the novel
memductor-based chaotic circuit is applied to construct a
new memductor-based chaotic secure communication cir-
cuit. Comparisons among Multisim simulation, MATLAB
simulation results, and physical experimental results show
that they are consistent with each other, and the attractors
of the novel memductor-based chaotic system exist. What
is more, the concept of “the memductor-based chaotic cir-
cuit defect quantification index” is proposed for the first
time to verify whether the chaotic output is consistent
with the mathematical model, which provides a powerful
theoretical basis for the successful design and implementa-
tion of memductor-based chaotic circuits. These proposed
circuit design methods can also be applied in other complex
memristor-based chaotic systems.

Nevertheless, the conventional operational amplifiers
have somewhat performance limitations in implementing
memductor-based chaotic circuits. It is quite hard to improve
the frequency response for analog implementation of chaotic
oscillator when it is designed with integrated circuits. Per-
haps the implementation based on FPGA can be used as a
solution to observe memductor-based attractors at higher
frequencies. Thus, our future research will devote to the cir-
cuit realization of memductor-based systems by using FPGA.
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