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Chaos is one of the important research areas in recent years. The chaotic signal generator is one
of the most basic structure in the chaos-based researches and applications. In this study,
Sundarapandian-Pehlivan Chaotic Oscillator (SPCO) designs have been implemented in 2
different platforms as analog-based using Second-Generation Current Controlled Current
Conveyor (CCII) and FPGA-based with one of the chaotic oscillator that has been presented to
the literature namely Sundarapandian-Pehlivan system. The structure used for the design of
CCll-based chaotic oscillator and the results obtained from the study have been presented. In the
second phase, the design of SPCO has been realized in order to utilize for running in FPGA
chips using Dormand-Prince (DP) numeric algorithm. The design has been coded in VHDL
using 32-bit IEEE-754-1985 floating point representation. The designed system has been tested
by synthesizing it in Xilinx ISE Design Tools program. Then, the test results obtained from DP-
based SPCO structure have been presented. In the last phase, the designed system has been
synthesized for VIRTEX-7 FPGA. FPGA chip resource consumption values that obtained after
the Place-Route process are presented. According to the results, the maximum operating
frequency of DP-based SPCO unit on FPGA is obtained as 362.608 MHz. In future studies, the
designs of Pseudo Random Number Generator (RNG) and True RNG can be performed using
DP-based SPCO unit implemented successfully in this study.

© 2020, Advanced Researches and Engineering Journal (IAREJ) and the Author(s).

1. Introduction

[10-13]. Nowadays, the chaotic signal generators and
Chaotic Oscillators (COs) can be created by using

Chaotic systems (CSs) are one of the areas that have
been studied extensively in recent years [1-3]. CSs can
be defined as nonlinear systems that exhibit an infinite
number of non-periodic oscillations with a specific order
within certain intervals [4,5]. The sensitivity to the initial
conditions (ICs) and the system parameters are among the
important characteristics of the CSs [6,7]. For this reason,
in CSs, the slight changes in the parameter values or the
ICs of the system may significantly affect the dynamic
behavior of the system in time domain [8,9].

The chaotic signal generator is one of the basic
structures used in chaos-based studies and applications
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different platforms. The circuits constructed by using
analog electronic circuit elements can be given as
examples for one of the most basic structures of CO
structures [14,15]. In these circuits, active circuit
elements are used together with basic elements such as
resistors and capacitors, which are passive circuit
elements [15,16]. Operational Amplifier (Op-Amp),
Operational Transconductance Amplifier (OTA) and
Second-Generation Current Controlled Current Conveyor
(CCIl) can be given as examples for the analog circuit
elements that used in the CO designs [17-19]. The Op-
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Amp has high-gain and it is a direct coupling element that
can perform many linear/non-linear signal processing
operations. Today, there are Op-Amp elements operating
at frequencies higher than 100 MHz and higher power
values than 100 W. Although it is quite difficult to
integrate Op-Amp elements with other analog or digital
structures on the same chip, it is very suitable for
integrating OTA element with analog or digital structures
on the same chip. Besides, OTA elements have very high
bandwidths compared to Op-Amp elements [20,21]. CCIlI
elements can operate in a wider frequency band than Op-
Amp and OTA elements. Also, CCII elements are active
circuit elements that have more flexible use in terms of
circuit synthesis [22,23].

Another method used for CO design is the structure of
Artificial Neural Network (ANN)-based CO design [24—
26]. ANN is a mathematical modeling process of the
thinking and decision making feature of the human brain.
In this method, ANN is first trained by using the training
set obtained from the CO [27]. Then ANN model is
implemented on a digital platform by taking the weight
and bias values obtained from the training as reference
[28]. In ANN-based CO designs, many digital sources
have been used, and since they contain non-linear transfer
functions, their operating frequencies are generally low
[28-32].

One of the most preferred methods in the literature is
that the COs, which is given in a continuous time, is
implemented on a digital platform in discrete time using
numerical algorithms [33,34]. For this purpose, Euler,
Heun, 4th order Runge-Kutta, Runge-Kutta-Butcher and
Dormand-Prince are the numerical algorithms used in the
literature [28,35,36]. Among these algorithms, the
algorithm that can show the most characteristic of the
CSs and produce the closest results is the Dormand-
Prince (DP) algorithm [37,38].

In the literature, there are different chaotic oscillator
designs implemented using ANN-based and different
numerical algorithms on FPGA, which is one of the
digital platforms in recent years (Table 1). Algin et al.
[24] implemented the Pehlivan—-Uyaroglu chaotic system
based on ANN on FPGA and obtained the operating
frequency as 266 MHz. They discussed the chip statistics
and simulation results of the design and presented them
to the literature. Yu et al. [22] designed the 4-D Chua
chaotic system in 32-bit IEEE-754-1985 floating point
number format with VHDL on FPGA using RK4
numerical algorithm and present the operating frequency
of the system as 180 MHz. Rajagopal et al. [33] designed
a new 3-D chaotic system on FPGA using Runge-Kutta
Butcher (RK5B) numerical algorithm in 32-bit IEEE-
754-1985 floating point number format. Koyuncu et al.
[37] designed the SEA chaotic oscillator as 161-16Q, 141-
14Q, 121-12Q, 101_10Q, 8I-8Q fixed point based on

FPGA using DP numerical algorithm and obtained the
operating frequencies of the systems in the range of 344-
366 MHz. Seker et al. [36] carried out the DP numerical
algorithm-based design of the chaotic oscillator on FPGA
in 32-bit IEEE-754-1985 floating point number format
and present the operating frequency of the design as 316
MHz. Senouci et al. [39] transformed multiple chaotic
systems they designed under Matlab/Simulink into FPGA
code using MATLAB HDL Coder and Fixed Point
Toolbox and realized their designs on the digital
platform. Operating frequencies of systems embedded on
FPGAs vary between 27-72 MHz. Kizmaz et al. [40]
carried out the designs and chaos analysis of Memristor-
Based Simplest Chaotic system based on DP numerical
algorithm in their study. Koyuncu et al. [41] performed
the Dormand-Prince based chaotic oscillator design with
golden proportion balance point on FPGA. In this study,
SPCO chaotic system was designed on Xilinx Virtex-7
FPGA using DP numerical algorithm in 32-bit IEEE 754-
1985 floating point number format. The operating
frequency of the system designed in VHDL was obtained
as 362 MHz.

In this presented study, Sundarapandian-Pehlivan CS
has been implemented using two different platforms:
CCll-based as analog and numerically as DP-based on
FPGA chip. In the second part of this study, information
about Sundarapandian-Pehlivan CS is given. In the third
part, CCll-based SPCO design is presented. In the fourth
part, DP-based CO structure and FPGA chip statistics are
presented. In the last part, the results obtained from the
study were evaluated.

2. SPCO System

CSs or oscillators are divided into two groups,
continuous time and discrete time. Examples of
continuous-time COs are Sprott A, Burke-Shaw, Lorenz,
Chua, Rossler, Pehlivan-Uyaroglu and Pehlivan-Wei COs
[39,43,44]. Continuous-time COs are expressed by
differential equations. The differential equations of the
nonlinear autonomous SPCO used in this study are given
below [42].

X=ay-—x
y=-b.x—-z Q)
Zz=cz+xy?—x

The parameters a, b and c in these equations can take
different values according to the design. In this study, the
ICs for Dormand-Prince-based SPCO are taken as x (0) =
0,y (0) =0 and z (0) = 0.1 and the parameters of the
system are taken as a = 1.5, b = 0.4 and ¢ = 0.4. The
change in system parameters and oscillator ICs in COs
completely changes the dynamic behavior of the system.
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Table 1. Technical characteristics of FPGA-based COs designs
in the literature in recent years.

Number Clock
Paper Method Format (MH2)
. Fixed
[1] Euler numerical algor. 25y T
2] Heun-RK4 numerical Floating 390
algor.
. Fixed
[3] RK4 numerical algor. (16:16) 373
[13] RK4 numerical algor. gxzic; 112
[22] RK4 numerical algor. Floating 180
[24] ANN-based design Floating 266
[26] ANN-based design Floating 231
[27] ANN-based design Floating 240
[28] ANN-based design Floating 272
[31] ANN-based design Floating 231
[33] RKS5B numerical algor. Floating ~  -------
3-D COs, Forward Fixed
Euler and RK4 (824) T
4-D Hyper-COs, .
Forward Euler and gxze;c; -------
[34] RK4 '
3-D COs, Simulink Fixed 48
HDL-Coder (8;24)
4-D Hyper-COs, Fixed a1
Simulink HDL-Coder (8;24)
. Fixed
[37] DP numerical algor. (16:16) 344-366
[38] DP numerical algor. Floating 316
[39] Simulink HDL-Coder Fixed 27-72
[40] DP numerical algor. Fixed -
[41] DP numerical algor. Floating 316
[42] RK4 numerical algor. Floating 293
This DP numerical algor. Floating 362

There are many methods developed in the literature for
the chaos analysis of COs. One of the most preferred
methods of these methods are chaotic phase portraits and
time series methods. Phase portraits of x-y, y-z, x-z and
X-y-z obtained using the DP numerical algorithm for the
SPCO used in this study are given in Figure 1, Figure 2,
Figure 3 and Figure 4, respectively. Besides, the x-y-z
time series obtained using the DP numerical algorithm for
the SPCO is presented in Figure 5.

3. CCll-based SPCO Design

In this section, SPCO has been modeled using OTA
elements and the circuit design of the modeled system
has been realized with ORCAD PSPICE program.

Figure 1. x-y phase portrait of Dormand-Prince-based SPCO
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Figure 2. y-z phase portrait of Dormand-Prince-based SPCO
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Figure 5. x-y-z time series of Dormand-Prince based SPCO

In the circuit, 14 AD844 CCIl, 2 AD633 multiplier,
three capacitors and 10 resistance elements with different
values have been used. Below is the CO circuit diagram
performed with OTA in Figure 6 using the ORCAD
PSPICE program.

In Figure 7, x-y, y-z and x-z phase portraits obtained
from ORCAD are given, according to the ICs of the
CCll-based CO, as x(0) = 0, y(0) =0 and z(0) = 0.1 and
the system parameters as a=1.5, b=0.4 and c=04,
between the time intervals from 0 to 100ms. In addition,
Fast Fourier Transformation (FFT) analysis results of the
signals obtained from CCll-based SPCO are presented in
Figure 8.
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Figure 6. Circuit schema of CCll-based SPCO design using ORCAD-Pspice program

@

(b)

(©
Figure 7. (a) x-y, (b) y-z and (c) x-z phase portraits of CCll-based SPCO designed using ORCAD-Pspice program
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Figure 8. FFT analysis results of the CClI-based SPCO designed using ORCAD-Pspice program

4, Dormand-Prince-based SPCO on FPGA

In this part of the study, the SPCO is modeled to work
on FPGA using the DP. DP is given in Equation (2). DP
consists of seven steps of k1, k2, k3, k4, k5, k6 and K7.
IEEE-754-1985 32-bit floating point representation was
used for the design and the design was coded in VHDL.
Xilinx ISE Design Tools (ISE-DTs) program was used
for the design synthesis, testing and Place-Route
operations. Xilinx IP-Core Generator is used for the basic
arithmetic operations including division, addition etc.
used in the design. The first-order block diagram of DP
based SPCO unit designed to work on FPGA chip is
given in Figure 9.
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Dormand-Prince-based SPCO unit on FPGA has 1-bit
Clk and 1-bit Run input signals. The design has 32-bit
X_out, Y_out, Z out and 1-bit R_ready output signals.
Clk signal allows the units in the design to work
synchronously.

Run signal is used to provide the first run. When the '1'
signal arrives to the Run input of the design, the X_out,
Y_out and Z_out outputs start to produce their initial
values as a result of the 360 clock pulse. At this moment,
the value of R_Ready becomes '1". In cases where there is
no output in the X out, Y_out and Z_out, the R_ready
signal produces a '0' output.

Clk X_out(31:0)
Y out(31:0)
Z_out(31:0)

Run R_Ready

A 4
DP_based SPCO

Figure 9. The first-order block diagram of Dormand-Prince
based SPCO unit

The second-order block diagram of DP based SPCO
unit designed to work on the FPGA chip is given in
Figure 10. There are 10 units in the design, 6X3MUX,
K1, K2, K3, K4, K5, K6, K7, ys, and Filter. The
6X3MUX unit is designed to choose between the initial
values assigned by the designer and the value produced
when the system starts producing results. When the
design first starts working, it sends the initial values of
the 6X3MUX unit to the system.

When the system starts producing the first results, it
sends these values to the system as the initial value for
the system to produce the next results. The K1, K2, K3,
K4, K5, K6 and K7 units are designed to calculate the
values found in the DP algorithm. The ys unit calculates
the values of the DP algorithm using the values produced
by the K1, K2, K3, K4, K5, K6 and K7 units. It then
sends these values to the Filter unit. Since the designed
system produces results in a 360 clock pulse period, the
Filter unit is used to filter the values that come before this
moment. When it comes to the 360th clock pulse, it
transfers the values received to the output of the designed
DP-based SPCO unit. At the same time, the unit sends a
'1' signal to the R_Ready output.
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Figure 10. The second-order block diagram of Dormand-Prince based SPCO unit
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Figure 11. The results of Dormand-Prince based SPCO unit using Xilinx ISE-DTs

Table 2. The usage statistics for VIRTEX-7 chip of DP based
SPCO unit

Logic Utilization Used Available Util(ioz/zl)tion
gg;?;g:f Slice 154979 607,200 25
e w 2w s
Number of Slice 156371 303,600 51
{\gjgber of bonded 99 700 14
Dormand-Prince based SPCO unit, which was

designed to work on FPGA chip, has been tested by using
Xilinx ISE-DTs. The test results of DP based SPCO unit
using Xilinx ISE-DTs are given in Figure 11. A clock
pulse signal and Run input signal generated at 10 ns
intervals were sent as '1' to the design. After receiving the
Run signal, the presented design produces the first results
after 360 clock pulse interval. After this clock pulse, it
continues to produce results in every 360 clock pulse.
The design works according to the 32-bit IEEE-754-1985
floating point standard. However, in order to evaluate the
design results more easily, the results are shown in
hexadecimal format.

The Place & Route process was performed for the
VIRTEX-7 XC7VX485T-2FFG1761 FPGA chip to be
utilized in the designed DP based SPCO unit using Xilinx
ISE-DTs program. After the Place+Route process, the
obtained FPGA chip resource utilization report is
presented in Table 2. The maximum operating frequency
of the presented design on the Virtex-7 FPGA chip was
obtained as 362.608 MHz. In other words, the minimum
clock period of the design is 2.758 ns.

4. Conclusions

In this study, using the SPCO, which is one of the CSs
presented to the literature, CO designs have been
implemented to be utilized in chaos-based engineering
applications on two separate platforms with CCIl analog
electronic circuit element and FPGA chip. The structure
used for the CClI-based CO design and the results of the

study are presented. Then SPCO was designed to work on
FPGA chips using the DP. The design uses 32-bit floating
point representation. The design was coded in VHDL and
the designed system was synthesized in Xilinx ISE-DTs
program. The designed system has been tested by
preparing a test bench in VHDL. In the study, test results
obtained from DP based SPCO structure are given. The
SPCO unit designed in the last part of the study was
synthesized for the VIRTEX-7 FPGA. Source usage
values of FPGA chip obtained after the Place+Route of
the unit are presented in the study. According to the
obtained results, the maximum operating frequency of
DP-based SPCO unit on FPGA is approximately 362
MHz. The chaotic signal generator is one of the basic
structures used in chaos-based studies and applications.
In this study, SPCO designs have been successfully
implemented in 2 different platforms as analog-based
using CCIlI and digital-based using FPGA chip.
Synchronization, secure communication and Pseudo/True
RNG applications can be implemented with DP based
SPCO unit proposed in this study in future studies.
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