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ABSTRACT. A nowvel design method of chaotic signal generator based on digital signal
processing for three-dimension system is presented in this paper. We illustrate the struc-
ture and function of each module in this system. By comparing the experimental results
with the simulation results, the feasibility of this method is verified. The proposed chaotic
signal generator can offer a new alternative in random testing system or in secured data
communication applications.
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1. Introduction. Chaotic signals have been used in many fields for the characteristics
of pseudo random and noise [1, 2, 3, 4]. Chaotic signals are generated by the differential
dynamic systems [5, 6, 7]. Because of the effect of component parameters which are used to
establish the dynamic analog systems, it is difficult to achieve the desired chaotic signals.
With the development of the modern digital signal processor, the speed of numerical
calculation is increasing. It is possible to simulate the movement of differential dynamic
system by using discrete system [8], and acquire the chaotic signals. By means of this
method, the design process of the chaotic system is simplified, and the overall volume and
total effective cost of the system can be reduced. Meanwhile, the reliability of the system
is improved. If the simulation algorithm is designed properly, this method can generate
all types of chaotic signals needed in different chaotic system. At the same time, it is easy
to ascertain the parameters of chaotic model in digital system which is very important
for chaotic synchronization. This paper describes a method of generating chaotic signal
by digital system.

2. Digital Chaotic System Realization. The structure of overall chaotic signal pro-
cessing is shown in Fig.1.
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In this method, the differential dynamic equations are replaced by discrete difference
equations in order to obtain the digital computing core. Take the Rossler three-dimension
model as an example [4], the equations are listed as follows:

U=—U—w

0 =u+av+ 0.luln(w) (1)

W =c+w(u—D>)
When The differential dynamic equations are transformed into discrete difference equa-
tions, the rule of equation discretization applies the forward difference quotient to replace
the derivative, By solving the differential equation to calculate the numerical solutions
of discrete nodes, the numerical solutions are not equal to the solution of differential
equations or the formulas, while giving approximate values at each discrete node of the
simulation process, this algorithm is more suitable for digital signal processing. The
numerical solutions are calculated by using two order Runge-Kutta method shown in
equations(2) which gives more exact solutions of the difference equations.

Yir1 = ¥i + h(Ky + K>)/2
Ky = f(x; + h,y; + hK)

So the new discrete difference equations are shown as follows:

U1 = Up + (—vp — wy)(h + 0.5h2)

Vg1 = U + Kv + h/2(ug, + Kv)ln(wg + Kv)

wir1 = Wy + Kw +h/2[c+ ((wp + Kw)((ux + Kw = )] (3)
Kv = h/2[uy, + avg + 1/10uglnwy]

Kw = h/2[c+ wi([ug — b)]

where u , v and w are three chaotic signals,a , b and ¢ are constants, & is the number of
iterations, h is step length. We can adjust the step length A to change the variation rate
of discrete chaotic signal. The smaller of the step length, the more of discrete sampling
points. The precision of simulation is higher, meanwhile, the costs are more iterative
times and large amount of calculation.

The difference equations(3) are divided into different modules when operation. The
chaotic differential equations are analyzed to find the required operation types in this
design. The functional design for the digital logic circuit of each operation type need to
be carried on, and perform the simulation for each module, to ensure that it reaches the
expected design goal, finally to deal with the timing design of the digital circuit. Due
to the use of the iterative solution of the differential equation algorithm, the input state
variables of each step are influenced by the output state variables of the previous step.
However the path complexities of three signals are not the same, and the calculation time
delays of each module are not the same, we need to design a sequential circuit to control the
calculation time and hold time of each step for the whole computing time. According to
the equations (3), we can give the structure diagrams of arithmetic operations as shown in
fig.2. Each diagram shows the calculation process of a variable in the difference equations
(3). We can find out that three kinds of modules are required, such as adder module,
multiplier module and logarithmic module. For the logarithmic operation is difficult to
realize in digital processor, it is replaced with a look-up table structure in the design.
Before constructing all the modules, the data width is fixed as 20 bit, where bit 20, 1’
or '0’ indicates that negative or positive, and bit 19 to 7 represent the integer part, the
others represent the decimal part of a real number , then we can describe each module by
using digital logic circuit.
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F1GURE 2. Electric circuit structure diagram

2.1. Adder module design. In this paper, the complementary binary code is used when
designing the adder module. it is requirement to built a 20 bits adder. Here we use 1bit
full adder to make the 20bits adder. Then the 20bits adder can be used in diagrams where
signed as an adder. The structure of 20 bits adder is shown in Fig.3 which is in the form of
digital logic format. The lowest effective bit begins to add two numbers correspondingly,
and obtains the carry which is used as an input data for higher bit. Through this method,
we can design the 20bits adder easily with hardware description language.

2.2. Multiplier module design. For the binary multiplication in this design the num-
ber is signed 20bits binary which has 12 bits represent decimal part of a real number, we
can consider the number as an integer first, after operating the binary multiplication, the
40bits result is shifted 12 bit to the right, then the highest signed bit, and 19bits counted
from lowest bit are combined into the data used as the input data of the 20bits adder.
For multiplication, the logic circuit is quite complex, take the 5bits * 5bits as an example,
let

Multiplicand M = mymsmomymy
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FiGUurE 3. N bits full adder schematic diagram

Multiplier Q = quq392q190
Fig.4 shows the rule of the multiplication, in order to obtain right result of multiplication,
the binary Multiplicand and Multiplier have to be added and signed bit and changed into
complementary binary code. After operating the multiplication, the result is the correct
data.

Multiplicand M (+14) 01110 Multiplicand M (-14 ) 10010
01011
n x 01011 o (+11) X
Multiplier Q (+115 — Multiplier Q
0001110 1110010
+ 110010
Segmental result 1 __+ 001110 Segmental result 1 _
0010101 1101011
Segmental result 2 + 000000 Segmental result 2 + 000000
0001010 1110101
Segmental result 3 £ 001110 Segmental result 3 + 110010
0010011 1101100
Segmental result 4 + 000000 l vy Segmental result 4 + 000000 l vV

(154 ) 001001 10 10 (-154) 110110 0110

FIGURE 4. Signed multiplication

Based on the calculation rules of multiplication, we can construct a Mult_IP core shown
in Fig.5. A(19:0) and B(19:0) are the input data of the ip core , @ (39:0) is the 40 bits
output data. Meanwhile an enable input CE and a clock input CLK are added to the IP
core.

2.3. Look-up table structure design for the logarithmic module. The logarithm
operation is complex for digital signal processing. Usually we make a mapping for the
variable and result. The mapping is saved in the read only memory (ROM) of the proces-
sor, so we can simplify the process of operation. In this design, we use a lookup method
CASE statement in VHDL language to make the mapping. According to the variable of
the Logarithm operation, the CASE expression can be acquired, and the result will be
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FIGURE 5. Schematic of Mult_IP core

found as soon as possible. The CASE statement is written as:

The CASE expression IS

WHEN conditional expression value = 1: sequential processing statement,
WHEN conditional expression value = 2: sequential processing statement;

WHEN conditional expression value = n: sequential processing a n statement;

WHEN OTHERS = s sequential processing a n+1 statement;
Using look up table, the operation time can be greatly reduced.

2.4. Sequential circuit design. When using a lookup table, a decoding circuit is re-
quired, which belongs to the combinational logic circuit in digital circuits. For a combi-
national logic circuit, the output value is only related to the input values at the moment,
regardless of the original state of the circuit. However, sequential logic circuit is different
from the combinational logic circuit, which is another major digital circuit types. The
major characteristic of sequential logic circuit is that the output status is not only related
to the input signal, but also related to the circuit state before the moment. Because the
system designed in this paper is the simulation of the continuous system in time domain,
it is needed to synchronize the statements ofu , v and w when the calculation steps into
the next iterations. So the shift register and frequency divider need to be constructed.

A flip-flop can store 1 bit of data. If taking N flipflop as a whole, it can be used to
store N bits of information. So we can construct the shift register by using a serial of
flip-flop with a common clock. The shift register can be used for data maintenance and
data conversion when the system need to synchronize the statements ofu , v and w. A
4 bits shift register is shown in Fig.6 which is used for delaying the din data four clock
cycles.

din | dout

clk  qb clk  qb clk qb

oJf [

FIGURE 6. Shift register schematic diagram

clk gb
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In this design the system requires multiple clocks to the incentive for different modules,
these clocks are obtained by master clock divided for the adder and multiplier modules.
Two clock waveforms are shown in Fig.7 used for the adder and multiplier modules.
Calculation delay of the adder is 1 main clock cycle, and calculation delay of the multiplier
is 4 main clock cycles. While the operation period between two calculation intervals is 20
clock cycles, so we design the CE signals for the adder and multiplier respectively. The
control signal of the adder is shown in Fig.7, as the 2-18 divider. The control signal of the
multiplier is shown in Fig.8, as the 5-15 divider. Part of Sequential control signals of the

Now:
Ons 4020 8040 ns 12060 16080 ns 20100
Sl T I T A T I Y IO Lo Lo
Melk 1
SN reset 0
A clkout 1 [F [ ] ] [
F1GURE 7. The control signal of the adder
Now:
Ons 4020 8040 ns 12060 16080 ns 2010¢
20100ns o T
ek U AT
M reset 0
N clkout 1

F1GURE 8. The control signal of the multiplier

system is shown in Fig.9. It can be seen from the figure that when the previous adding
operation finished, the control signal en00 becomes low level, the control signal enl of the
next operation changes into a high level. The multiplier modules begin calculating and
output the result when control signal turns to low level, taking the calculation process of
forth to sixth channel signals as an example to analyze the process of the dada. When
all of the stages have been performed, the calculation process has acquired a new set of
values of the variables u, v and w, and begins another operation cycle at the next iteration.
Then the sequences of the variable u could be produced when the operation goes round
and round.

3. Synthesis and emulation. After finishing the design of each module, the whole
calculation process for variables u, v and was shown in Figure 2 is designed to verify
whether the design meets the design requirements by simulating the calculation process
of the whole system. In the simulation analysis, we use VHDL hardware description
language to realize the digital circuit, and then analyze the results in the timing simulation
software. Firstly, the wave files in the ISE file is established, setting the main periodic
clock cycle 40us.The output results are shown in Fig.10, followed by variables u, v and
w. Comparing the time domain waveform of signal u , as shown in Fig.11, it can be
concluded from the results that the chaotic signal waveform generated by the new system
has the same characteristic with the signal produced by the software MATLAB. Because
the lower data width is adopted in the hardware design language, the time domain signal
has a certain error in comparison with MATLAB simulation.
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F1GURE 11. Waveform comparison of hardware simulation and software simulation
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4. Test results. The devices used in hardware system to construct the digital chaotic
signal generator includes: Xilinx Spartan 3 XC3S400-F-Core FPGA development board
shown in Fig.12 for the FPGA has more hardware multipliers. The schematic diagram of
D/A converter expansion board shown in Fig.13.

FicUrE 12. FPGA design platform

vce R2

v,

our

u, GND

FIGURE 13. D/A converter circuit principle diagram

When we download the digital logic algorithm to the processor, the output signal of u
can be test by the oscilloscope as shown in Fig.14. The plot of the signal has the same
characteristic with software simulation.

F1Gure 14. Chaotic signal generator and the waveform tested
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5. Conclusion. We propose a DSP based approach to generate chaotic signal on the
FPGA platform in this paper. The experimental results show that by the way of realiza-
tion of hardware module, it can not only realize the generation of chaotic signal accurately
and quickly, but also can be combined with the adjustment of parameters of chaotic model
which may modify the spectrum characteristic of chaotic signal to satisfy the requirement
of chaotic secure communication system flexibly.
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