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Abstract—This paper proposes a scheme for secure telecom-
munication based on chaotic oscillators and Lyapunov theory.
The presence of internal and external disturbances to increase
the robustness of the method is considered in Lyapunov design.
Another advantage of the proposed approach lies in that only one
control input is required for synchronization of the master system
with the slave system, making it relatively easy for application.
Additionally, implementation via analog circuits of the proposed
model is performed to validate the theoretical analysis.

Index Terms—Cryptography, Chaotic Systems, Synchroniza-
tion, Lyapunov theory.

I. INTRODUCTION

Chaotic systems can be found in many fields, such as
in engineering, biology, mathematics, physics, among oth-
ers. Applications of chaotic systems include communication,
signal detection, cryptography, wireless sensors, laser system
and so forth. [1]–[7]. Since the development of Pecora and
Carroll’s method [8], many types of synchronization have
been developed, for example, anti-synchronization [6] and lag
synchronization [9]. Its applications extend to other areas, such
as biomedical engineering [10] and neural computing [11],
[12].

The cryptography circuits found in the literature are based
on the synchronization of two chaotic circuits. Chaotic sig-
nals are useful for encoding and decoding signals, since, by
definition, the response of a chaotic system is complex, being
unpredictable. Also, because chaotic systems are sensitive to
initial conditions, it is possible that even knowing the structure
of the chaotic system does not recognize state trajectories. In
this way, chaotic systems are interesting to use in applications
with encryption.

The reason for disturbances occurring in real situations is,
among other factors, due to tolerances and nonideal behav-
iors of electronic components. In order to ensure excellent
performance in practical applications, it is necessary to take

into account the possibility of disturbances in the theoretical
analysis.

Although there are many methods of synchronization in
the current literature, many of them present disadvantages,
such as the need for a control signal in each state equation
or in many cases the nonconsideration of disturbances [3],
[13], [14]. Another recurrent problem in the literature is the
relative complexity of the synchronizer. For example, in [15],
[16] adaptive synchronizers are introduced. Therefore, the
dimension of the synchronizer is larger than the dimension
of the system. In [17], the dimension of the synchronizer
is the same as that of the system. However, due to the use
of Integrator backstepping, the synchronizer is structurally
complex. In addition, the synchronizers proposed in [3], [13],
[14] assume restrictive hypotheses, such as the equality of di-
mension between the system and the control [18]. Other works
even consider the possibility of having bounded disturbances,
but only in some state. For further details, see [1], [19].

It should be noted that, in order to achieve an effective
encrypting, there must be superposition between the frequency
spectrum of the message and the signal-to-noise ratio of the
message must be smaller than the signal-to-noise ratio of the
employed state. If these conditions are disobeyed, the signal
can still be appropriately recovered by a high-pass filter of
high order or by merely accepting the encrypted signal as
the message signal, in case the deformation between them is
negligible.

Motivated by the previous facts, this work presents a simple
and robust scheme of synchronization of chaotic systems to
overcome the mentioned deficiencies. The design is carried out
in the context of Lyapunov stability theory to ensure limitation
and convergence. More specifically, the proposed scheme
allows the synchronizer: 1) to operate satisfactorily even in
the presence of bounded disturbances that are present in all
state equations; 2) for the use of a simple proportional control
acting on only one state equation; 3) the synchronization error



to be bounded and convergent to a small value that can be
adjusted by the user; and 4) an application using electronic
circuits to show the sophistication of the proposed scheme.

II. PROBLEM STATEMENT

Consider the following chaotic system [20]:
ẋ(t) = a(y(t)− x(t))
ẏ(t) = cx(t)− y(t)− x(t)z(t)
ż(t) = x(t)y(t)−bz(t)

(1)

Based on the system (1), the master system is defined by
ẋm = a(ym− xm)

ẏm = cxm− ym− xmzm

żm = xmym−bzm

(2)

The slave system is defined by
ẋs = a(ys− xs)+h1(t)
ẏs = cxs− ys− xszs +h2(t)+u
żs = xsys−bzs +h3(t)

(3)

where x, y and z are the states variables of the system (1),
xm, ym and zm are the state variables of the master system and
xs, ys and zs are the state variables of the slave system. The
systems parameters are a = 2.1, b = 0.6 and c = 30. The slave
system disturbances are h1(t), h2(t) and h3(t). Note that u is
the control signal.

This work proposes the synchronization of (2) and (3) by
using a control signal only in the second state. Note that the
synchronization is achieved by any value of initial conditions,
even in presence of disturbances.

Remark 1: We assumed (1) to be chaotic, so the system is
dependent on its initial conditions. Therefore, a simple change
in the values of the initial conditions has a considerable effect
on the system behavior. Due to this, it is possible to make a
secure telecommunication scheme in which the structure of the
master system is similar to the structure of the slave system,
since it is enough to have different initial conditions, so that
the states have different behaviors.

Assumption 1: We assume that the disturbance is bounded.
More specifically

h1(t)≤ h̄1

h2(t)≤ h̄2

h3(t)≤ h̄3

(4)

being h̄1, h̄2 and h̄3 unknown constants.
Remark 2: The system (3) shows explicit disturbance,

which is sometimes unusual in the literature. This allows
us to evaluate the influence of these uncertainties over the
convergence of the synchronization errors. It is generally
interesting to consider the presence of disturbances to better
analyze the robustness of the scheme in actual situations.

III. SYNCHRONIZATION ERROR AND PROPOSED SIGNAL
CONTROL

Synchronization errors of the system are defined by
e1(t) = xs− xm

e2(t) = ys− ym

e3(t) = zs− zm

(5)

Therefore, dynamic equations of the errors can be obtained
using systems (2) and (3)


ė1 = a(e2− e1)+h1

ė2 = ce1− e2− e1e3− e1zm− e3xm +h2 +u
ė3 = e1e2 + e1ym + e2xm−be3 +h3

(6)

Theorem 1: Consider the master and slave system described
in (2) and (3) and the proportional control law defined by:

u =−ψe2 (7)

where ψ is a positive constant defined by the user. Therefore,
the synchronization error converges in finite-time to the com-
pact set Ω =

{
e ∈ℜ3 | ||e|| ≤ θ

}
, θ > 0.

Proof
Consider the following Lyapunov function candidate

V =
1
2
(γe2

1 + e2
2 + e2

3) (8)

where γ > 0. The time-derivative of (8) along the trajectories
of (6), results

V̇ = γe1ė1 + e2ė2 + e3ė3 (9)

Replacing (6) and (7) in (9), we obtain

V̇ =−aγe2
1− e2

2(ψ+1)−be2
3 + e1e2(aγ+ zm− c)

+ e1e3ym + e1γh1 + e2h2 + e3h3
(10)

We want to analyze when V̇ ≤ 0. Observe that
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(11)

Using (10) and (11), we get

V̇ ≤−e2
1
(
aγ−1−0.5y2)− e2

2[ψ+0.5−0.5(aγ+ z− c)2]

− e2
3 (b−1)+

γ2h2
1

2
+

h2
2

2
+

h2
3

2
(12)



Consider that ρ1 = aγ−1−0.5y2, ρ2 = ψ+0.5−0.5(aγ+

z− c)2, ρ3 = b−1 and β =
γ2h2

1
2 +

h2
2

2 +
h2

3
2 , so

V̇ ≤−e2
1ρ1− e2

2ρ2− e2
3ρ3+β (13)

Note that ρ3 > 0 and ψ and γ are arbitrary, thus it is possible
to define them in a way that ρ1 and ρ2 are positive. Defining
ρ = min {ρ1,ρ2,ρ3}, (13) can be written as

V̇ ≤−ρ ||e||2 +β (14)

Establishing the compact set Ω =
{

e ∈ℜ3 | ||e|| ≤ θ
}

and

based on (14), we have V̇ ≤ 0 when ‖e‖ >
√

β

ρ
:= θ, where

θ is a constant. Hence, it can be established that the synchro-
nization error is ultimately bounded (for further details, see
[21]). If under any circumstance ‖e‖ leaves the residual set
Ω, V̇ becomes negative definite and forces the convergence
of the synchronization error to the residual set Ω. Thus, the
synchronization error is bounded and converges to a ball with
radius equal to θ. The convergence to the residual set Ω is in
finite-time, due to the particular form of 14 ( [21]).

IV. SCALING

It was found that the solution to these equations had a very
high amplitude. Threfore, the amplitude was scaled down by
a factor of 20. More exactly,

ẋ(t) = 2.1(y(t)− x(t))
ẏ(t) = 30x(t)− y(t)−20x(t)z(t)
ż(t) = 20x(t)y(t)−0.6z(t)

(15)

Following the scaling, the system was simulated in Mat-
lab/Simulink, including the slave, the synchronizer, and the
message. The circuit was then projected so that the slave and
the master were as similar as possible, being both composed by
10 blocks, of which 2 were multipliers (x(t)y(t) and x(t)z(t)),
1 was a synchronizer, 3 were integrators, and the remaining 3
were adders. The schematic for this arrangement can be found
in Figure 1.

In Figure 1, the switches identify the circuit as the master
or the slave. The position of the switches indicates that the
schematic above represents the slave. For the master, k(t) =
m(t), p(t)=−s(t), w(t)= ys(t), and f (t)= −u(t)

10 ; for the slave,
k(t) =−s(t), p(t) = m̂(t), w(t) = −u(t)

10 , and f (t) = u(t)+ys(t).
The resistors R1, R4, R6, R11, R12, R13, R14, R15, R26, and
R27 have value 10kΩ; the resistors R2, R3, R5, R21, R22,
R23, R24 and R25 have value 100 kΩ; the resistors R7 and
R8 have value 4.75kΩ; the resistors R9, R10, and R16 have
value 165kΩ, 4.87kΩ, and 3.32kΩ respectively; R17 and R18
measure 90.9kΩ; R19 and R20, 5.11kΩ. The capacitors have
a value of 100 nF; the operational amplifies are LF347 and
multipliers are AD33JNZ. The capacitors and resistors have a
tolerance of 5% and 1% respectively.

It was noted that the equations from system 15 would
result in the necessity of unity gain in the integrators or very
small gain in the adders, leading to very large or very small

resistance values. Therefore, the system was again scaled, this
time in frequency by a factor of 1000, resulting in the system
of equations in what follows

ẋ(t) = 1000 ·2.1(y(t)− x(t))
ẏ(t) = 1000(30x(t)− y(t)−20x(t)z(t))
ż(t) = 1000(20x(t)y(t)−0.6z(t))

(16)

The systems of equations (17) and (18) define, respectively,
the master and the slave. If we adopt m(t) as the message
signal, we have the encrypted message as s(t) = m(t)+ zm(t),
the recovered signal in the slave as m̂(t) = s(t)− zs(t), the
control signal as u(t) = −100 · ey(t) and the synchronization
error of the y state as ey(t) = ys(t)− ym(t). More precisely,


ẋm(t) = 1000 ·2.1(ym(t)− xm(t))
ẏm(t) = 1000(30xm(t)− ym(t)−20xm(t)zm(t))
żm(t) = 1000(20xm(t)ym(t)−0.6zm(t))

(17)


ẋs(t) = 1000 ·2.1(ys(t)− xs(t))
ẏs(t) = 1000(30xs(t)− ys(t)−20xs(t)zs(t)+u(t))
żs(t) = 1000(20xs(t)ys(t)−0.6zs(t))

(18)

The 1000 gain that resulted from the frequency scaling was
wholly allocated in the integrators. After adopting 100 nF as
the valor for the capacitors, it was found that the resistors
R1, R4 and R6 should have the following value of resistance:
R1 = R4 = R6 = 1

1000·100·10−9 = 10kΩ.
In order to facilitate the implementation and reduce the

differences between the master and the slave, the encrypted
signal was given by −s(t), that is to say, the encrypting
block makes −m(t)− zm(t) and the decoder block makes
−(−s(t))−zs(t) = m̂(t). Thus, the encoder and decoder blocks
are identical and both are simply equivalent to an inverting
adder without gain. Arbitrarily, it was decided that R23 =
10kΩ and, as a result of the absence of gain, R21=R22=R23.

Since the integrator inverts its input signal, the operations
in the adders with states must also be reverted, that is to say,
summation should be substituted by subtraction and vice versa.
Defining R12 = 10kΩ and R3 = R5 = 100kΩ, we have:

For the X state adder, R8 = R7 = 10000
2.1 = 4.7619kΩ. For the

implementation, the value of 4.75kΩ was used, since that was
the nearest resistance value found for a precision resistor. We
also have Z = 2.1−2.1−1 =−1. Therefore, in this adder, it is
necessary to connect a resistor between the non-inverting input
of the operational amplifier and ground, with value R11 =
10000
−Z = 10kΩ.
For the Y state adder, we have R19 = 100000

20 = 5kΩ. How-
ever, the nearest value commercially available was 5.11kΩ,
which was adopted in the implementation. We also have
R2 = 100000

1 = 100kΩ and R16 = 100000
30 = 3.3333kΩ. For the

latter case, the value of 3.32lΩ was used instead due to
restrictions in the value of commercially available resistors.
Finally, we have Z = 20+1−30−1=−10, so that a resistor is



Figure 1. Circuit of master and slave systems.

necessary to connect the non-inverting input of the operational
amplifier to ground, with value R13 = 100000

10 = 10kΩ.

For the Z state adders, we have R9 = 100000
0.6 = 166.6666kΩ.

The nearest commercially available value was 165kΩ. We also
have R20= 100000

20 = 5kΩ. As in the Y state adder, the adopted
value was 5.11kΩ. Finally, due to Z = 0.6−20−1 =−20.4, a
resistor must connect the non-inverting input of the op-amp to
ground, with value R10 = 100000

20.4 = 4.902kΩ. The value used
for in the implementation was 4.87kΩ.

The multiplication blocks were built by a simple connection
of the AD633JNZ multiplier and a proper association of
resistors. This configuration results in (X1−X2)(Y 1−Y 2)

10
(Ra+Rb)

Ra .
If we let X2 = Y 2 = 0, Ra = R14 = R15 = 10kΩ and
Rb = R17 = R18 = 90kΩ, the 1

10 multiplying factor can be
eliminated and the output of the block is simply X1 ·Y 1.
Nonetheless, a precision resistor of 90kΩ could not be found,
so 90.9kΩ resistors were employed instead.

For the synchronizers, the desired operations are −10ey(t)=
10(ym(t) − ys(t)) and f (t) = −10 · (−10ey(t)) + ys(t) =

100ey(t)+ ys(t) = −u(t)+ ys(t) for the master and the slave
respectively. Here, we notice the first difference between the
master and slave circuits, which, in Figure 1, is indicated
by the position of the switches. The switch in the Y state
adder selects between y(t) in the master and f (t) in the
slave. In the master, the differential equation assumes the
form ẏ(t) = 1000(30x(t)− y(t)− 20x(t)z(t)), while in the
slaves it is given by ẏ(t) = 1000(30x(t)− f (t)−20x(t)z(t)) =
1000(30x(t)−y(t)+u(t)−20x(t)z(t)). In order to implement
the equations of the synchronization blocks in the master, we
have, by defining R24 = 100kΩ, R26 = R27 = 100000

10 = 10kΩ

and Z = 10−10−1=−1. The non-inverting input can then be
connected to ground by a resistor R25 = 100kΩ. For the slave,
it suffices to invert resistors R25 and R27. This inversion is
represented by changing the position of the switch. In Figure
1, the switches are positioned as in the necessary configuration
for the slave.



V. SIMULATION

The complete simulated circuit is not included in this paper
because it is basically the circuit presented in Figure 1, but
duplicated with the switches properly positioned (as in section
IV), ideal components substituted by real ones, power supplies
of +15V and -15V for the integrated circuits, voltage sensors
and a square wave generator that produces the message signal.

In Figure 2, we have states X, Y and Z of the master
and the slave as simulated by Simulink. Figure 3 presents
the synchronization errors. Due to the figures, it is easily
noticed that it takes some time after the initial conditions
in order to both systems reach the synchronous condition.
Proper synchronization is only attained after 0.08 seconds in
the simulation.

Figure 2. States of Master and Slave Systems simulated in Matlab.

In Figure 4, we have the message signal m(t), which is a
square wave of frequency 100 Hz and amplitude 1 V, as well
as the encrypted signal s(t) and the recovered signal. When
the systems are completely synchronized, m(t) = m̂(t).

In Figure 5, we have the states of the master and the slave
for the circuit simulation. Here, the synchronous condition was
reached faster than in Simulink. However, the initial conditions

Figure 3. Sync error between Master and Slave Systems simulated in Matlab.

Figure 4. Transmitted message(m(t)), Encrypted message s(t) and recovered
message m̂(t) simulated in Matlab.

differed between the simulations, being both defined by noise.
In Figures 6, we have the synchronization errors.

It should be noted that, unlike the simulation in Simulink,
the states did not synchronize perfectly during the circuit
simulation. This is due to three main factors: the presence
of noise, the added imperfections in the multipliers and
operational amplifiers, and the tolerance of the resistors and
capacitors. The simulation would have failed if resistors with
5% of tolerance had been applied. As a result, resistors with



tolerance rated as 1% were chosen instead.

Figure 5. States of Master and Slave Systems in circuit simulation

Figure 6. Sync error between Master and Slave Systems in circuit simulation

In Figure 7, we have the signal m(t), which, as described
above, is a square wave of amplitude 1 V and frequency 100
Hz, along with the encrypted signal −s(t) and the decoded
signal m̂(t). Since the states do not synchronize perfectly,
the message could not be completely recovered. However,
the result is satisfactory, since there will be an inevitable
synchronization error due to the actual components and their
inherent disturbances.

Figure 7. Transmitted message(m(t)), Encrypted message s(t) and recovered
message m̂(t) in circuit simulation.

VI. EXPERIMENT

The circuit in Figure 1 was initially built on a breadboard.
However, it was found that the recovered signal contained an
intense noise, preventing the proper operation of the circuit.
Due to this complication, it was decided that the circuit should
be built on a printed circuited board. Fortunately, all of the
previous problems were eliminated in the new version.

In Figure 8 the red marked part is the one that gave origin to
the printed board in Figure 9. Based in Figure 8, we manually
did the tables I, II and III, that contain how each element of the
circuit, Multiplier, Operational Amplifier, Resistor, Capacitor,
and Jumpers interconnects, considering the lines with these
names. In the Ultiboard the components were inserted and
then these tables were loaded, with that the Ultiboard program
generated the printed board.

In Figure 9, we have the schematic for the printed circuit
generated by the software Ultiboard by means of the net list
tables I, II and III. In Figure 10, we have the picture of the
built circuit. Notably, jumpers were added to the interface of
the blocks in 1, with the objective of isolating them for the
purpose of individual tests.

The element P1 in the schematic are external connection



pins. From 1 to 10, the pins are: positive supplying, ground,
negative supplying, state X, state Y, state Z, message signal
(master) or encrypted signal (slave), encrypted signal (master)
or recovered signal (slave), state Y of the slave (master)
or control signal (master), control signal (master) or unused
(slave).

The board contains some jumper wires whose function is
not restricted to isolating the appropriated blocks, but are also
used to determine the nature of the circuit (master or slave)
and the used state. Therefore, excepting the position of the
jumpers, the slave and master boards are identical and it is
possible to choose which states will be employed in each. If
jumper J1 is closed, the used state is X; if J2 is closed, the
state is Z. For this work, the used state was Z, for which
the synchronization error was found to be the least among the
three states. The slave is obtained by closing J20, J18 and J17,
while closing J9, J16 and J19 results in the master. It should be
noted that these groups are mutually exclusive since, if both
were to be closed, the outputs of the operational amplifiers
would be short-circuited.

Figure 8. Simulink Scheme of the circuit.

In Figure 11, we have xs(t) in channel 1, xm(t) in channel
2 and ex(t) = xs(t)− xm(t) in MATH (it is a mode in os-
cilloscope). In Figure 12, we have ys(t) in channel 1, ym(t)
in channel 2 and ey(t) = ys(t)− ym(t) in MATH. Finally, in
Figure 13, we have zs(t) in channel 1, zm(t) in channel 2 and
ez(t) = zs(t)− zm(t) in MATH. It should be noted that the
synchronization errors are small, indicating that the systems
were able to achieve synchronization, as in the simulation.

In Figure 14, we have the message signal m(t) in channel
1, a square wave of frequency 100 hz and amplitude 0.5 V. In

Figure 9. Schematic of the printed circuit. Red: lower trails. Green: upper
trails. Dark Blue: welding points. Light blue: component description.

Figure 10. Photo of the circuit.

channel 2, we have the recovered signal m̂(t). Comparing both,
it is evident that they are very similar. In Figure 15, we notice
the encrypted signal. It is noticeable that the encrypted signal
was gravely distorted even though it still possessed the abrupt
transitions typical to square waves. For a binary transmission
system, it would be possible to employ the encryption directly,
using an appropriate filter to invert it and remove its DC



Table I
NETLISTS: RESISTORS, CAPACITORS

Code Nominal
Value Pin 1 Pin 2

R1 10kΩ X L AO1 9
R2 100kΩ Y 2 AO2 3
R3 100kΩ AO2 2 AO2 1
R4 10kΩ Y L AO2 13
R5 100kΩ AO2 6 AO2 7
R6 10kΩ Z L AO2 9
R7 4.75kΩ Y 1 AO1 6
R8 4.75kΩ X 1 AO1 5
R9 165kΩ Z 3 AO2 5
R10 4.87kΩ GND AO2 5
R11 10kΩ GND AO1 5
R12 10kΩ AO1 6 AO1 7
R13 10kΩ GND AO2 3
R14 10kΩ M1 Z XY
R15 10kΩ M2 Z XZ
R16 3.32kΩ X 2 AO2 2
R17 90.9kΩ GND M1 Z
R18 90.9kΩ GND M2 Z
R19 5.11kΩ XZ 2 AO2 3
R20 5.11kΩ XY 3 AO2 6
R21 100kΩ M AO1 2
R22 100kΩ SV AO1 2
R23 100kΩ AO1 2 S
R24 100kΩ AO1 13 U
R25 100kΩ C R1 AO1 12
R26 10kΩ Y s AO1 13
R27 10kΩ C R2 AO1 12
C1 100nF AO1 9 AO1 8
C2 100nF AO2 13 AO2 14
C3 100nF AO2 9 AO2 8

Table II
NETLISTS: JUMPERS

Code Pin 1 Pin 2
J1 X SV
J2 Z SV
J3 Y Y 1
J4 X X 1
J5 AO1 7 X L
J6 AO1 8 X
J7 X X 2
J8 XZ XZ 2
J9 Y Y 2

J10 AO2 1 Y L
J11 AO2 14 Y
J12 XY XY 3
J13 Z Z 3
J14 AO2 7 Z L
J15 AO2 8 Z
J16 GND C R1
J17 GND C R2
J18 Y C R1
J19 Y C R2
J20 U Y 2

component. Nevertheless, there would be significant bit errors
in some points.

In Figures 16 and 17, we have the same configuration from
figures 14 and 15 respectively, but with the message signal
changed to a sinusoidal wave. The same applies to Figures 18
and 19, but for a triangular wave. The encrypted signal for

Table III
NETLISTS: INTEGRATED CIRCUITS

Code AO1 AO2 M1 M2
IC LF347 LF347 AD633JNZ AD633JNZ

Pin 1 S AO2 1 X X
Pin 2 AO1 2 AO2 2 GND GND
Pin 3 GND AO2 3 Y Z
Pin 4 VCC+ VCC+ GND GND
Pin 5 AO1 5 AO2 5 VCC- VCC-
Pin 6 AO1 6 AO2 6 M1 Z M2 Z
Pin 7 AO1 7 AO2 7 XY XZ
Pin 8 AO1 8 AO2 8 VCC+ VCC+
Pin 9 AO1 9 AO2 9
Pin 10 GND GND
Pin 11 VCC- VCC-
Pin 12 AO1 12 GND
Pin 13 AO1 13 AO2 13
Pin 14 U AO2 14

Figure 11. Observation of experimental xm(t) (Channel 2), xs(t) (Channel 1)
and ex(t) (MATH).

Figure 12. Observation of experimental ym(t) (Channel 2), ys(t) (Channel 1)
and ey(t) (MATH).



Figure 13. Observation of experimental zm(t) (Channel 2), zs(t) (Channel 1)
and ez(t) (MATH).

Figure 14. Observation of experimental m(t) (Channel 2), m̂(t) (Channel 1)
and m(t)− m̂(t) (MATH) for square wave

the sinusoidal wave was very similar to the encrypted signal
for the triangular wave. In fact, it would not be absurd to take
one for another. Even then, the behavior of the original wave
forms are still noticeable, even if not as evident as for the
square wave.

Thus, from the figures it can be observed that in both
simulations and in the circuit implementation of the system,
the master system correctly encodes the message and the
slave system decodes the message. The performance is good
though the system is underactuated and even in the presence
of real components, and consequently, even in the presence of
disturbances.

Figure 15. Observation of experimental −s(t) for square wave

Figure 16. Observation of experimental m(t) (Channel 2), m̂(t) (Channel 1)
and m(t)− m̂(t) (MATH) for sinusoidal wave.

Figure 19. Observation of experimental −s(t) for triangular wave.



Figure 17. Observation of experimental −s(t) for sinusoidal wave.

Figure 18. Observation of experimental m(t) (Channel 2), m̂(t) (Channel 1)
and m(t)− m̂(t) (MATH) for triangular wave.

VII. CONCLUSIONS

A simple scheme for the synchronization of a chaotic system
based on Lyapunov theory has been proposed. Remarkable
features of the proposed approach are stability, robustness, and
convergence to a small neighborhood of the origin, even when
bounded disturbances are present. The proposed synchronizer
has been analogically simulated and applied to secure telecom-
munication to validate the method. It should be noted that the
encrypted signal still holds resemblance to the original signal,
as expected, even in the presence of disturbances (for instance,
due to the tolerances and nonideal behavior of the electronic
devices).
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